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ABSTRACT

Base-pairing of U4 and U6 snRNAs during di-snRNP
assembly requires large-scale remodeling of RNA
structure that is chaperoned by the U6 snRNP pro-
tein Prp24. We investigated the mechanism of U4/U6
annealing in vitro using an assay that enables visu-
alization of ribonucleoprotein complexes and faith-
fully recapitulates known in vivo determinants for
the process. We find that annealing, but not U6 RNA
binding, is highly dependent on the electropositive
character of a 20 Å-wide groove on the surface of
Prp24. During annealing, we observe the formation
of a stable ternary complex between U4 and U6 RNAs
and Prp24, indicating that displacement of Prp24 in
vivo requires additional factors. Mutations that stabi-
lize the U6 ‘telestem’ helix increase annealing rates
by up to 15-fold, suggesting that telestem formation
is rate-limiting for U4/U6 pairing. The Lsm2–8 com-
plex, which binds adjacent to the telestem at the 3′
end of U6, provides a comparable rate enhancement.
Collectively, these data identify domains of the U6
snRNP that are critical for one of the first steps in as-
sembly of the megaDalton U4/U6.U5 tri-snRNP com-
plex, and lead to a dynamic model for U4/U6 pairing
that involves a striking degree of evolved cooperativ-
ity between protein and RNA.

INTRODUCTION

Proteins that stimulate the annealing of RNA to target
nucleic acids are ubiquitously important in biology, with
examples including the Argonaute family proteins (1,2),
the CRISPR-Cas systems (3) and Hfq (4,5). Additionally,
RNA remodeling proteins are a broad class of proteins that
chaperone the proper folding of RNAs, which have a high
propensity to misfold into stable alternative structures (6).
A striking example of both protein-mediated RNA remod-

eling and annealing occurs during spliceosome assembly.
Spliceosome assembly requires complex conformational re-
arrangements among a set of five small nuclear RNAs
(U1, U2, U4, U5 and U6 snRNAs) and many proteins
(7,8). Once assembled, the spliceosome catalyzes precursor-
messenger RNA (pre-mRNA) splicing, an essential process
in all eukaryotes.

Structural rearrangements in U6 snRNA are particularly
dynamic, involving the unwinding and re-annealing of the
U6 internal stem loop (ISL) (9), which coordinates catalytic
magnesium ions in the active site of fully-assembled spliceo-
somes (10). Thus, the spliceosome is an ‘RNPzyme’ with an
RNA active site that is assembled and organized by pro-
teins (11,12). Prior to incorporation into the spliceosome,
yeast U6 exists in the form of the U6 snRNP, containing
U6 snRNA, the tetra-RRM (RNA recognition motif) pro-
tein Prp24 and the heteroheptameric Lsm2–8 protein ring
(13–21). In addition to being a stable component of the U6
snRNP, Prp24 acts as an RNA chaperone to catalyze un-
winding of the U6 ISL and base pairing of the U4/U6 di-
snRNA (15,16,22). Despite the stability of the U6 ISL (23),
Prp24 accomplishes this task in an adenosine triphosphate
(ATP)-independent manner.

Our recent crystal structure of the U6•Prp24 complex re-
vealed an extensive RNA–protein interface (24). Three of
Prp24’s four RRMs encircle a large loop in U6 RNA, gener-
ating a novel interlocked conformation in which U6 RNA-
mediated RRM2–oRRM4 interactions result in topologi-
cally interlocked ‘rings’ of RNA and protein (Figure 1A).
Thus, U6 RNA and Prp24 must co-fold around each other
to form the U6 snRNP core. In the U6 snRNP core,
U6 RNA adopts a secondary structure consisting of the
ISL (nucleotides 59–88), the large asymmetric bulge (nu-
cleotides 41–58) bound by Prp24 and an additional helix
known as the telestem (nucleotides 30–40 and 91–101) (Fig-
ure 1B). The structure also revealed a 20 Å-wide electropos-
itive groove within Prp24, composed of RRMs 1, 2 and
oRRM4, which does not contact U6 within the complex,
but binds duplex RNA from a neighboring complex in the
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Figure 1. Prp24 binds U6 RNA with high affinity and specificity. (A) Top: primary structure of Prp24. White regions are disordered and were deleted from
the crystallization construct as previously described (24). RRM4 is an occluded RRM (oRRM), with terminal �-helices masking its �-sheet face (22,24).
Unless indicated otherwise, all assays herein used full-length protein and RNA. Bottom: molecular architecture of the U6 snRNP core. Regions of U6
RNA (black) that form U4/U6 Stem I and Stem II are highlighted in green and purple, respectively. (B) Schematic of U6 RNA annealing to U4 RNA to
form U4/U6. (C) Native gel analysis of full-length Prp24 binding to U6 (top) and U4 (bottom) RNAs.

crystal lattice. We previously hypothesized that this groove
promotes U4/U6 annealing through stabilization of prod-
uct duplex in the U4/U6 di-snRNA (24).

In this study, we analyzed the mechanism of U4/U6
annealing by tracking the formation of all RNA–protein
(RNP) species, quantifying their binding affinities, and
measuring annealing rates in vitro. These approaches, in
combination with extensive mutagenesis of both RNA and
protein, provided significant insight into the annealing
mechanism. Importantly, our in vitro system faithfully re-
capitulates a previously observed in vivo defect associated
with a mutation in the U6 ISL, as well as its suppression by

a second-site mutation (9). We found that Prp24 remained
bound to the product U4/U6 in a stable ternary complex,
indicating that additional factors are likely required to dis-
place Prp24 from annealed U4/U6 in vivo, and showed that
the core regions of U6 and Prp24 present in our crystal
structure are optimal for annealing. We verified that the
electropositive groove on the surface of Prp24 is indeed crit-
ical for annealing, but is not required for binding U6. Stabi-
lization of the U6 telestem helix significantly increases an-
nealing rates, as does binding of the Lsm2–8 complex ad-
jacent to the telestem. Remarkably, a specific mutation in
the telestem induces Prp24-independent RNA annealing.
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Based on these findings, we propose a dynamic model for
the U4/U6 annealing pathway.

MATERIALS AND METHODS

Overexpression and purification of proteins

Saccharomyces cerevisiae Prp24 protein was recombinantly
overexpressed in Escherichia coli using a pET15b plasmid
(EMD Millipore) modified to replace the N-terminal hex-
ahistidine tag with a decahistidine tag and the N-terminal
thrombin cleavage site with a TEV cleavage site. Expression
plasmids contained Prp24 residues 1–444 (full-length), 34–
400 (1234), 1–400 (N1234) or 34–444 (1234C). Mutants of
this plasmid were generated using inverse polymerase chain
reaction (PCR) with Phusion DNA polymerase (New Eng-
land Biolabs); PCR products were DpnI treated, self-ligated
using T4 DNA ligase and T4 PNK and transformed into
E. coli NEB 5-� competent cells (New England Biolabs).
Clones were isolated by plasmid minipreps (Qiagen) and
the identity of each verified by Sanger sequencing. Result-
ing clones were transformed into E. coli STAR pLysS cells
(Invitrogen) for protein overexpression and purification es-
sentially as described (24), with the exception that dialysis
buffer and cation-exchange chromatography buffers did not
contain ethylenediaminetetraacetic acid (EDTA), and that
1 mg of TEV protease was added during dialysis into cation-
exchange chromatography buffer. All protein samples were
analyzed by sodium dodecyl sulphate-polyacrylamide gel
electrophoresis to assess their purity.

Recombinant S. cerevisiae Lsm2–8 complex was ex-
pressed in E. coli from a pQLink vector containing all
seven yeast Lsm genes with a C-terminally truncated Lsm4
(residues 1-93), Lsm6 with an N-terminal TEV-cleavable
GST tag, and Lsm8 with an N-terminal TEV-cleavable
7XHis tag (a kind gift from Yigong Shi, Tsinghua Univer-
sity) and purified essentially as described (25) but was not
subjected to gel filtration.

RNA synthesis

In vitro transcription was used to synthesize RNAs cor-
responding to S. cerevisiae U6 nucleotides 30–101 with a
U100C/U101C double mutation, full-length wild-type and
mutant U6 (nucleotides 1–112), full-length U4 (nucleotides
1–160) and a portion of human U1 (nucleotides 1–143).
The U6 (30–101) U100C/U101C construct was transcribed
from synthetic DNA oligonucleotide templates (Integrated
DNA Technologies). Full-length U4 (nucleotides 1–160)
was transcribed off a modified pUC118 plasmid template
(a kind gift from P. Fabrizio) containing the T7 polymerase
promoter sequence, two additional G nucleotides at the be-
ginning of the transcript (for efficient T7 transcription) and
a BsaI restriction site at the end of the transcript to al-
low for run-off transcription. Full-length U6 (nucleotides
1–112) was transcribed off a modified pUC57 plasmid con-
taining the T7 polymerase promoter sequence with an ad-
ditional G nucleotide at the beginning of the transcript (for
efficient T7 transcription) and an HDV ribozyme sequence
at the end of the transcript to confer a homogeneous 3’ ter-
minus, followed by a BamHI restriction site to allow run-
off of the polymerase. A portion of human U1 RNA (nu-

cleotides 1–143) was transcribed off a pUC18 plasmid (a
kind gift from A. Hoskins) containing the T7 polymerase
promoter sequence, two additional G nucleotides at the be-
ginning of the transcript, an HDV ribozyme sequence and
a BamHI restriction site for run-off transcription. All plas-
mid templates were linearized with either BsaI or BamHI
(New England Biolabs) prior to transcription.

All RNAs were transcribed in vitro using recombinant
His6-tagged T7 RNA polymerase (26,27) in 40 mM Tris-
Cl pH 8.0, 1 mM spermidine, 0.01% Triton X-100, 38
mM MgCl2, 5 mM dithiothreitol (DTT) and 5 mM each
of ATP, cytidine triphosphate (CTP), guanosine triphos-
phate (GTP) and uridine triphosphate (UTP). RNAs were
purified from abortive transcripts, linearized plasmid and
the HDV ribozyme using an 8% 29:1 acrylamide: bis-
acrylamide denaturing gel containing 8 M urea, 89 mM Tris
borate, 2 mM EDTA. RNA was visualized using UV shad-
owing and extracted from the gel by passive diffusion into
0.3 M sodium acetate pH 5.2. RNA was ethanol precipi-
tated and resuspended in water.

RNA labeling

RNAs were dephosphorylated prior to 5’ end labeling by
incubating 10 pmol of RNA at 37◦C with 10 units of CIP
(New England Biolabs) in 50 mM potassium acetate, 20
mM Tris-acetate pH 7.9, 10 mM magnesium acetate, 100
�g/ml bovine serum albumin (BSA). This reaction was
extracted with phenol:chloroform:isoamyl alcohol 25:24:1
and ethanol precipitated. After precipitation, RNAs were
pelleted by centrifugation and resuspended in the 5’ end la-
beling reaction consisting of 10 units of T4 PNK, 70 mM
Tris-HCl pH 7.6, 10 mM MgCl2, 5 mM DTT and 0.03 �Ci
of [� -32P] ATP (3000 Ci/mmol). The reaction was stopped
by the addition of an equal volume of urea loading dye and
purification on an 8% denaturing gel. RNAs were extracted
from the gel by passive diffusion into 300 mM sodium ac-
etate pH 5.2 and ethanol precipitated.

Fluorescently-labeled U4 and U6 were made via liga-
tion of an in vitro transcribed RNA to a synthesized flu-
orescently labeled RNA (IDT) using T4 RNA ligase 2. An
RNA oligonucleotide consisting of nucleotides 1–12 of U6
with a 5′-Cy3 label was ligated to nucleotides 13–112 of U6
transcribed from a plasmid containing a 5’ hammerhead
ribozyme (to confer a homogeneous 5′ terminus for liga-
tion) and a 3’ HDV ribozyme (modified from a kind gift
by Kiyoshi Nagai). Fluorescent U4 was created by ligation
of a 5′-Cy5 labeled RNA consisting of U4 nucleotides 1–
13 to an in vitro transcribed U4 containing nucleotides 14–
160 (modified from the pUC118 plasmid described previ-
ously). After in vitro transcription, U4(14–160) was modi-
fied as previously described using CIP and T4 PNK (NEB).
U6(13–112) was modified using only T4 PNK due to the
presence of a 5’-OH group in the original transcript. RNAs
were ligated using DNA splints and T4 RNA ligase 2 and
purified by urea polyacrylamide gelelectrophoresis as above
(28).

Binding and annealing buffer preparation

A stock buffer containing 100 mM KCl, 20% glycerol,10
mM HEPES acid, 10 mM sodium HEPES base, 1 mM
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EDTA acid, 1 mM TCEP-HCl, 0.01% Triton X-100, pH∼
7 was prepared. A ‘2× protein dilution buffer’ was made by
the addition of BSA to 0.2 mg/ml, and a ‘2× RNA dilu-
tion buffer’ was made by the addition of yeast tRNA to 0.2
mg/ml and sodium heparin to 0.02 mg/ml. All buffer stock
solutions were passed through a HiTrapSP cation exchange
column (GE Healthcare) to remove trace levels of ribonu-
clease activity. The heparin component of the RNA dilution
buffer was added after the buffer had been passed though
the column. The final ‘binding buffer’ containing 1× RNA
dilution buffer and 1× protein dilution buffer was used for
all binding and annealing experiments.

Gel shift assay

Binding of RNAs with Prp24 was performed with trace (<1
nM) [32P]-labeled RNA with variable concentrations of pro-
tein. RNAs were heated to 90◦C for 2 min in RNA binding
buffer, then snap cooled on wet ice. Proteins were prepared
as 2× stocks in protein binding buffer. The affinity of Prp24
for RNAs was determined using a 10 �l binding reaction
prepared at room temperature containing 5 �l of RNA and
5 �l of 2× protein stock. Samples were incubated at room
temperature for 20 min prior to loading onto a 16.5 × 22 cm
6% polyacrylamide gel (29:1 acrylamide:bis-acrylamide, 89
mM Tris borate, 2 mM EDTA pH 8.0). Samples were elec-
trophoresed for 2–3 h at 150V at 4◦C. Radioactive gels were
dried on BioRad filter paper, exposed to a PhosphorIm-
ager screen and imaged on a Typhoon FLA 9000 biomolec-
ular imager. Results were analyzed using ImageJ software
and binding curves were fit using nonlinear regression in
GraphPad Prism 4 to the Hill equation: % bound = (Bmax *
[Prp24]H)/(Kd

H + [Prp24]H). Bmax was restrained to be be-
tween 0 and 100%, and the H (Hill coefficient) and Kd were
restrained to be >0. Binding affinities are reported for three
technical replicates.

Protein activity was determined as previously described
(29) using 5 nM 5′-Cy3 labeled U6 RNA supplemented
with 500 nM unlabeled full-length U6. Stoichiometric
amounts of protein were added and binding reactions were
treated as described above. Fluorescent gels were imaged
directly through low fluorescence glass plates (CBS Sci-
entific) on a Typhoon FLA 9000. The percent of labeled
U6 in U6/Prp24 was analyzed using ImageJ software and
the binding curve of protein concentration vs. percentage
bound was plotted (GraphPad Prism 4). The linear region
of this curve (protein:RNA stoichiometry <2) was fit to a
linear regression. The activity of the protein is expressed as
the slope of this line.

U4/U6 annealing assay

Annealing reactions were carried out at 30◦C in 10 �l re-
actions in binding buffer (as described above) containing
<1 nM 32P-labeled U4 RNA, 25 nM U6 RNA and 250 nM
Prp24 protein. Reactions were stopped by the addition of 2
�l of proteinase K buffer (0.5% sodium dodecyl sulphate,
0.3 mg/ml tRNA, 5 mM CaCl2, 30 mM HEPES pH 7.0,
0.2 mg/ml proteinase K) or by separation on a 6% polyacry-
lamide gel (29:1 acrylamide:bis-acrylamide, 89 mM Tris bo-
rate, 2 mM EDTA pH 8.0) that had been pre-run at 150V

for at least 30 min. Samples were electrophoresed for 3 h
at 150 V at 4◦C, dried, and analyzed as above. Annealing
rates were calculated using the ratio of free U4 to U4/U6
in Proteinase K-treated lanes at 0, 15, 30, 60 and 90 min;
resulting data were then fit to a one-phase exponential as-
sociation equation (GraphPad Prism 4). Annealing rates are
reported for three technical replicates.

RESULTS

Prp24 binds U6 snRNA with much higher affinity than U4
snRNA

Prp24 protein is capable of binding both U6 and U4 RNAs
(Figure 1C), as previously observed (16). Previous stud-
ies of U6-Prp24 binding via gel shift showed the appear-
ance of higher order complexes at high Prp24 concentra-
tions, presumably due to non-specific binding events (18).
We observed formation of multimeric Prp24 binding is sup-
pressed by the inclusion of tRNA, heparin, and BSA in the
buffer conditions (29). Using these conditions, we demon-
strated that full-length Prp24 has a Kd of 21 ± 9 nM for
full-length U6 RNA, similar to the value of 43 ± 11 nM
reported previously (18) (Figure 1C). The tight binding of
Prp24 to U6 RNA is in agreement with the large number
of protein–RNA contacts present in the crystal structure of
the U6•Prp24 complex, as twenty nucleotides in U6 are di-
rectly contacted by Prp24 (24). Interestingly, Prp24 binds
U6 with a Hill coefficient of 0.50 ± 0.07. This may be due to
structural heterogeneity in the RNA population, or interfer-
ence between multiple binding sites. Prp24 has a ∼50-fold
lower affinity of 1000 ± 300 nM for full-length U4 RNA
under these conditions, with a Hill coefficient near unity
(Figure 1C). Although Prp24 does display relatively weak
binding to U4, this binding is not non-specific, as Prp24
displayed tighter binding to U4 than to a control RNA of
similar size (human U1 snRNA nucleotides 1–143) (Supple-
mentary Figure S1).

An annealing assay that preserves assembled RNPs

Previous gel-shift based approaches for determining U4/U6
annealing rates used treatment with proteinase K in or-
der for U4/U6 RNA complexes to enter the gel, and so
did not directly assess RNP formation (15,16). To de-
fine the RNPs formed in the annealing reaction, we em-
ployed fluorescently labeled U4 and U6 RNAs and our op-
timized conditions for specific binding. We observed for-
mation of U6•Prp24 and U4•Prp24 complexes, as well as
a U4/U6•Prp24 ternary complex when both RNAs were
present (Figure 2A). Upon treatment of the annealing re-
action with proteinase K, the U4•Prp24 and U6•Prp24 bi-
nary complexes resolve into free U4 and U6 RNA, and the
U4/U6•Prp24 complex resolves into U4/U6 di-snRNA,
showing that the U4 and U6 RNAs are base-paired in the
U4/U6•Prp24 complex.

Having established the identity of the U4/U6•Prp24
complex, we followed annealing kinetics using radiolabeled
U4 RNA and excess unlabeled U6 RNA (Figure 2B). In
our assay, U6 was pre-bound by excess Prp24 and the an-
nealing reaction was started by the addition of U4. Under
these conditions, we found that Prp24 accelerates the rate
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Figure 2. Prp24 catalyzes annealing of U4 and U6 RNAs, and remains
bound to product di-RNA. (A) Two-color gel demonstrating tight binding
of Prp24 to Cy3-U6 (lanes 5 and 6) and weaker binding of Prp24 to Cy5-
U4 (lanes 2 and 3). Co-localization of Cy3 and Cy5 fluorescence in the
presence of U4 and U6 (lanes 7 and 9) shows that the slowest-migrating
species (orange) contains both RNAs, and the increased mobility upon
treatment with proteinase K (lanes 8 and 10) shows that the di-snRNA re-
tains bound Prp24. Annealing reactions were incubated at 30◦C for 90 min
prior to loading. (B) Time-dependent formation of U4/U6, using radiola-
beled U4 snRNA and unlabeled U6 and Prp24. Control reactions in lanes
1–4 were incubated for 90 min. (C) Quantification of Prp24-dependent
annealing from proteinase K treated lanes (10–14) in (B) compared to
protein-independent annealing (lane 4 in B).

of U4/U6 annealing at 30◦C at least 20-fold (Figure 2C). In
non-deproteinized lanes, we observed formation of a small
amount U4•Prp24 binary complex, which is expected based
on the observed Kd for U4 and the fact that Prp24 is in
excess in the assay. Formation of a Prp24•U4 binary com-
plex is not a prerequisite for annealing in vitro, as titration
of Prp24 displayed a K1/2 for annealing of 20 nM (Supple-
mentary Figure S2), almost two orders of magnitude lower
than the Kd for U4•Prp24 binding (Figure 1C), and consis-
tent with the Kd for U6. Interestingly, at 10 nM Prp24 and
without proteinase K digestion, about half of the product
U4/U6 RNA complex is bound to Prp24 (Supplementary
Figure S2). Thus, the Kd of Prp24 for U4/U6 under these
conditions must be about 10 nM, close to the 18 nM affinity
observed by Ghetti et al. (16).

The in vitro annealing assay faithfully recapitulates in vivo
phenotypes of U6 ISL mutations

Mutation of U6-A62 to G was previously reported to re-
duce the levels of U4/U6 RNA complex in yeast cells grown
at 30 or 18◦C and cause a cold-sensitive growth defect (9).
This mutation changes an A-C mismatch at the base of ISL
into a stable G-C base pair (Figure 3A). The A62G anneal-
ing and growth defects are corrected by cis-acting suppres-
sors that reintroduce a mismatch at this position and re-
store the stability of the ISL to near wild-type levels (9). We
tested U6-A62G and one of its cis-acting suppressors, U6-
C85A, which converts the G-C pair formed by U6-A62G
into a G-A mismatch and was previously demonstrated to
reverse the in vivo U4/U6 annealing defect and cold sensi-
tivity. Both the A62G annealing defect and its suppression
by C85A were recapitulated in the in vitro assay (Figure 3B).
U6-A62G results in a 2-fold decrease in the rate of anneal-
ing, and this annealing defect is corrected by inclusion of
U6-C85A. U6-C85A alone did not change the annealing
rate in comparison to wild-type U6. Thus, mutations that
induce the formation of a stable base pair at the base of the
U6-ISL are deleterious to Prp24-catalyzed U4/U6 anneal-
ing, and can be rescued by suppressors that disrupt stable
pairing, both in vitro and in vivo.

The components of the U6 snRNP core are sufficient for an-
nealing to U4 snRNA

We sought to determine if the truncated forms of U6 and
Prp24 present in the crystallized U6 snRNP core struc-
ture are sufficient for U4/U6 annealing. The crystallized
complex contains Prp24 residues 34–400, including all four
RNA recognition motifs but lacking the unstructured N-
and C-terminal domains (22,30), and U6 nucleotides 30–
101, with stabilizing mutations A62G, U100C and U101C
(24). Since the A62G substitution is detrimental to anneal-
ing (Figure 3) and not required for crystallization (our un-
published data), this substitution was not included in our
analysis. Truncation of Prp24 to remove the N- and C-
terminal domains (Prp24�N,C) had no effect on U4/U6
annealing (Figure 4A and C). The U4•Prp24 complex is
more pronounced in annealing reactions containing the
truncated protein because truncation of Prp24 increased its
affinity for U4 ∼3-fold (Supplementary Figure S3). Inter-
estingly, truncation and mutation of U6 RNA stimulated
annealing (Figure 4B and C).

To investigate the basis of the rapid annealing of U6
30–101 (U100C/U101C), we tested the separate contribu-
tions of terminal truncation and telestem stabilization to
the annealing rate. Truncation of the 3′ end of U6 RNA
increased the annealing rate 2- to 3-fold, while 5′ trunca-
tions had little or no effect (Supplementary Figure S4). In
contrast, stabilization of the telestem within full-length U6
via the U100C/U101C substitutions accelerated annealing
∼10-fold, a rate enhancement similar to that observed in the
annealing reaction using the crystal construct (Figure 5).
Since the U100C/U101C mutation is expected to increase
telestem stability by replacing two terminal G-U wobble
pairs with two G-C pairs, we hypothesized that stabiliza-
tion of the telestem may be responsible for increasing the
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Figure 3. The in vitro annealing assay recapitulates in vivo phenotypes of U6 RNA substitutions. (A) Secondary structure of U6 RNA bound to Prp24 (24),
with the boxed region of the ISL shown with substitutions at right. (B) Time course of U4/U6 annealing for reactions containing the indicated substitutions
in U6.

Figure 4. The components of the U6 snRNP core efficiently promote an-
nealing. (A) Full-length (residues 1–444) and truncated (residues 34–400)
Prp24 catalyze U4/U6 annealing with similar rates. Lane 1 contains U4
RNA with full-length Prp24 and lane 2 contains U4 with truncated Prp24.
Lanes 3–18 contain full-length U6 RNA (unlabeled), U4 RNA and the in-
dicated form of Prp24 incubated 0–90 min at 30◦C. Samples in lanes 7–10
and 15–18 were treated with proteinase K before electrophoresis. (B) Trun-
cated U6 RNA (30–101) with two stabilizing mutations (U100C/U101C)
anneals more rapidly than full length U6 (1–112). Lanes 1 and 2 contain
only U4 and full-length U6, while lanes 3 and 4 contain U4 and truncated
U6. Lanes 2 and 4 are proteinase K treated. Lanes 5–20 correspond to
lanes 3–18 of Panel A, but with full length Prp24 and full length or trun-
cated U6 as indicated. (C) Annealing timecourses for experiments shown
in Panels A and B.

annealing rate. Consistent with this hypothesis, destabiliza-
tion of the telestem with mutation U37C, which changes a

U-A base-pair into a C-A mismatch, reduced the rate of an-
nealing ∼2-fold (Figure 5).

Both U6 telestem stability and sequence influence the U4/U6
annealing rate

In order to determine if telestem stability generally corre-
lates with annealing rates, we systematically altered the pair-
ing potential of the six base pairs at the base of the telestem
(Figure 6A). A clear general trend is that stabilization of the
telestem results in a faster annealing rate (Figure 6B).

In addition, we found that mutations U100G/U101G
in combination with any nucleotides at positions 30 and
31 of U6––either stabilizing or destabilizing––increase the
rate of annealing (Figure 6B and C, asterisks). Intriguingly,
these mutations substantially increased the rate of anneal-
ing even in the absence of Prp24 (Figure 6C), thus account-
ing for the anomalous kinetic behavior of apparent outlier
mutants 4 and 7. RNA secondary structure prediction of
the U100G/U101G mutations via MFold analysis (31) sug-
gests that the U100G/U101G mutations induce an alterna-
tive fold of U6 RNA that destabilizes the ISL, which could
account for the observed increase in protein-free anneal-
ing rates (Supplementary Figure S5A and B). In this po-
tential alternate fold, nucleotides 64–68 are single stranded
in the loop of a very short helix. These nucleotides form
part of U4/U6 Stem II and in wild-type U6 are base-paired
in the U6 ISL. Destabilization of the ISL via stabilization
of this alternate fold may drive the annealing reaction for-
ward in the absence of Prp24 by exposing nucleotides in-
volved in U4/U6 base pairing. In the presence of Prp24,
these mutations decreased the electrophoretic mobility of
U4/U6•Prp24 (Figure 6D). This difference in mobility is
likely due to multiple copies of Prp24 bound to U4/U6, as
increasing the concentration of Prp24 caused the formation
of discrete higher bands in U4/U6-U100G/U101G, but not
wild-type U4/U6 (Supplementary Figure S5C). Despite the
difference in U4/U6-Prp24 binding, the U100G/U101G
mutation did not change U6-Prp24 binding affinity and re-
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Figure 5. Mutations within the telestem affect annealing rate. (A) Secondary structure of U6 showing the position of telestem-stabilizing (U100C/U101C)
or destabilizing (U37C) mutations. Base specific contacts with Prp24 are highlighted in red. (B) Annealing gel comparing full-length wild-type U6 to U6-
U100C/U101C (top) or U6-U37C (bottom). A control lane containing the annealing reaction at 90 min that was not proteinase K-treated precedes each
time course of annealing reactions treated with proteinase K. (C) Annealing timecourses for reactions containing wild-type, U100C/U101C and U37C
variants of full-length U6.

tained a Hill coefficient of about one-half, similar to wild-
type RNA (Supplementary Figure S5D and E).

The behavior of the U100G/U101G-containing mutants
is in stark contrast to the behavior of a hyperstabilized U6
mutant 17, in which the last 6 base pairs of the telestem
are all G-C or C-G (Figure 6A). These mutations accel-
erated the rate of Prp24-mediated annealing ∼10-fold, but
no enhancement of protein-independent annealing was ob-
served and the resulting U4/U6-Prp24 ternary complex re-
tained wild-type electrophoretic mobility (Figure 6D, see
lane marked 17). Interestingly, U6 mutant 17 RNA exhib-
ited a ∼10-fold tighter Kd for Prp24 binding than wild-type
RNA (Supplementary Figure S6, Table 1) with a Hill coef-
ficient near unity (H = 1.3 ± 0.1 versus H = 0.50 ± 0.07 for
wild-type) (Supplementary Figure S6A and B). U6 mutant
17 also displayed ∼5-fold slower off-rate of Prp24 (Supple-
mentary Figure S6C and D, Table 1). The slower off-rate for
mutant 17 largely accounts for the lower Kd and is consis-
tent with the observed interlocked topology of the complex
and the hypothesis that the telestem must unfold in order
for Prp24 to dissociate (24). The mutant 17-Prp24 complex
also had a lower electrophoretic mobility than wild-type
U6-Prp24 (Supplementary Figure S6A and C). A possible
explanation for this behavior is that the wild-type RNA may
be in conformational exchange with an alternatively folded,
higher mobility species.

From the measured off-rates and dissociation constants,
we can calculate that the apparent on-rates are approxi-
mately five orders of magnitude slower than diffusion (Ta-
ble 1). The slow on-rates are also consistent with the inter-
locked topology of the RNP, which requires the intricate
co-folding of RNA and protein (24).

Table 1.

Property U6 wt Mutant 17

Kd (nM) 21 ± 9 2.2 ± 0.2
Bmax (% bound) 100 ± 8 96 ± 1
Hill coefficient 0.49 ± 0.07 1.3 ± 0.1
koff x 10−5 (s−1) 20 ± 2 4 ± 0.3
Calculated kon x 103 (M−1s−1) 9.5 18

Reduction of net positive charge in the electropositive groove
of Prp24 inhibits annealing

The electropositive groove of Prp24 is comprised of RRMs
1 and 2 and oRRM4 (24). In the crystal structure of
U6•Prp24, this region does not bind any nucleotides of
U6 within the crystallographic asymmetric unit. However,
the ISL of a neighboring U6•Prp24 complex occupies
the groove. This groove is well-suited for binding double-
stranded RNA, as it has a width of approximately the di-
ameter of double stranded RNA (20 Å) and many posi-
tively charged residues for interacting with the negatively
charged phosphate backbone of RNA. To test whether this
groove may be the active site for U4/U6 annealing, we mu-
tated positively charged residues within the groove and ob-
served the effect on annealing rate. Arginines (R81, R131
and R134) and lysines (K50, K77 and K78) in the elec-
tropositive groove were substituted with alanine (Figure
7A). In addition, the amido groups of N53 and Q54 were
mutated to carboxylate groups. Five combinations of mu-
tations in these eight residues were tested (Figure 7B). Mu-
tagenesis of the selected residues does not affect protein pro-
duction or purity (Supplementary Figure S7).
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Figure 6. Stabilization of the U6 telestem results in significant rate enhancement of U4/U6 annealing. (A) Secondary structure of the lower telestem, with
tested mutations boxed. (B) U4/U6 annealing rates of mutant U6 RNAs. Mutations predicted to destabilize the telestem (numbers 1–6) or to be isoenergetic
with wild type RNA (nos. 7–9) had little effect on annealing rate, while those predicted to be slightly stabilizing (nos. 10–12) or stabilizing (nos. 13–17)
significantly increased the annealing rate. (C) Protein-free annealing of U4 and U6 RNAs at 90 min. The percentage of U4 incorporated into U4/U6 is
shown. Mutations that enhance the protein-free annealing rate are marked with an asterisk. (D) Electrophoretic mobility of U4/U6•Prp24 species after
90 min of annealing.
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Figure 7. Reduction of net positive charge in the electropositive groove decreases the rate of U4/U6 annealing without affecting U6 RNA-binding. (A)
Electrostatic surface of Prp24, contoured from +8 kT/e (blue) to −8 kT/e (red). Positions of mutations within the electropositive groove (blue text) and
outside the groove (green text) are indicated. (B) Annealing gel showing a single time point (90 min) for wild-type Prp24 and each of the nine mutants.
Samples were divided into native (odd lanes) and proteinase K-treated (even lanes). Substitutions in the electropositive groove (blue text) reduce the amount
of U4/U6 after 90 min, while substitutions outside this region (green text) do not. (C) Rate of U4/U6 formation over time for wild-type (black), constructs
with an electropositive groove mutation (blue text) and constructs with mutations outside of this region (green text). (D) Wild-type and ‘6mut’ Prp24 are
equally active for U6 binding. Labeled U6 (5 nM Cy5-U6) was supplemented with 500 nM unlabeled U6, and the binding of stoichiometric amounts of
Prp24 was monitored. (E) Native gel analysis of U6-Prp24 binding (top) and U4-Prp24 binding (bottom) using wild-type and mutant full-length Prp24.
‘6mut’ refers to the presence of K50A/K77A/K78A/R81A/R131A/R134A mutations. (F) Binding curves (simple one site binding model) of wild-type
versus mutant protein with full-length U6 and U4.

When tested for their effect on annealing, all combina-
tions of mutations within the groove significantly decreased
the rates of annealing (Figure 7B and C). Both positive to
neutral mutations (arginine and lysine to alanine) and neu-
tral to negative mutations (asparagine and glutamine to as-
partate and glutamate, respectively) inhibit annealing to a
similar extent. The inhibitory effect is correlated with the
number of mutations, where the sextuple mutation is most
deleterious. In order to exclude the possibility that the in-
hibitory effect of the electropositive groove mutations is
simply due to an overall reduction in charge of the protein,
surface arginine and lysines outside of the electropositive
groove (Figure 7A) were also mutated and tested in the an-
nealing assay. Similarly to the electropositive groove muta-
tions, these mutations did not affect protein purification or
stability (Supplementary Figure S7). All four sets of muta-

tions outside the groove, including a quadruple mutant, did
not significantly affect annealing rate (Figure 7A–C).

To verify that the mutations in the electropositive groove
were not deficient for annealing due to a reduced binding
affinity for U6, the activity and affinity of wild-type and
sextuple mutant Prp24 for U6 RNA were determined. The
preparations of both of these proteins used for binding and
annealing studies displayed the same binding activity (Fig-
ure 7D), where both proteins appeared to be ∼45% active
for U6 binding. These proteins were then used in a native
gel assay to determine the affinity for U6 RNA (Figure 7E).
Wild-type protein displayed a Kd of 21 ± 9 nM for U6 RNA,
while mutant protein displayed a Kd of 28 ± 7 (Figure 7F).
Both proteins bound to U6 with a Hill coefficient of less
than unity. In contrast, mutations within the electropositive
groove had a measurable effect on the affinity of Prp24 for
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U4, as the Kd of Prp24 for U4 was at least doubled from
1000 nM to >2000 nM for the mutant protein (Figure 7E
and F). These results indicate that the electropositive groove
substitutions do not alter Prp24’s affinity for U6 RNA, but
do diminish its affinity for U4 RNA, consistent with bind-
ing of U4 to the groove prior to annealing with U6.

The Lsm2–8 ring enhances Prp24-mediated U4/U6 anneal-
ing in vitro

It was previously shown that deletion of the C-terminal de-
capeptide of Prp24, which binds to the Lsm2-8 complex,
decreases the efficiency of Prp24-mediated U4/U6 anneal-
ing in extracts (32). Using recombinant Prp24 and Lsm2-8,
we directly tested the influence of the Lsm2-8 ring on U4
and U6 annealing in vitro. We again used a two-color gel
system to monitor the formation of RNP species that con-
tribute to annealing (Figure 8A). This system reveals that a
productive U4/U6•Prp24•Lsm2-8 complex is formed that
results in a 4-fold increase in the rate of U4/U6 annealing
compared to Prp24 alone (Figure 8B). We also observe that
although Lsm2-8 can bind to both U6 and U4 in vitro, it
cannot anneal the RNAs in the absence of Prp24 (Figure
8A, lanes 4, 8, 13–14) even under saturating binding condi-
tions (data not shown). The kinetic profile obtained upon
addition of the Lsm2-8 proteins is highly similar in terms
of rate enhancement to the moderately stabilizing telestem
mutations (11, 12 and 13) (Figure 6).

DISCUSSION

A critical step in spliceosome biogenesis is U4/U6 RNA an-
nealing, which involves large-scale rearrangement of RNA
structure. Prp24 accelerates the extensive remodeling of
RNA structure in the absence of ATP hydrolysis. ATP-
dependent RNA/RNP remodeling is required for later steps
in spliceosome assembly, activation and disassembly, con-
trolled in part by the eight DExD/H helicases in the spliceo-
some (33). Since Prp24 only uses binding free energy to
stimulate annealing, the process is likely driven forward by
the favorable free energy of U4/U6 base pairing. For ex-
ample, the predicted standard free energies for the U6 ISL
versus U4/U6 stem II are −6.7 and −28.1 kcal/mol, re-
spectively (31). Additionally, ours and other’s data (16) in-
dicate that Prp24 binds more tightly to the annealed U4/U6
complex than U6, which is likely to further stabilize the an-
nealed product and help drive the process forward. There-
fore, it is likely that additional factors are required to dis-
place Prp24 from U4/U6 upon formation of the U4/U6 di-
snRNP, which does not contain Prp24 (14,17). Interestingly,
human Prp24 does remain associated with U4/U6 (34), but
is displaced upon U4/U6.U5 tri-snRNP assembly (35,36).

In vitro reconstitution of snRNP assembly

Our in vitro reconstitution of U4/U6 annealing faithfully
recapitulates known genetic interactions in the U6 ISL and
thus shows promise for dissecting the complex series of con-
formational changes that drive U4/U6 di-snRNP assembly
in vivo. Inhibition of U4/U6 annealing by the U6-A62G
mutation and correction of this defect by the C85A muta-
tion indicate that the stability of the 62–85 base pair at the

base of the ISL is critical for annealing. Since nucleotide 85
is outside of the U4 binding region of U6, we hypothesize
that U6 nucleotide A62 must be made available for pairing
to U4 at a relatively early stage in the annealing process.
Indeed, A62 is at the 5′ terminal end of the U6 ISL, and
is adjacent to the single stranded region of U6 that is po-
sitioned most closely to the electropositive groove in our
crystal structure (24). We did not observe correction of the
A62G annealing defect in vitro in the presence of substi-
tutions in Prp24 that suppress the U6-A62G cold-sensitive
growth defect, or suppressor substitutions in U6 that lie in
the Prp24•U6 interface rather than in the ISL (24) (data not
shown). These results suggest that the latter group of sup-
pressors act at a stage of di-snRNP assembly not assayed in
our in vitro system, most likely displacement of Prp24 from
U4/U6. We predict that, as we add additional splicing fac-
tors to our di-snRNP reconstitution assay, we will be able
to detect the effect of this latter group of suppressor substi-
tutions.

An active site for U4/U6 annealing

Due to the interlocked topology of the U6 snRNP core,
it is unlikely that the electropositive groove is completely
formed in the absence of U6 RNA. However, U4 RNA still
binds to Prp24 with some specificity, albeit with low (Kd
= 1 �M) affinity. It is likely that U4 RNA binding to the
pre-formed U6 snRNP core is a much higher affinity in-
teraction, as reflected in the observed 20 nM K1/2 of an-
nealing. Mutation of the electropositive groove impairs U4
RNA binding and annealing, consistent with a model in
which U4 RNA binds to the electropositive groove of the
pre-formed U6•Prp24 complex to initiate annealing. The
U6 nucleotide that is closest to the electropositive groove
is A51, which stacks on A53 and is therefore proximal to
the U6 nucleotides that participate in formation of U4/U6
Stem I (U6 54–63). Thus, we hypothesize that U4 local-
ization to the electropositive groove positions U4 in close
proximity to U6 nucleotides 54–63 to form Stem I (Figure
1A and B). Based on our crystal structure and prior nu-
clear magnetic resonance data (37), we previously proposed
a model in which the single stranded nucleotides 54–60 of
U6 dynamically reorient into the electropositive groove to
initiate annealing (24). Our proposal that the electropos-
itive groove stabilizes the nascent annealing of U4/U6 is
consistent with the observation that mutations that reduce
the positive charge within this groove have a strong dele-
terious effect on annealing efficiency. This proposal is also
consistent with the observation that electropositive groove
mutations do not affect U6-Prp24 binding, implying that
the electropositive groove functions in the annealing pro-
cess subsequent to U6•Prp24 formation.

The telestem is a prerequisite for efficient U4/U6 annealing

It has previously been demonstrated that truncations to the
5′ and 3′ ends of U6 had only a marginal effect on splic-
ing activity in vitro (38), and our data indicate that these
regions are not important for Prp24-mediated U4/U6 an-
nealing. Although hydroxyl radical probing and chemical
crosslinking results suggest that Prp24 interacts with and
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Figure 8. The Lsm2–8 ring enhances U4/U6 annealing. (A) Two-color native gel with Cy5-U4 (red) and Cy3-U6 (green). The Lsm2–8 ring alone binds U4
and U6 RNAs (lanes 4 and 8), but exhibits strong cooperative binding with Prp24 only on U6 RNA (cf. lanes 3 and 7). Lsm2–8 enhances Prp24-mediated
annealing (cf. lanes 10 and 12; yellow shows colocalized RNAs), but does not catalyze annealing alone (lane 14). Annealing reactions were incubated at
30◦C for 90 minutes prior to loading. (B) Time-dependent formation of U4/U6, using radiolabeled U4 snRNA and unlabeled U6, Prp24 (50 nM) and
Lsm2–8 (50 nM). (C) Model for the rate enhancement conferred by stabilizing the telestem or by inclusion of the Lsm2–8 ring. The C-terminal decapeptide
of Prp24 (the SNFFL box) interacts with Lsm2–8.

protects the 5′ SL and linker region in U6 (39), we conclude
that these interactions are not necessary for efficient anneal-
ing in vitro. Truncation of the 3′ end may increase annealing
rate by biasing formation of the telestem, or the 3′ end may
otherwise occupy the electropositive groove in the absence
of the Lsm ring, competing with annealing.

There is a clear correlation between the presence of sta-
bilizing mutations in the telestem and an increased Prp24-
mediated annealing rate (Figure 6), leading us to conclude
that formation of the telestem is important for the anneal-

ing process. Interestingly, there appears to be additional se-
quence requirements involving the 3′ side of the telestem,
as the U100G/U101G mutation increases both the Prp24-
catalyzed annealing rate and the protein-free annealing rate.
These mutations may stabilize an alternate fold involving
the 3′ end of U6 that invades and destabilizes the ISL, while
preserving the Prp24 binding site 5′ of the ISL, thereby in-
creasing the annealing rate regardless of the presence of
Prp24. The U100G/U101G mutation also stabilizes a sec-
ond binding site for Prp24, observed as a U4/U6•(Prp24)2
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complex with decreased gel mobility (Figure 6 and Supple-
mentary Figure S5). We have no evidence for the biological
relevance of this secondary binding site, but hypothesize it
is due to sequence similarities between the primary binding
site for Prp24 RRM2 (nucleotides 46–54: UACAGAGAU)
(24) and the 3′ side of the telestem (nucleotides 90–100:
UACAAAGAGAU). Note that the underlined sequences
are identical. We hypothesize that formation of the U4/U6
complex disrupts the telestem and exposes this 3′ sequence,
allowing for the binding of a second Prp24 molecule.

In the U6•Prp24 complex, the telestem is sandwiched be-
tween RRM3 and oRRM4 (Figure 1A). We propose that
the telestem acts as a linchpin to stabilize the ‘interlocked
ring’ topology of U6•Prp24 required for formation of the
electropositive groove (24). In support of this model, we
find that the most stable telestem mutant (#17) has a lower
Kd and slower off-rate for Prp24 (Supplementary Figure
S6).The fact that we observe a general correlation between
telestem stability and annealing activity for a large number
of mutants (18 total, Figures 5 and 6) with different RNA
sequences suggests that the observed rate effect is a function
of the thermodynamic stability of the telestem. A model
that reconciles our data is shown in Figure 8C. Stabiliza-
tion of the telestem may be achieved either via mutation of
the telestem or by binding of the Lsm2–8 ring to the 3′ end
of U6. Thus, we propose that an important function of the
Lsm2–8 ring is to ensure proper folding of the U6 telestem
region without over-stabilizing the RNA fold. Once U4/U6
annealing has occurred, coaxial stacking of U4/U6 Stems
I and II, as observed in the tri-snRNP structure (40), likely
splays apart the ends of U6 RNA to destabilize the telestem.

The ability of the components of the crystallized U6
snRNP core (truncated U6 and truncated Prp24) to ef-
ficiently anneal, combined with the observation that the
U100C/U101C mutations greatly accelerate annealing,
strongly suggests that the crystal structure represents an on-
pathway conformation in the annealing process. As both
Prp24 and the Lsm ring can crosslink to the base of the
telestem (39), it is possible that the protein components of
the U6 snRNP stabilize the telestem and exert allosteric
control over U4/U6 di-snRNP assembly. Future studies will
seek to address the mechanism by which Prp24 is displaced
from U4/U6 in vivo (14).

Conclusions and prospects

The U4/U6 di-snRNA annealing mechanism illustrates the
high level of specificity and complexity required for spliceo-
some assembly and catalysis. Unlike other nucleic acid an-
nealing proteins, Prp24 has evolved a high degree of speci-
ficity for its snRNA substrates. This specificity is illustrated
by the interlocked ring topology of U6 and Prp24, which
is an extreme (and thus far, apparently unique) example of
RNP co-folding. The mechanism of U4/U6 annealing is
also intriguing, given that Prp24 must resolve considerable
secondary structure in U6 in order to form even more exten-
sive intermolecular base pairing in the U4/U6 di-snRNA.
Annealers of short RNAs, such as Argonaute and Hfq,
typically do not need to resolve such extensive secondary
structure in order to anneal their target RNAs. However,
the mechanism of Prp24-mediated annealing is not without

analogy to these other annealers, as they all share a com-
mon feature in the presence of a positively charged region
that is critical for the annealing process. In Hfq, an ‘arginine
patch’ along the rim of the protein is essential for annealing
sRNAs to their mRNA targets (4). Like the electropositive
groove in Prp24, mutation of the arginine patch in Hfq re-
duces annealing but does not prevent sRNA/mRNA bind-
ing to Hfq. Similarly, Argonaute also contains a deep elec-
tropositive cleft in which the guide RNA/target RNA du-
plex is annealed (41).

Like the ribosome, the spliceosome is a key supramolec-
ular enzyme of gene expression. The largest pre-assembled
spliceosome particle is the U4/U6.U5 tri-snRNP, which has
a maximum dimension of 31 nm, larger than both the post-
catalytic Schizosaccharomyces pombe spliceosome (27 nm)
(12) and the fully assembled 70S ribosome (24 nm) (42).
Assembly pathways for the small ribosomal subunit were
initially mapped out in the late 1960’s (43–45), and mecha-
nistic descriptions of this process are still being elucidated
(46,47). In comparison to the ribosome, relatively little is
understood about the assembly mechanism of the spliceo-
some. The first structures of the U4/U6.U5 tri-snRNP and
spliceosome have recently emerged into view (12,40) and
the astonishing complexity of these large structures sug-
gests an equally complex assembly pathway. Here we eluci-
date the molecular requirements for one of the first steps in
tri-snRNP biogenesis, formation of the U4/U6 di-snRNA.
This work provides a quantitative and structural foundation
for understanding the pathway and kinetics of tri-snRNP
assembly, starting from the U6 snRNP. Important future
directions include understanding the contributions of U4
snRNP proteins to U4/U6 di-snRNP assembly (and Prp24
release), and to understand how the U5 snRNP joins the
U4/U6 di-snRNP to form the tri-snRNP.
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