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ABSTRACT

The small nuclear RNA (snRNA) components of
the spliceosome undergo many conformational rear-
rangements during its assembly, catalytic activation
and disassembly. The U4 and U6 snRNAs are incor-
porated into the spliceosome as a base-paired com-
plex within the U4/U6.U5 small nuclear ribonucleo-
protein (tri-snRNP). U4 and U6 are then unwound in
order for U6 to pair with U2 to form the spliceosome’s
active site. After splicing, U2/U6 is unwound and
U6 annealed to U4 to reassemble the tri-snRNP. U6
rearrangements are crucial for spliceosome forma-
tion but are poorly understood. We have used single-
molecule Förster resonance energy transfer and un-
winding assays to identify interactions that promote
U4/U6 unwinding and have studied their impact in
yeast. We find that U4/U6 is efficiently unwound us-
ing DNA oligonucleotides by coupling unwinding of
U4/U6 stem II with strand invasion of stem I. Un-
winding is stimulated by the U6 telestem, which tran-
siently forms in the intact U4/U6 RNA complex. Sta-
bilization of the telestem in vivo results in accumu-
lation of U4/U6 di-snRNP and impairs yeast growth.
Our data reveal conserved mechanisms for U4/U6
unwinding and indicate telestem dynamics are criti-
cal for tri-snRNP assembly and stability.

INTRODUCTION

In all eukaryotes, precursors to mRNAs (pre-mRNAs) are
transcribed with noncoding intronic regions that must be
excised and flanking exonic regions that must be ligated
together through splicing. Splicing is carried out by the
spliceosome, an essential macromolecular machine com-
posed of more than 80 proteins and five small nuclear RNAs
(snRNAs) (1). Each of the snRNAs (U1, U2, U4, U5 and
U6) associates with multiple proteins forming small nu-
clear ribonucleoprotein particles (snRNPs). Assembly of

the spliceosome proceeds by association of the U1 snRNP
at the 5′ splice site (SS) and U2 at the branchpoint se-
quence to form the spliceosomal A complex (1,2). The U4,
U5 and U6 snRNAs join the A complex together as a pre-
assembled particle called the U4/U6.U5 tri-snRNP and
form the spliceosomal B complex. Following integration
of the tri-snRNP, the spliceosome is activated for cataly-
sis through a series of conformational and compositional
rearrangements (3). These rearrangements result in expul-
sion of the U1 and U4 snRNPs, recruitment of the Prp19-
associated complex and other changes in protein compo-
sition and RNA and protein conformation that ultimately
result in formation of the spliceosomal active site and 5′ SS
cleavage (1,3,4).

The U6 snRNA undergoes major structural rearrange-
ments during tri-snRNP assembly and spliceosomal activa-
tion. Within both the Saccharomyces cerevisiae (yeast) U6
snRNP and free U6 snRNA, U6 forms multiple intramolec-
ular base-pairing interactions that create the internal stem
loop (ISL) and the telestem (Figure 1A) (5,6). Within the
spliceosome, the ISL ultimately functions to help position
catalytically important metal ions for catalysis (1,7,8). The
ISL is not always present in U6: it forms in the U6 snRNP
and in the spliceosomal active site but is unwound and
base-paired to U4 (Figure 1B) in the U4/U6 di-snRNP, tri-
snRNP and spliceosomal B complex (1,2,9). Even though
both the ISL and telestem are present in the U6 snRNP, the
telestem is unlikely to be involved in catalysis since it must
be unwound to permit U6 base-pairing with U2 (3,10–13).
Instead, the telestem may prove most important at other
stages in splicing. It has recently been demonstrated that the
telestem assists in U4/U6 annealing by the assembly factor
Prp24 (14). Thus, while the U6 ISL is an essential compo-
nent of spliceosomal catalysis, the U6 telestem likely func-
tions in tri-snRNP assembly.

How U6 snRNA interconverts between different confor-
mational states remains an outstanding question in under-
standing spliceosome assembly and activation. During the
activation process, U6 must be unwound from U4 by dis-
ruption of U4/U6 stems I and II (Figure 1B). Unwinding

*To whom correspondence should be addressed. Tel: +1 608 890 3101; Fax: +1 608 265 4693; Email: ahoskins@wisc.edu

C© The Author(s) 2016. Published by Oxford University Press on behalf of Nucleic Acids Research.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by-nc/4.0/), which
permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact
journals.permissions@oup.com



Nucleic Acids Research, 2016, Vol. 44, No. 22 10913

0 0.2 0.4 0.6 0.8 1 1.2
0

2000

4000

6000

8000

10000

12000

N
um

be
r o

f O
bs

er
va

tio
ns

0 20 40 60 80 100
0

0.2

0.4

0.6

0.8

1

Time (s)

E
FR

E
T

0.95

EFRET

GUU

AA

CCC
C

GGGC

U

A

G

C

C

G

A

U

U

A

A

U

A

U

G

C

G

C

A

U

U

A

CGACU

U
UGCUGG

A

U

G

U

U
G

• •

GAACCGUUUUACAAAGAGAUUUAUUUCGUUUUGUCUUCUAUUUAAUUUUCCC
110100

90
80

70

10

U U
A
C
G
C
AUA
U
CAG

U
GAG

G
A

U
G
U
G
U

20U

U
A
G
A
G
C
U
C

U
UC

G

30

A

•

40

50

60

708090
CUGCCAGACCAAAUAUUAAUUUAAA

AUUUGGUCAAUUUGAAACAAUACAGAGA

60

504030
C

U

A
A

C

C

U
C
A

A

A
G
U

G
G
G

G
G
U

U

U
C
A

U
C
C

•

•

G

G

A
A
G

U

U
C
A

U
U
C

G

G
G
U

•

U

•

•

U

AA
U

U
C

U
U U

C

100

110

120

130

140

UUUCCAUAAGGUUUUUAA
150160

A

3'B

5'
3'

5'

•

3' Extension

A

B

0.68

0.23

6000

5000

4000

3000

2000

1000

0
0 0.2 0.4 0.6 0.8 1 1.2

0 20 40 60 80 100
0

0.2

0.4

0.6

0.8

1

Time (s)

E
FR

E
T

EFRET

N
um

be
r o

f O
bs

er
va

tio
ns

U U UU UUCUC

G

G

G

G

G

C

A

U

U
U G U U A C

C

C

C

A

A
A

A

A

A

A

A

A

U

U
U
U
U

U
UUU U U U A UA CC

A

C A
U

G

G
G

G

G

G

GG
G

G
G

C
C
C
C

C

C

C

C

C

C

A

A

A

A

AAA
A

A A A
AA

A
A

A

U

U

U

U

U

U
U
U

U

UUUU

U

3'5' B

3' Extension

Cy3 Cy5

ISL

110

Telestem

30

50

70

•
•

•

D

Cy5
Cy3

U4 3' Stem Loop U4 5' Stem Loop

U4/U6 stem I U4/U6 stem II

C

GUUCCC
CUGCAUAAGGAU

CGACUAGU
• •

UAUUUCGUUUU
110100

90
80

70

50
40

30
AUUU

60

A

3'B

5'

5'

G
A

A
G

CA A U A A A AAC G

GA
A

CCGUUUUAC

G
U
C

A
A

U
U
U

G

A
A
A

A

G

G
A

U
U•

•

Telestem

U4

U6

Figure 1. U6 exhibits dynamics once annealed to U4. (A) Proposed base-pairing structure of the U6 RNA construct (U625-112) used in smFRET assays.
FRET donor (Cy3) and acceptor (Cy5) fluorophores are denoted by green and red stars, respectively. The 3′ extension represents additional RNA nu-
cleotides (nt) appended to U6 to facilitate surface immobilization with a 3′ terminal biotin (B). The U6 ISL and telestem are noted on the structure with
the telestem strands colored in blue. (B) The U4WT/U625-112 di-RNA used in smFRET assays. Telestem forming regions of U6 are colored in blue. Predicted
secondary structure of telestem formation in the U4/U6 di-snRNA (inset) (C) Histogram of EFRET values obtained from single molecules of U625-112
(N = 143). The distribution could be fit to a single Gaussian function centered at 0.95 ± 0.01 (red line). No dynamics were observed in single molecule
EFRET time trajectories (inset). (D) Histogram of EFRET values obtained from single molecules of U4WT/U625-112 (N = 121). The distribution could be
fit to a sum of two Gaussian functions centered at 0.24 ± 0.01 and 0.68 ± 0.01 (red line). Dynamics consistent with a reversible two-state conformational
transition were apparent in single molecule EFRET time trajectories (inset). Data in (C and D) were collected in imaging buffer with 400 mM NaCl (see
‘Materials and Methods’ section). The small number of molecules showing a constant high EFRET of ∼0.95 consistent with the absence of U4 were not
included in the histogram of U4WT/U625-112 shown in (D).

requires an adenosine triphosphate (ATP)-dependent RNA
helicase, Brr2, that loads onto U4 and translocates 3′→5′
to promote U4 release (15). How exactly this occurs is not
known; however, Brr2 alleles [e.g. brr2-1 (16,17)] can de-
crease U4/U6 unwinding in vitro and splicing in vivo. In
catalytic spliceosomes, U6 is extensively base-paired with
U2 and this base-pairing is presumably established at some
point during spliceosomal activation prior to 5′ SS cleav-
age (1,3). The mechanism of U4 release and the structures
of U6 intermediates formed during Brr2 unwinding are still
unclear.

To investigate the mechanisms of U4/U6 unwinding, we
have used single molecule Förster resonance energy trans-
fer (smFRET) in combination with a novel oligonucleotide-
dependent U4/U6 unwinding assay and yeast molecular ge-
netics to study how regions of U6 not base-paired to U4
can nonetheless influence U4/U6 stability. The data reveal
that the U6 telestem can form transiently while U6 is base-
paired to U4 and that telestem formation promotes U4/U6
unwinding. Telestem stabilization in vivo leads to defects in
yeast growth and a substantially altered steady-state distri-
bution of U6, U4/U6 and U4/U6.U5 snRNPs. This work

suggests a multi-step pathway for yeast U4/U6 unwinding
in which telestem formation precedes U4/U6 stem I un-
winding, followed by stem II unwinding and U6 ISL for-
mation.

MATERIALS AND METHODS

Preparation of fluorescent RNAs for smFRET

RNA fragments for smFRET experiments were pur-
chased from IDT containing C6-aminoallyl modifications
at the positions indicated (Supplementary Table S1). RNAs
were fluorescently labeled with N-hydoxysuccinimidylester
derivatives of Cy3 or Cy5 fluorophores (GE Healthcare)
by incubation of the RNA (5 nmol) with the fluorophore
(40 nmol) overnight at room temperature in labeling buffer
(33% v/v dimethylsulfoxide, 100 mM sodium bicarbonate
pH 8.5). Excess free dye was removed using an Illustra mi-
crospin G-25 column (GE Healthcare). Labeled RNA frag-
ments were then purified by 12% denaturing polyacrylamide
gel electrophoresis (PAGE).

The U625-112 fragment was prepared by splinted ligation
of two labeled RNAs. The 3′ fragment was first phospho-
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rylated at its 5′ end by incubation of the RNA (60 pmol)
with T4 polynucleotide kinase (20 units (U), New England
Biolabs) in the provided buffer with 3 mM ATP for 30 min
at 37◦C. The 5′ fragment (120 pmol) and DNA splint (100
pmol) were then added and annealed together with the 3′
fragment by heating to 95◦C for 5 min followed by cool-
ing to 25◦C over 30 min. T4 RNA Ligase II (10 U, New
England Biolabs) was then added, and RNAs ligated for 30
min at 37◦C. Ligated products were purified by 12% dena-
turing PAGE and quantified by measurement of UV-Visible
absorbance and use of calculated extinction coefficients for
the RNAs.

Preparation of non-fluorescent RNAs

Non-fluorescent U4 and U6 RNAs (Supplementary Table
S2) were prepared by in vitro transcription from a double
stranded DNA template using T7 RNA polymerase and pu-
rified by denaturing PAGE. When appropriate, RNAs were
labeled with radioactive [32P] by inclusion of �-[32P]-UTP
(Perkin Elmer) during transcription or by end-labeling with
� -[32P]-ATP (Perkin Elmer). U649-88 was purchased from
IDT with an aminoallyl modification at U54 that was left
unlabeled in these experiments, and instead was 5′ end la-
beled with [32P].

Annealing of U4 and U6 RNAs and analysis of complex for-
mation

For single molecule experiments, U4/U6 di-RNAs were
prepared by heat annealing of biotinylated, fluorescent U6
RNAs (200 nM) with U4 (3 �M) in annealing buffer (50
mM Tris pH 7.4, 400 mM NaCl) at 95◦C for 5 min fol-
lowed by cooling to room temperature over 30 min. For
unwinding and other assays, U4/U6 di-RNAs were pre-
pared using a similar procedure to that described for single
molecule experiments. In experiments containing radioac-
tive RNAs, the non-radioactive RNA was always in excess
over the radioactive RNA (200 nM [32P]-U6 and 3 �M
U4, unless otherwise noted). Complex formation was con-
firmed by electrophoresis of annealed complexes on a na-
tive 6% 29:1 acrylamide:bisacrylamide gel and run in 1 ×
Tris-borate-ethylenediaminetetraacetic acid (EDTA) buffer
(TBE) at 300V for ∼2 h at 4◦C.

Analysis of U6 RNA conformation and dynamics by sm-
FRET

smFRET experiments were carried out at room tempera-
ture on quartz microscope slides derivatized with a mixture
of polyethylene glycol (PEG) and biotin-derivatized PEG
and assembled into microfluidic flow chambers as previ-
ously described (18). Before use, slides were washed with
200 �l of 1× phosphate buffered saline (PBS) to remove
unreacted PEG. Streptavidin (2 �M, Prozyme) was added,
incubated for 2 min and then removed by repeated wash-
ing steps with 1 × PBS. RNAs were immobilized on the
streptavidin-coated surface by incubation with a dilute so-
lution of the RNAs (25 pM) in annealing buffer. Slides
were then washed and imaging buffer was added (50 mM
Tris–HCl pH 7.5, 400 mM NaCl, 4.5 mg/ml glucose, 150

U/ml catalase, 40 U/ml glucose oxidase, 3 mM Trolox).
Single-molecule data were collected on a home-built prism-
based total internal reflection fluorescence microscope us-
ing 532 and 640 nm lasers for excitation and a cooled elec-
tron multiplying-charge coupled device camera (Andor) for
image recording after passage of the emitted light through a
Dual View apparatus (DV2, Photometrics) to spatially sep-
arate Cy3 and Cy5 emission on the detector. Data were col-
lected continuously at 5 frames/s with most experiments
lasting ∼3 min. Molecules were typically excited with the
640 nm laser at the beginning and end of each experiment
to confirm presence of the Cy5 fluorophore, while the 532
nm laser was used to excite Cy3 and for smFRET.

For data analysis, a mapping function to translate loca-
tions between the short (<640 nm) and long wavelength
(>640 nM) channels produced by the Dual View appara-
tus was created using fluorescent beads that fluorescence in
both channels. Well-resolved single spots appearing in the
long wavelength channel upon excitation with the 640 nm
laser were selected and translated to the corresponding lo-
cation in the short wavelength channel. Translated spot lo-
cations in the short wavelength channel showing Cy3 fluo-
rescence or smFRET upon excitation with the 532 nm laser
likely contained molecules with both Cy3 and Cy5 fluo-
rophores. FRET donor (Cy3) and acceptor (Cy5) intensi-
ties were obtained for each frame by integrating the mea-
sured fluorescence intensity from boxes drawn around each
spot in each channel. FRET efficiency values (EFRET) for
each molecule were then calculated as IA/(IA+ ID), where
IA is the intensity of the acceptor at a particular frame and
ID is the intensity of the donor at that same frame using
vbFRET (19). Histograms were generated by binning the
EFRET values for many molecules obtained from replicate
experiments.

For molecules showing transitions between two or more
EFRET states, the number of fluorescence states were fit by
hidden Markov modeling (HMM) using HaMMy (20,21).
Dwell times for each state were then collected, combined
with those obtained from other molecules and the unbinned
collection fit using MatLab (The Mathworks) to determine
the transition lifetimes, � , using a single or double exponen-
tial maximum likelihood function (Equations 1 or 2, respec-
tively) where � m and � max represent the frame duration and
length of the experiment, respectively, and A represents the
amplitude. Errors in the fit were determined by bootstrap-
ping.
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U4/U6 unwinding assays

U4/U6 unwinding was monitored by 6% acrylamide (29:1)
native PAGE using [32P]-labeled U6 annealed to U4. When
included, unwinding oligonucleotides (A, B or B2; Supple-
mentary Table S3) were present at 30 �M. Unwinding was
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carried out at 40◦C in annealing buffer (50 mM Tris pH
7.4, 400 mM NaCl), unless otherwise stated. Time points
were collected and loaded onto the native gel before elec-
trophoresis at 300V for 2.5 h at 4◦C. A phosphorimager
screen was then exposed to the gel, imaged on a Typhoon
Imager (GE Life Sciences) and data quantified using Image-
Quant software (GE Healthcare). The unwinding rate was
determined by fitting the fraction of U4/U6 unwound to
Equation (3), where A is the amplitude of the reaction, ku
is the apparent first-order rate constant for unwinding and
t is time.

A · (
1 − e−kut) (3)

Plasmids and yeast strains

Mutant U6 snRNA genes were generated by site-directed
mutagenesis of the pRS314-U6 plasmid followed by DNA
sequencing to confirm the presence of the mutation in
the resulting plasmids (Supplementary Table S4). Wild-
type (WT) U4 and WT or mutant U6 plasmids were co-
transformed into yeast strain CJM000 (Supplementary Ta-
ble S5) using the lithium acetate method and transformants
selected on –trp, –his dropout plates. Selection for loss of
the pRS316-U4wt-U6wtmini plasmid was carried out by
streaking individual colonies onto –trp, –his dropout plates
also containing 5-fluoroorotic acid (5-FOA, 1 mg/ml).

Yeast growth assays

Overnight cultures of each strain were diluted to an OD600
of 0.5 in sterile 10% glycerol and then serially diluted 10-
fold before plating onto YPD/agar. Plates were incubated
at the indicated temperatures (16, 23, 30, or 37◦C) for 2–10
days and monitored for the appearance of colonies.

Solution hybridization assays of U4/U6 di-snRNA abun-
dance

Cellular RNAs were isolated from strains grown at 30◦C by
phenol extraction at 4◦C to maintain U4/U6 base-pairing
as previously described (22). Isolated RNA (1 �g) was then
hybridized to 5′ [32P] end-labeled oligonucleotides (0.5 pmol
each, Supplementary Table S6) in 50 mM Tris pH 7.5, 1 mM
EDTA, 150 mM NaCl for 15 min at 37◦C (22). Hybrids were
resolved by native PAGE (9% acrylamide, 29:1, in 1 × TBE)
followed by electrophoresis at 300V for 5 h at 4◦C. A phos-
phorimager screen was then exposed to the gel, imaged, and
data analyzed using ImageJ software (23).

Analysis of RNA levels by primer extension and northern
blotting

Yeast cultures (30 ml) from each strain were grown at 30◦C
to an OD600 0.6-0.8 and 10 OD600 units were collected. Pel-
leted cells were washed with MilliQ water followed by re-
suspension in 400 �l disruption buffer (10 mM Tris pH 7.5,
10 mM EDTA pH 8, 0.2% sodium dodecyl sulphate). Acid
phenol (400 �l) and disruption beads (∼200 �l, 0.5 mm)
were added to the cells and vortexed for 5 min at room

temperature using a Disruptor Genie. Samples were cen-
trifuged and the aqueous layer was collected. To the aque-
ous layer, acid phenol (400 �l) was added and the samples
were incubated at 65◦C for ∼30 min. Following heating,
the aqueous layer was collected and two additional phe-
nol:chloroform:isoamyl alcohol (25:24:1) extractions were
performed followed by a chloroform:isoamyl alcohol ex-
traction to get rid of excess phenol. Samples were then
ethanol precipitated and quantified by UV spectroscopy.

Primer extension was performed using a qScript Flex
cDNA kit (Quanta Biosciences). Briefly, 10 �g of total
RNA was incubated at 65◦C for 5 min with ∼0.7 �M of
each Cy5-labeled primer (Supplementary Table S7) and 2
�l of GSP enhancer (Quanta Biosciences) in a 10 �l reac-
tion. Reaction buffer (3 �l, Quanta Biosciences) and reverse
transcriptase (1 �l) were added and the reactions were incu-
bated at 42◦C for 1 h. Reactions were inactivated by incubat-
ing at 85◦C for 5 min. Deionized formamide RNA loading
buffer (15 �l) was added, and samples were heat denatu-
rated at 95◦C for 2 min and then loaded onto a 7% denatur-
ing PAGE gel. Electrophoresis was carried out at 22W for
1 h in 1 × TBE. Fluorescent products were imaged using a
Typhoon Gel Imager (GE).

Northern blotting was performed by loading 5 �g of to-
tal RNA on a 5% denaturing PAGE gel followed by elec-
trophoresis at 30W for ∼1 h in 1 × TBE. RNAs were
then transferred to a Hybond-XL membrane (Amersham)
at 25V for 1 h in 0.5 × TBE using a Trans-Blot SD Semi-
Dry Transfer Cell (BioRad). Blots were dried at room tem-
perature for 30 min and then crosslinked at 1200 mJ using
a UV-crosslinker (UVP). Blots were then blocked, probed,
washed and imaged as previously described (22). Probes
used for northern blotting of denaturing gels are outlined
in Supplementary Table S6 (U1-Long, U4-Long, U5-Long
and U6-Long).

Native gel analysis of snRNP distribution

Native PAGE analysis of spliceosomal snRNPs was carried
out by first preparing whole cell extracts from the appropri-
ate yeast strains as previously described (22) but using the
following protease inhibitors: 1 mM PMSF, 2 mM benza-
midine, 1 �M leupeptin, 2 �M pepstatin A, 4 �M chymo-
statin and 2.6 �M aprotinin. Lysates were clarified by cen-
trifugation using a Beckman JA-20 rotor at 18 000 rpm for
30 min followed by centrifugation at 36 000 rpm for 1 h in
a Beckman SW40-Ti rotor. Extract was collected and dia-
lyzed using a 10 kD cutoff-membrane (Slide-A-Lyzer, Ther-
moFisher) twice against 1.5 l of 20 mM HEPES pH 7.9, 50
mM KCl, 0.5 mM EDTA, 0.2 mM DTT and 20% glycerol
for 1.5–2 h.

Native PAGE analysis of spliceosomal snRNPs was car-
ried out as described (16,22). Diluted extracts (40% v/v; di-
luted with buffer to a final concentration of 60 mM potas-
sium phosphate pH 7.3, 2.5 mM MgCl2, 1 mM spermidine
and 3% w/v PEG-8000) were incubated at the indicated
temperatures for 10 min and loaded directly into the wells
of a non-denaturing acrylamide gel (4%, 80:1; 20 × 24 × 1.5
cm) and electrophoresis occurred at 240V over 5 h at 4◦C in
TGM buffer (50 mM Tris, 50 mM glycine, 2 mM MgCl2).
When included, ATP was added to a final concentration of
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5 mM. Where indicated, proteinase K (2 mg/ml) was added
to diluted extracts and incubated at 30◦C for 10 min prior
to loading.

RNAs were transferred from the gel to a Hybond-XL
membrane (Amersham) for 16–18 h at 1.5A (20–30V) in
50 mM sodium phosphate pH 6.5 in a blotting unit (Hoe-
fer TE42). RNAs were crosslinked to the membrane with a
UVP at 1200 mJ for 1.5 min, repeated for a total of three
exposures. Membranes were then blocked, probed, washed,
and imaged as previously described (22). Probes used for na-
tive northern analysis are described in Supplementary Table
S6. Before re-probing, membranes were stripped by incuba-
tion in water at 90–100◦C for 10–30 min followed by block-
ing.

RESULTS

U6 is conformationally dynamic when base-paired with U4

While previous data from us and others suggest that the
three-helix junction formed between the U4 and U6 snR-
NAs is remarkably rigid in the absence of protein (24,25),
we wondered if the peripheral regions of U6, those not base-
paired with U4, are dynamic. These peripheral regions ex-
tend both 5′ and 3′ from the U6 domain that is base-paired
with U4 in the di-snRNA and were not included in previ-
ous smFRET or nuclear magnetic resonance small-angle X-
ray scattering experiments (24,25). We therefore created a
U6 smFRET-reporter molecule containing the majority of
the S. cerevisiae (hereafter ‘yeast’) U6 snRNA sequence (nt
25–112; U625-112) and a 20-nt, 3′ extension that terminates
with a biotin for surface immobilization (Figure 1A). FRET
donor (Cy3) and acceptor (Cy5) fluorophores were incorpo-
rated by derivatization of two RNA fragments (Supplemen-
tary Table S1) containing amino-allyl modified deoxyuri-
dine nucleotides incorporated at positions corresponding to
U54 and U90 in the U6 snRNA, and the final RNA was pre-
pared by splinted ligation of these fragments. We reasoned
that fluorophores incorporated at U54 and U90 would ex-
hibit at least two EFRET (FRET efficiency) values: a low
EFRET state when U6 was base-paired to U4 and the flu-
orophores are predicted to be far apart (Figure 1B), and
a higher EFRET state in the absence of U4 due to U6 in-
tramolecular base-pairing within the ISL and telestem re-
gions (Figure 1A).

In the absence of U4, single molecules of the U6 smFRET
reporter exhibited a predominant high EFRET of ∼0.9 with
little evidence of dynamics (Figure 1C, inset). When EFRET
values from many molecules of the reporter were combined,
the resulting histogram showed a sharp peak that could be
fit to a single Gaussian distribution centered at 0.95. By
moving the Cy3 FRET donor molecule from U54 to U46
within the U6 asymmetric bulge region, a lower EFRET was
observed (0.75) but the smFRET signals remained static
(Supplementary Figure S1A and B). These results are con-
sistent with U6 predominantly folding into a single confor-
mation in which U54 and U90 are proximal and U46 resides
a greater distance from U90 than does U54.

We next heat-annealed the U6 smFRET reporter to an
in vitro-prepared transcript representing the entire yeast U4
snRNA sequence (U4WT). Complex formation was con-
firmed by native gel electrophoresis (Supplementary Figure

S2A, lane 4), and the U4/U6 duplex RNA was analyzed by
smFRET by immobilizing the U4/U6 duplexes and wash-
ing away any unbound RNA. Unexpectedly, instead of the
static smFRET signal observed with U6 alone (Figure 1C)
or the U4/U6 three-helix junction (24,25), 90% of U4/U6
molecules showed reversible transitions between two states
with EFRET values of ∼0.2 and ∼0.7 (Figure 1D). The small
number of remaining molecules that did not transition ei-
ther exhibited a constant high EFRET of 0.9 consistent with
absence of U4 (∼5%) or showed no transitions from the 0.2
EFRET state (∼5%). Thus, in contrast to previous studies of
the U4/U6 three-helix junction, larger U6 RNAs become
dynamic once base-paired to full-length U4.

Visual inspection and HMM of individual smFRET tra-
jectories as well as analysis of histograms of EFRET revealed
that the dynamic transitions observed in the U4/U6 du-
plex occurred almost exclusively between two states. Tran-
sitions occurred well within the timescale of our smFRET
experiments with the lifetime of the low 0.23 EFRET state
(7.2 ± 0.3 s) being longer than that of the higher 0.68
EFRET state, whose distribution of lifetimes was best fit to
an equation containing two exponential terms (� 1 = 0.7 ±
0.3 s, amplitude = 0.6 ± 0.1; � 2 = 5.2 ± 3.4 s; amplitude
= 0.4 ± 0.1; Supplementary Figure S3). The equilibrium
constant (Keq) for molecules undergoing reversible transi-
tions from the low to the high EFRET state was measured
to be 0.40. This corresponds to a small increase in stabil-
ity upon transitioning to the low EFRET state (�G = −0.53
kcal/mol). The high EFRET state was dependent on salt con-
centration, with divalent metal ions (10 mM Mg2+) and high
monovalent metal ion concentrations (400 mM Na+, con-
sistent with annealing conditions) each favoring its forma-
tion (Supplementary Figure S4). These results suggest that
cellular ionic conditions may also influence U4/U6 dynam-
ics. Together, the data demonstrate that when U6 is base-
paired to U4, the regions of U6 flanking stems I and II un-
dergo spontaneous transitions between conformations with
distinct EFRET states and stabilities. A transient long-range
intramolecular interaction in U6 that brings these regions
into closer proximity could explain these data.

U6 telestem mutations disrupt U4/U6 dynamics

The human U6 RNA contains widely-separated sequences
that can form an intramolecular duplex even while U6 is
base-paired to U4 (26). We wondered if the dynamics we ob-
serve with our yeast U4/U6 model arise from transient for-
mation of a similar intramolecular duplex. In yeast U6, the
corresponding duplex is called the telestem, where the 5′-
strand of the telestem flanks U4/U6 stem I and the 3′-strand
flanks U4/U6 stem II (Figure 1B, inset). We tested this hy-
pothesis by introducing mutations in the U6 smFRET re-
porter that are predicted to disrupt or stabilize telestem for-
mation.

We generated mutant U6 smFRET reporter RNAs that
disrupted two specific regions of the telestem (U6MUT1 and
U6MUT2; Figure 2B and C). In the absence of U4, these U6
mutants behaved identically to U625-112 and showed a sin-
gle, static high EFRET state of ∼0.95 (Supplementary Figure
S5). These data indicate that the intramolecular interactions



Nucleic Acids Research, 2016, Vol. 44, No. 22 10917

0 0.2 0.4 0.6 0.8 1 1.2
0

2000

4000

6000

8000

10000

12000

0

1000

2000

3000

4000

5000

6000

U
U

C

U
U
U

G

G

U
U

G

A

A

A
A
A

A
A

C

G

30
5'

Stem I Stem II

100

U4

3'

5'3'

U4 5' SL
0 0.2 0.4 0.6 0.8 1 1.20

1000

2000

3000

4000

5000

6000

7000
0.21

0.71

0 0.2 0.4 0.6 0.8 1 1.2
0

2000

4000

6000

8000

10000

12000

14000

0.24

0.73

N
um

be
r o

f O
bs

er
va

tio
ns

A

B

C

0 20 40 60 80 100 120
0

0.2

0.4

0.6

0.8

1

Time (s)
E

FR
E

T

U
U

U

U
U
U

G

G

G
G

G

A

A

A
A
A

A
A

C

C

•
•30

100

5'

Stem I Stem II

U4

3'

5'3'

U4 5' SL

U
U

U

G
G
C

G

G

G
G

C

A

A

A
A
A

A
A

C

C

•
•30

100

5'

Stem I Stem II

U4

3'

5'3'

U4 5' SL

U6MUT2

U625-112

 U6MUT1

Cy5

Cy3

Cy5

Cy3

Cy5

Cy3

N
um

be
r o

f O
bs

er
va

tio
ns

N
um

be
r o

f O
bs

er
va

tio
ns

0 20 40 60 80 100
0

0.2

0.4

0.6

0.8

1

Time (s)

E
FR

E
T

EFRET

EFRET

D

E
U
U

U

U
U
U

G

C

G
G

G

A

C

A
A
A

G
G

C

C

30
100

5'

Stem I Stem II

U4

3'

5'3'

U4 5' SL

U6ΔBULGE
Cy5

Cy3

•
•

C
C

U

U
U
U

G

G

G
G

G

A

A

A
A
A

A
A

C

C

30
100

5'

Stem I Stem II

U4

3'

5'3'

U4 5' SL

U6BASE
Cy5

Cy3 0 20 40 60 80 100 120

0
0.2
0.4
0.6
0.8

1

Time (s)

E
FR

E
T

0 0.2 0.4 0.6 0.8 1 1.2

0
0.2
0.4
0.6
0.8

1

0 20 40
0

0.2
0.4
0.6
0.8

1

E
FR

E
T

Time (s)

0 0.2 0.4 0.6 0.8 1 1.2
0

1000

2000

3000

4000

5000

6000

0.22

0 20 40 60 80 100 120
0

0.2

0.4

0.6

0.8

1

Time (s)

E
FR

E
T

C
C

U

U
U
U

G

C

G
G

G

A

C

A
A
A

G
G

C

C

30
100

5'

Stem I Stem II

U4

3'

5'3'

U4 5' SL

Cy5

Cy3

U6ΔBULGE
+BASE

0

2000

4000

6000

8000

10000

12000

0 0.2 0.4 0.6 0.8 1 1.2

0 20 40 60 80
0

0.2
0.4
0.6
0.8

1

E
FR

E
T

Time (s)

EFRET

N
um

be
r o

f O
bs

er
va

tio
ns

F

EFRET

EFRET

EFRET

N
um

be
r o

f O
bs

er
va

tio
ns

N
um

be
r o

f O
bs

er
va

tio
ns

Figure 2. Alteration of telestem base-pairing also alters U6 smFRET dynamics in U4/U6. Each panel has at left a cartoon of the U41-64/U625-112 di-RNA
used for the experiment, including any mutations in the U6 telestem (in red) and a histogram of EFRET values obtained from single molecules at right. (A)
U41-64/U625-112 di-RNA without any mutations (N = 213). The distribution could be fit to a sum of two Gaussian functions centered at 0.24 ± 0.01 and
0.73 ± 0.01 (red line). Dynamics consistent with a reversible two-state conformational transition were apparent in single molecule EFRET time trajectories
(inset). (B) U41-64/U6MUT1 (N = 102). The distribution could be fit to a sum of two Gaussian functions centered at 0.22 ± 0.01 and 0.71 ± 0.04 (red
line). Single molecule EFRET time trajectories showed transient excursions to the short-lived 0.71 EFRET state (inset). (C) U41-64/U6MUT2 (N = 104).
The distribution could be fit to a single Gaussian function centered at 0.22 ± 0.01 (red line). No dynamics were observed in single molecule EFRET time
trajectories (inset). (D) U41-64/U6BASE (N = 114). The distribution could be fit to a sum of two Gaussian functions centered at 0.23 ± 0.01 and 0.69 ±
0.01 (red line). Dynamics consistent with a reversible two-state conformational transition were apparent in single molecule EFRET time trajectories (inset).
(E) U41-64/U6�BULGE (N = 126). The distribution could be fit to a sum of two Gaussian functions centered at 0.22 ± 0.01 and 0.69 ± 0.01 (red line).
Static ∼0.2 and ∼0.7 states were observed (inset). (F) U41-64/U6BASE + �BULGE (N = 114). The distribution could be fit to a sum of two Gaussian functions
centered at 0.23 ± 0.05 and 0.73 ± 0.01 (red line). Example of a single molecule EFRET time trajectories showing no excursions from the 0.7 EFRET state
(inset). Data in (A–F) were collected in imaging buffer with 400 mM NaCl (see ‘Materials and Methods’ section), and molecules showing a constant high
EFRET of ∼0.95 consistent with the absence of U4 were not included in these histogram analyses.

involved in formation of the static EFRET state are not sig-
nificantly perturbed by these telestem mutations.

We then analyzed the behavior of the telestem-
destabilizing U6 mutants once base-paired to U4. Since
it is possible that the U6 mutations could also result in
formation of new base-pairing interactions to the 3′ single
stranded (ss) RNA region of U4 (the U4 central domain),
we first tested whether or not a shorter U4 fragment could
be used in the single molecule assay. This U4 fragment
(nts 1–64, U41-64) contains only the regions that base-pair
with U6 to form U4/U6 stems I and II and the intervening
U4 5′ stem loop. We annealed the WT U6 FRET reporter
(U625-112) as well as each of the U6 mutants to U41-64 and
monitored complex formation by native gel electrophoresis
(Supplementary Figure S2B). In agreement with our pre-
vious experiments using a similarly truncated U4 (25), the
3′ region of U4 is not essential for stable U4/U6 complex
formation with either U625-112, U6MUT1 or U6MUT2.

We examined the smFRET dynamics of WT U625-112
when annealed to U41-64 and compared the results to
those obtained with U4WT. We observed similar EFRET
states and distributions with U41-64/U625-112 compared to
U4WT/U625-112 (cf. Figures 1D and 2A). The lifetime of
the high EFRET state (but not the low EFRET state) differed
when U625-112 was annealed to U41-64 compared with U4WT.
While the distribution of high EFRET lifetimes could be fit
to two exponential terms when U4WT was used, only a sin-
gle lifetime was observed with U41-64 (� = 1.7 ± 0.1 s, Sup-
plementary Figure S3C and D). These results show that al-
though the 3′ region of U4 (nt 65–160) is not required for
promoting transitions in U6 in the di-RNA, it does subtly
influence high EFRET state dynamics.

Disruption of either region of the telestem
(U41-64/U6MUT1 or U41-64/U6MUT2) dramatically re-
duced the number of observed smFRET transitions. Both
U41-64/U6MUT1 and U41-64/U6MUT2 showed predomi-
nantly low EFRET of ∼0.2, the same low EFRET value
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observed when WT U625-112 was annealed to U4 (Figure
2A–C). The high EFRET state was completely abolished by
mutation of nt 36–39 (U6MUT2, Figure 2C), while transient,
very short-lived excursions to high EFRET could still be
observed upon disruption of nt 30–33 (U6MUT1, Figure
2B). Kinetic analysis of dwell times of the U6MUT1 high
EFRET state revealed a single exponential distribution and
a decrease in the fitted lifetime compared to U625-112 (�
= 0.6 ± 0.1 s, Supplementary Figure S3E). Therefore,
destabilization of the telestem region by mutation results
in decreases in both the abundance and lifetime of the high
EFRET state.

In addition to telestem-destabilizing mutations, we also
designed a series of U6 smFRET reporters of increasing
predicted telestem thermodynamic stability (Figure 2D–
F). By replacing the G/U wobble pairs at the base of the
telestem with G/C pairs (U6BASE), we predicted a mod-
est increase in Tm of ∼7◦C using DINAMelt (27). Sim-
ilarly, we replaced two mismatched base-pairs (A-A and
A-G) in the middle of the telestem with two G-C base-
pairs (U6�BULGE). This modification creates a continuous
telestem duplex and results in an increase in predicted Tm
of ∼32◦C. Our most stabilized U6 combined the mutations
in U6BASE and U6�BULGE to create a continuous telestem
terminating in G-C base-pairs and in an increase in pre-
dicted Tm of ∼40◦C (U6BASE + �BULGE). Finally, a set of U6
mutants were made containing mutations in either the 5′
or 3′ strand of the telestem but without the corresponding
base-pair mutation on the opposite strand (U6A34G,A35G,
U6G96C,A97C, and U6G96C,A97C,U100C,U101C).

Stabilization of the telestem did not result in any signifi-
cant changes in distributions of EFRET when the U6 mutants
were analyzed in the absence of U4 (Supplementary Figure
S5). Further, native PAGE confirmed complex formation
with U41-64 for each of the stabilizing mutants (Supplemen-
tary Figure S2C). After annealing with U41-64, we observed
that mutations that stabilize the telestem also increased
the high EFRET state lifetime (Figure 2D–F). The U6BASE
mutation most resembled U625-112 and showed dynamic
transitions between two EFRET states. In agreement with
telestem stabilization, the lifetime of the high EFRET state
increased due to the U6BASE mutation (� = 5.4 ± 0.6 s; Sup-
plementary Figure S3F). The more stabilizing U6�BULGE
and U6BASE + �BULGE mutations impacted the FRET dy-
namics more significantly than did U6BASE (Figure 2D–
F). The most stabilizing U6BASE + �BULGE mutation resulted
in appearance of predominantly the high EFRET state and
very few transitions to low EFRET. This is consistent with
U6BASE + �BULGE forming a stable telestem while simulta-
neously being paired to U4. The U6�BULGE mutation also
showed a much greater abundance of the high EFRET state
compared with U625-112, but less so than U6BASE + �BULGE.
Interestingly, despite observation of U6�BULGE molecules
possessing either high EFRET or low EFRET, the molecules
did not transition between these FRET states during the as-
say. This finding suggests that the U6�BULGE mutation may
be stabilizing both the telestem and an alternate structure
with low EFRET that does not transition. In agreement with
this hypothesis, the U6A34G,A35G RNA, which contains only
the 5′-strand mutations found in U6�BULGE, also fails to
transition to high EFRET (Supplementary Figure S6). Sta-

bilization of the low EFRET state by the A34G and A35G
mutations is countered by simultaneous stabilization of the
telestem base in the U6BASE + �BULGE mutant, in which the
low EFRET state is nearly absent (Figure 2F).

In total, our FRET data reveal that the high EFRET state
observed in our single-molecule assay is destabilized by mu-
tations that disrupt telestem base-pairing and stabilized by
mutations that increase telestem base-pairing. We conclude
that transient formation of the telestem occurs in yeast
U4/U6 di-RNAs in vitro.

Complementary DNAs accelerate U4/U6 unwinding

The human U4/U6 di-snRNA is destabilized by in-
tramolecular duplex formation in U6, resulting in U4/U6
unwinding and dissociation of U4 from U6 at physiological
temperatures (26). Yeast U4/U6, in contrast, remains sta-
bly base-paired and appreciable unwinding/melting of the
di-snRNA only occurs at temperatures above 50◦C (26,28).
This finding suggests that if telestem formation occurs in
yeast U4/U6 it does not lead to unwinding at tempera-
tures that support yeast growth. We wondered if telestem
formation could accelerate yeast U4/U6 unwinding un-
der conditions in which U4/U6 base-pairing had already
been partially disrupted. In the spliceosome the ∼250 kDa
Brr2 helicase unwinds U4/U6, likely beginning with stem
I (15). Stem I disruption could facilitate formation of U6
structures, such as the telestem, that also contribute to
U4/U6 unwinding. Since we wished to study the influence
of telestem formation in the absence of additional factors
such as Brr2, we first developed a simple method to disrupt
stem I and unwind U4/U6 that does not rely on proteins or
ATP hydrolysis.

Nucleic acid strand exchange can be driven by hybridiza-
tion of a complementary oligonucleotide that leads to in-
vasion of the duplex and strand displacement (i.e. toehold
mediated-strand displacement) (29,30). We tested whether
or not this method could be used as a proxy for ATP-
dependent Brr2-unwinding of U4/U6 stem I. We designed
two DNA oligonucleotides (oligonucleotides A and B)
that are each complementary to U4 (Figure 3A). Oligonu-
cleotide A is complementary to both the U4 central domain
and U4/U6 stem I (U4 nt 53–91), while oligonucleotide B
is complementary to U4/U6 stem II (U4 nt 1–19). These
oligonucleotides could be used to disrupt U4/U6 stem I by
hybridization of oligonucleotide A to the U4 central do-
main to form a toehold followed by invasion of stem I to
release the corresponding region of U6. Oligonucleotide B
may potentially unwind U4/U6 stem II as well as capture
free U4.

In the absence of oligonucleotides A and B, free U6 did
not accumulate at temperatures lower than 60◦C in buffer
containing 400 mM NaCl, in agreement with previous re-
sults (Figure 3B). However, simultaneous addition of both
oligonucleotides resulted in a dramatic increase in appar-
ent unwinding at physiological temperatures (Figure 3B).
Free U6 now accumulated even at 30◦C, similar to results
reported for human U4/U6 di-snRNAs in the absence of
complementary oligonucleotides (30–35◦C) (28). Our data
indicate that oligonucleotides complementary to U4 can be
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Figure 3. DNA oligonucleotides complementary to U4 accelerate U4/U6 unwinding. In all experiments U6WT was labeled with [32P] before annealing
to excess unlabeled U4WT. U4WT/U6WT and free U6WT were then resolved by 6% native PAGE prior to phosphorimaging. (A) Cartoon showing base-
pairing of the unwinding oligonucleotides A and B (red lines) to U4 at nucleotides 55–90 and 1–19, respectively. (B) Oligonucleotides A and B lower the
melting temperature of U4/U6. U4WT/U6WT was incubated in the presence or absence of oligonucleotides A and B (30 �M) for 10 min at the indicated
temperatures prior to native PAGE. (C) U4WT/U6WT unwinding with oligonucleotides A and B occurs more slowly at 20◦C (lanes 1–7) than at 40◦C
(lanes 9–15), and no unwinding is observed in the absence of the oligonucleotides at either temperature (lanes 8 and 16). (D) Oligonucleotide A by itself
does not catalyze unwinding at 40◦C (lanes 1–7); however, oligonucleotide B can slowly unwind U4/U6 (lanes 10–16). (E) A truncated oligonucleotide B
(B2) that cannot base-pair near the U4/U6 three-helical junction has a reduced rate of U4/U6 unwinding both in the absence (lanes 1–7) and presence
of oligonucleotide A (lanes 8–14). (F) Quantification of U4WT/U6WT unwinding by oligonucleotides A, B and B2. Data points represent the results from
three separate experiments and lines represent the fits to these data. Fitted rate constants are reported in the main text. Data in (B–F) were acquired in
annealing buffer with 400 mM NaCl (see ‘Materials and Methods’ section).

used to destabilize yeast U4/U6 and accumulate free U6
and U4 at physiological temperatures.

We next characterized the properties of oligonucleotides
A and B that accelerated U4/U6 unwinding. We carried
out the assays at 40◦C since U4/U6 remains associated at
this temperature in the absence of oligonucleotides; how-
ever, their addition results in nearly complete unwinding af-
ter 60 min with a rate of 0.065 ± 0.003 min−1 compared
to 0.014 ± 0.003 min−1 at 20◦C (Figure 3C and F). When
only oligonucleotide A was added, no U4/U6 unwinding
was observed (Figure 3D, lanes 1–7). However, we were able
to observe a gel shift when oligonucleotide A was incubated
with U4/U6 (Figure 3D, lanes 1–7 versus 8), which indi-
cates that while oligonucleotide A does not by itself un-

wind U4/U6, it does hybridize to U4. In contrast, oligonu-
cleotide B alone was able to promote U4/U6 unwinding,
albeit at a 10-fold slower rate (0.006 ± 0.003 min−1) than
oligonucleotides A and B together (Figure 3D, lanes 10–
16 and F). We were not able to observe complex formation
between U4/U6 and oligonucleotide B by native gel elec-
trophoresis, suggesting that hybridization of B to U4 results
in rapid or concomitant U4/U6 unwinding. This result is
also consistent with base-pairing between U4 and U6 only
in stem I being insufficient to maintain U4/U6 complex sta-
bility under these assay conditions. Together, these data sug-
gest that the stem II-complementary oligonucleotide B is
responsible for U4/U6 unwinding, but this activity is accel-
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erated by the simultaneous presence of oligonucleotide A
and unwinding of U4/U6 stem I.

To confirm that oligonucleotide B was indeed responsi-
ble for U4/U6 unwinding and not merely capturing free
U4 produced by spontaneous dissociation of U4/U6, we
truncated oligonucleotide B by two nucleotides at its 5′
end (oligonucleotide B2, shown in Supplementary Figure
S7). We reasoned that if oligonucleotide B was unwinding
U4/U6, it may occur by hybridization to create a toehold
followed by invasion of stem II and displacement of U6.
The truncated oligonucleotide B2 should decrease the like-
lihood of forming a toehold near the three-helix junction
but not change the oligonucleotide’s ability to capture free
U4. When oligonucleotide B2 was added to U4/U6, no un-
winding was observed, in contrast to results obtained with
oligonucleotide B (Figure 3E, lanes 1–7 and F). When both
oligonucleotide A and oligonucleotide B2 were incubated
with U4/U6, unwinding occurred but at a 3-fold slower rate
(0.021 ± 0.005 min−1) compared to when oligonucleotides
A and B were used (Figure 3E, lanes 8–14 and F). These
data support a model in which oligonucleotide B alone dis-
rupts stem II by first hybridizing to U4 near the open end
of the 5′ stem loop followed by displacement of U6.

Finally, we examined properties of oligonucleotide A that
contribute to unwinding when used in combination with
oligonucleotide B. Since we believe that oligonucleotide A
is hybridizing to the U4 central domain and this toehold fa-
cilitates subsequent invasion of U4/U6 stem I, we predicted
that unwinding would be greatly reduced if oligonucleotide
A were split into two units (oligonucleotides C and D).
Oligonucleotide D is only complementary to U4/U6 stem I
and cannot create a toehold, while oligonucleotide C is only
complementary to the central domain and cannot invade
stem I. When oligonucleotides C or D were used in com-
bination with oligonucleotide B, the unwinding rates were
near what was observed in the presence of oligonucleotide
B alone (Supplementary Figure S7). No combinations of
oligonucleotides B, C and D were as efficient in promot-
ing unwinding as when B was used together with oligonu-
cleotide A. These observations imply that invasion of stem
I by oligonucleotide A is facilitated by hybridization to the
adjacent region of U4 to create a toehold. In sum, these data
demonstrate that U4/U6 unwinding can be driven by U4-
complementary oligonucleotides. Unwinding of U4/U6 re-
quires disruption of stem II with oligonucleotide B but not
stem I with oligonucleotide A; however, disruption of stem
I greatly facilitates unwinding of stem II. It therefore fol-
lows that unwinding of U4/U6 stem I by Brr2 in vivo could
potentially facilitate unwinding of stem II by some other
means.

The telestem accelerates U4/U6 unwinding

Having established the properties of our oligonucleotide-
driven U4/U6 unwinding assay, we next tested whether
or not the telestem contributes to unwinding. We com-
pared rates of oligonucleotide-mediated unwinding of
U4WT/U6WT with a truncated U6 that cannot form the
telestem (U4WT/U649-88) and with a U6 mutant contain-
ing a telestem stabilized by six contiguous G-C or C-G
base pairs (U4WT/U6GC) (Figure 4A, B). The U6GC mu-

tant was prepared by introducing eight mutations into the
telestem (U33C/A34G/A35G/G96C/A97C/A99G/U100C/
U101C), and this same mutant was previously shown to ac-
celerate Prp24-catalyzed annealing of U4 and U6 in vitro
(14).

Deletion of the telestem resulted in ∼5-fold decrease
in the rate of oligonucleotide-mediated unwinding of
U4WT/U649-88 compared to U4WT/U6WT (Figure 4A, C
and D). In contrast, stabilization of the telestem with ad-
ditional G-C base-pairs resulted in ∼3-fold increased rate
of unwinding compared to U4WT/U6WT (Figure 4B–D).
Consistent with U6GC destabilizing U4/U6, free U6GC also
accumulated to a greater extent than U6WT and at lower
temperatures when the di-RNAs were denatured by heating
(Supplementary Figure S8), reflecting ∼5◦C decrease in ap-
parent Tm. Thus, U6GC is able to promote both U4/U6 as-
sembly by Prp24 (14) and U4/U6 oligonucleotide-mediated
unwinding.

When U4WT/U6GC was incubated with individual un-
winding oligonucleotides A, B or B2, we observed that the
rates of unwinding by oligonucleotides B and B2 were faster
than in the corresponding experiments with U4WT/U6WT
(Figure 4E–G). As with U4WT/U6WT, oligonucleotide A
did not induce unwinding of U4WT/U6GC and the fastest
rates of unwinding were observed with the combination
of oligonucleotides A and B rather than A and B2 (Fig-
ure 4E–G). These data indicate that the rate acceleration
arising from U6GC is likely due to promotion of stem II
unwinding by oligonucleotide B and that stem I disrup-
tion is still needed for efficient unwinding of U4WT/U6GC.
Thus, the telestem-forming regions of U6 can accelerate the
rate of U4/U6 unwinding, and strengthening telestem base-
pairing leads to an increase in unwinding rate. These results
suggest that telestem formation is an intermediate step dur-
ing oligonucleotide-mediated unwinding of U4 from U6.

Disruption of U4/U6 stem I results in new U6 conformations

Our bulk unwinding assays imply that both telestem for-
mation and U4/U6 stem I disruption by oligonucleotide A
facilitate U4/U6 unwinding by oligonucleotide B. We won-
dered if oligonucleotide A’s influence on the unwinding rate
could be explained by stem I disruption leading to new U6
conformations that facilitate stem II unwinding by oligonu-
cleotide B. Since oligonucleotide A forms a stable complex
with U4WT/U6WT (Figure 3D), we prepared ternary com-
plexes containing oligonucleotide A, U4WT and the U625-112
smFRET reporter (Figure 5A) and used smFRET to study
U625-112 conformation.

The oligonucleotide A/U4WT/U625-112 ternary complex
predominantly underwent transitions between two EFRET
states: a longer-lived EFRET state of 0.39 and a shorter-lived
EFRET of 0.90 (Figure 5B and C). The 0.39 EFRET state
had not been previously observed in our experiments with
U625-112 either in the presence or absence of U4. This may
correspond to a conformation in which U6 has base-paired
to form the telestem and additional base-pairs present in
free U6 (e.g. the region between the ISL and the telestem,
Figure 1A). Addition of oligonucleotide C, which binds to
U4 but cannot invade stem I, in lieu of oligonucleotide
A does not cause the peaks to shift in the EFRET distri-
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Figure 4. Telestem formation promotes U4/U6 unwinding. Unwinding assays were carried out at 40◦C using oligonucleotides A and B, and U6 RNAs
were labeled with [32P] before annealing to excess unlabeled U4WT. U4WT/U6 and free U6 RNAs were then resolved by 6% native PAGE prior to phos-
phorimaging. (A, top) Cartoon showing U649-88, which cannot form a telestem, annealed to U4WT. (A, bottom) In the absence of the telestem, unwinding
of U4WT/U649-88 by oligonucleotides A and B occurs slowly. (B, top) Cartoon showing U6GC, which contains a GC-rich telestem (red), annealed to
U4WT. (B, bottom) In the presence of a stabilized telestem, unwinding of U4WT/U6GC by oligonucleotides A and B occurs rapidly. (C) Quantification of
unwinding data obtained from U4WT/U6WT, U4WT/U649-88 and U4WT/U6GC by addition of oligonucleotides A and B. Data points represent the results
from three separate experiments and lines represent the fits to these data. (D) Unwinding rates for the experiments shown in (C). Error bars represent the
error in the fit. (E) U4WT/U6GC unwinding by oligonucleotides A or B alone. (F) U4WT/U6GC unwinding by oligonucleotides B2 alone or A and B2.
(G) Quantification of U4WT/U6GC unwinding by oligonucleotides A, B and B2. Fitted unwinding rates are as follows U4WT/U6GC + oligonucleotide A
= no unwinding, U4WT/U6GC + oligonucleotide B = 0.013 ± 0.002 min−1, U4WT/U6GC + oligonucleotide B2 = 0.001 ± 0.007 min−1, U4WT/U6GC
+ oligonucleotides A and B2 = 0.037 ± 0.004 min−1 and U4WT/U6GC + oligonucleotides A and B = 0.216 ± 0.027 min−1. Data points represent the
results from three separate experiments and lines represent the fits to these data. Data in (A–G) were acquired in annealing buffer with 400 mM NaCl (see
‘Materials and Methods’ section).

bution (Supplementary Figure S9). This finding suggests
that oligonucleotide A induces an increased proximity of
the FRET pair located at U54 and U90 via disruption of
U4/U6 stem I. The higher EFRET value of 0.90 is similar
to values obtained for U625-112 in the absence of U4 (EFRET
∼0.95, Figure 1C). However, the 0.90 EFRET state in this
experiment rapidly switches back to the 0.39 EFRET state
and thus is unlikely to correspond to free U6 unwound from
U4. We conclude that U6 molecules showing transitions to
and from EFRET of 0.90 likely contain both U4 and oligonu-
cleotide A.

To confirm that the changes in EFRET were due to disrup-
tion of stem I by oligonucleotide A, we annealed U625-112
to a shorter U4 fragment (U41-55) lacking the nucleotides
responsible for base-pairing with U6 in stem I (Figure 5D).
As with the oligonucleotide A/U4WT/U625-112 ternary com-
plex, molecules of U41-55/U625-112 showed fluctuations be-
tween a longer lived state with EFRET of 0.35 and a shorter
lived state with EFRET of 0.90 (Figure 5E and F). This shows
that U625-112 is undergoing a similar set of conformational
dynamics when U4/U6 stem I is disrupted by oligonu-
cleotide A or is prevented from forming by truncation of
U4.

Together our single molecule data suggest multiple con-
formations of U6 arise due to U4/U6 stem I disruption and
these conformations are not present when stem I is intact.
It is possible that the 0.90 EFRET state is an on-pathway in-
termediate that leads to unwinding, since it exhibits a sim-
ilar EFRET value as U625-112 in the absence of U4. Oligonu-
cleotide B could promote unwinding by binding to U4/U6
while it transiently forms the telestem and this high EFRET
conformation before dislodging U6. Since U4/U6 remains
stable with only stem II base-paired, disruption of stem
II and likely concomitant U6 ISL formation represent key
thermodynamic events to complete folding of U6 into a
structure with the static features observed in our smFRET
assay of U6 (Figure 1C).

Stabilizing the telestem in vivo confers growth defects

Based on our smFRET and unwinding assays, we hypoth-
esized that telestem stabilization could result in a strong
phenotype in yeast due to either an increase in the rate
of U4/U6 unwinding or disregulation of this process. This
disregulation could potentially impact both spliceosome
activation by causing premature U4/U6 unwinding and
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A/U4WT/U625-112 (N = 172, blue) overlaid with the distribution obtained from single molecules of U4WT/U625-112 (Figure 1D, gray). The distribution
could be fit to a sum of two Gaussian functions centered at, 0.39 ± 0.01 and 0.91 ± 0.01 (red line). (C) Single molecule EFRET time trajectories predominantly
showed reversible excursions between the 0.39 and 0.90 EFRET states. (D) Cartoon of the U41-55/U625-112 di-RNA complex that lacks stem I used for
smFRET experiments. (E) Histogram of EFRET values obtained from single molecules of U41-55/U625-112 (N = 105, blue) overlaid with the distribution
obtained from single molecules of U4WT/U625-112 (Figure 1D, gray). The distribution could be fit to a sum of two Gaussian functions centered at 0.35 ±
0.01 and 0.90 ± 0.01 (red line). (F) Single molecule EFRET time trajectories predominantly showed reversible excursions between the 0.35 and 0.90 EFRET
states. Data in (B, C, E and F) were acquired in imaging buffer with 400 mM NaCl (see ‘Materials and Methods’ section), and molecules showing a constant
high EFRET of ∼0.95 consistent with the absence of U4 were not included in these histogram analyses.

tri-snRNP stability by disrupting the equilibrium between
Brr2-mediated disassembly and Sad1-mediated assembly
(31).

Using a previously described yeast strain harboring dele-
tions of both the U4 and U6 snRNA genes along with
a complementing URA3-marked plasmid (32), we tested
whether or not telestem stabilization confers a growth de-
fect in vivo. We designed a series of U6 genes contain-
ing the same stabilized telestems used in smFRET assays
(U6BASE, U6�BULGE and U6BASE + �BULGE; Figure 2D–F) as
well as set of alleles containing mutations in either the 5′
or 3′ strand of the telestem but without the corresponding
base-pair mutation on the opposite strand (U6A34G,A35G,
U6G96C,A97C and U6G96C,A97C,U100C,U101C; Supplementary
Figure S6). Each of these mutant U6 alleles was trans-
formed individually into the U4/U6 deletion strain along
with the WT U4 gene (32). Transformants were selected on
dropout media and single colonies streaked onto medium
containing 5-FOA at 30◦C to select for loss of the WT
U4/U6 URA3-marked plasmid.

U6BASE, U6�BULGE, and all of the mutants containing
mutations in either the 5′ or 3′ strand of the telestem were
viable when plated on 5-FOA. In contrast, our most sta-
bilized telestem construct, U6BASE + �BULGE, was lethal af-
ter selection for growth on 5-FOA at either 30 (Supplemen-
tary Figure S10A) or 37◦C (not shown). These results show
that yeast viability can be maintained with U6 mutations
designed to stabilize either the middle or one end of the

telestem, but not when these mutations are present in com-
bination. The U6G96C,A97C,U100C,U101C mutant, which con-
tains all of the substitutions in the 3′ strand of the telestem
found in U6BASE + �BULGE but lacks the 5′ strand substi-
tutions, was viable on 5-FOA and displayed no detectable
growth defect on rich medium (YPD) at temperatures rang-
ing from 16 to 37◦C (Figure 6A). This result suggests that
lethality of the U6BASE + �BULGE mutation arises from sta-
bilization of the telestem rather than disruption of base-
pairing interactions between U2 snRNA and the 3′ strand
of the telestem that occur in post-B complex spliceosomes
(i.e. U2/U6 helix II; Supplementary Figure S10B). Thus,
U6BASE + �BULGE results in stable telestem formation by sm-
FRET (Figure 2F) and does not support yeast growth. It is
possible that a lack of telestem dynamics contributes to this
lethality.

We next determined if U6BASE or U6�BULGE conferred
any growth defects to the yeast despite maintaining via-
bility. U6BASE, which is predicted to have the smallest im-
pact on telestem stability, showed a mild growth defect
at low temperatures (16◦C, Figure 6A). However, it grew
comparably to U6WT at higher temperatures. U6�BULGE
showed a much stronger phenotype. U6�BULGE was not vi-
able at 16◦C and grew much more poorly than U6WT and
U6BASE at other temperatures (Figure 6A). U6 genes con-
taining a subset of bulge mutations that do not result in
base-pairing (U6A34G,A35G and U6G96C,A97C) do not show
any growth defect at any of the tested temperatures. This
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Figure 6. Stabilizing the telestem can interfere with yeast growth but does
not prevent U4/U6 formation in vivo. (A) The effects of telestem mutations
were assessed by 10-fold serial dilution and plating of yeast containing the
indicated U6 alleles onto YPD/agar media followed by incubation of the
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finding suggests that the severe growth defect of U6�BULGE
arises from stabilization of the telestem by base-pairing the
bulged nucleotides. Interestingly, while U6BASE showed a
mild cold sensitivity, no cold sensitivity was observed with
the U6G96C,A97C,U100C,U101C mutant (Figure 6A). This im-
plies that the phenotype conferred by stabilization of the
telestem base by U100C, U101C mutations can be sup-
pressed by simultaneous mutation of nucleotides in the 3′
telestem bulge strand (G96C, A97C; see Supplementary
Figure S10B for an additional figure illustrating these mu-
tations). The in vivo data demonstrate that telestem stabi-
lization by the U6BASE and U6�BULGE mutations maintains
yeast viability but results in growth defects that are roughly
proportional to the predicted increase in stability as well as
the extent to which the mutations perturb smFRET dynam-
ics.

U4/U6 di-snRNA is maintained after telestem stabilization
in vivo

We hypothesized that the phenotypes observed for U6BASE
and U6�BULGE could be related to destabilization of U4/U6
in cells due to telestem stabilization. However, telestem
stabilization was previously shown to increase the rate of
Prp24-dependent U4/U6 annealing in vitro (14), so these
two effects could offset one another. To determine the ef-
fect of U6BASE and U6�BULGE on steady-state U4/U6 levels,
we extracted RNA from cultures of the mutant U6 strains
at low temperature to maintain U4/U6 base-pairing and
quantified the amount of U4, U6 and U4/U6 in each strain
by solution hybridization and non-denaturing PAGE (33).
RNAs were isolated after growth of yeast cells at 30◦C since
the U6�BULGE-containing strain grows very poorly at other
temperatures. Defects in U4/U6 di-snRNA formation due
to conditional mutations in U6 or U4 have been detected
previously at permissive temperature (32,34).

Bands corresponding to U4/U6 were observed in RNA
extracted from each telestem mutant (Figure 6B). The
U4/U6 hybrids containing the U6 probe all migrated at sim-
ilar rates, but U4/U6�BULGE hybridized to the U4 probe
migrated slightly faster than the other U4/U6 complexes.
This altered mobility suggests an altered, stable structure,
consistent with the smFRET data (Figure 2E). U6BASE,
U6�BULGE and U6G96C,A97C,U100C,U101C all migrated as dou-
blets when hybridized to the U6 probe (Figure 6B), indica-
tive of structural heterogeneity. When the amounts of U4
and U6 relative to U1 snRNA were compared between the
strains, we discovered that mutation of U6 generally re-
sulted in an increase in total U6 levels, with U6BASE and
U6�BULGE showing the largest increases of ∼2- and 3-fold,
respectively (Figure 6C). Interestingly, while U4 levels re-
mained constant in most of the U6 telestem mutant strains,
U6�BULGE also showed ∼3-fold increase in U4 RNA.

We confirmed these results by extracting RNAs from
each strain under fully denaturing conditions and quanti-
fying RNA levels by primer extension and RNA lengths by
Northern blot (Supplementary Figure S11). Primer exten-
sion revealed an increase in U6 snRNA level of ∼ 3-fold
in the U6�BULGE strain in comparison to U6WT after nor-
malization to the U1 snRNA (Supplementary Figure S11A
and B). Both U6�BULGE and U6BASE mutations also showed
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two U6 bands by northern blotting, suggesting formation
of a truncated U6 product (Supplementary Figure S11C).
Shorter U6 products have been observed previously in the
presence of mutations that are proposed to disrupt binding
of U6 snRNP proteins (22). Primer extension further con-
firmed that the amount of U4 snRNA was also increased
in the U6�BULGE strain (∼2-fold). U5 snRNA expression
was not increased, suggesting that U5 may become limiting
for tri-snRNP assembly in these strains. Thus, we conclude
that the U6�BULGE strain contains 2- to 3-fold more U4/U6
complex than a WT strain, possibly due to selection for am-
plification of the CEN plasmids containing the U4 and U6
alleles.

All telestem stabilization mutants showed a similar frac-
tion of U4/U6 being formed relative to total U4. The frac-
tion of U4 incorporated into U4/U6 ranged from 63–79%
(Figure 6C). No strong correlation is apparent between
these values and observable growth phenotypes. In par-
ticular, U6�BULGE, which has a severe growth defect, ex-
hibits a WT fraction of U4 in U4/U6. These results indicate
that cells containing telestem-stabilizing mutations main-
tain a normal level of U4/U6 base-pairing, suggesting that
Prp24 and/or U4/U6 di-snRNP proteins can overcome
the U4/U6-destabilizing effect of these mutations on the
protein-free RNAs. However, the elevated overall level of
U4/U6�BULGE complex suggests that a later step in spliceo-
some assembly, such as U5 snRNP binding or tri-snRNP
stability, may be limiting for growth in this strain and lead
to the observed growth defect.

Telestem stabilization results in U4/U6 di-snRNP accumu-
lation

To investigate the distribution of U4/U6 among different
snRNPs, we used native gel electrophoresis followed by
Northern blotting to detect free mono-snRNPs as well as
snRNP complexes, including the U4/U6 di-snRNP and
U4/U6.U5 tri-snRNP. Since the viable U6�BULGE mutation
showed the strongest growth and single molecule pheno-
types, we focused on analysis of this mutant in comparison
with a WT strain.

When cell extracts prepared from yeast containing
U6�BULGE and grown at 30◦C were subjected to native
PAGE, two major species with distinct mobilities were de-
tected with a U4 probe (Figure 7A, lanes 3 and 4). Both
species are snRNPs since Proteinase K treatment of the ex-
tract resulted in faster migrating bands, identified as U4/U6
di-snRNA and U4 snRNA (Figure 7A, lanes 5 and 6). The
slower migrating snRNP species corresponds to tri-snRNP
since it is also detected with oligonucleotides complemen-
tary to U5 and U6 (Figure 7B and C). The faster migrating
snRNP species was much more abundant in extracts pre-
pared from U6�BULGE than U6WT strains and comigrated
with a band also detected by the U6 probe. The abundance
of this faster migrating species was increased in U6WT ex-
tracts by incubation of the extract with ATP on ice (Supple-
mentary Figure S12). The data are consistent with the faster
migrating species corresponding to the U4/U6 di-snRNP,
since U6�BULGE strains have a higher steady state level of
U4/U6 than U6WT strains (Figure 6). Neither extract con-
tains detectable free U4 snRNP, indicating either that the

U4/U6�BULGE snRNP is stable or that Prp24 rapidly re-
assembles any dissociated U4 and U6�BULGE.

Further analysis of blots probed with oligonucleotides
complementary to U2, U5 and U6 snRNAs revealed
other features resulting from the U6�BULGE mutation. No
changes in U2-containing snRNP complexes were observed
between the U6WT and U6�BULGE strains (data not shown).
Free U5 snRNP was likely present at similar levels; however,
U5 bands appear more diffuse in the mutant strain (Fig-
ure 7C, lanes 1–4). The U6 probe revealed an abundance of
free U6 snRNA that was not incorporated into snRNPs in
the U6�BULGE extract (Figure 7B, lanes 3, 4 and 6), similar
to what was seen previously with U6 RNA containing the
A91G mutation in the telestem and A62G mutation in the
ISL (22). In contrast to the sole U6 snRNP species appar-
ent in U6WT extract, multiple U6 snRNP species were ob-
served in U6�BULGE extract, including bands with slightly
slower mobility than those observed with U6WT. Some of
these snRNP complexes may contain the truncated form of
U6�BULGE we observed under denaturing conditions (Sup-
plementary Figure S11), while others might lack U6 snRNP
proteins (Prp24 or the Lsm2-8 ring).

The amount of U4 and U5 snRNA in tri-snRNP con-
taining U6�BULGE seems comparable to that in tri-snRNP
containing U6WT; however, the amount of U6�BULGE in
these complexes appears less than for U6WT (∼44% of the
level found in U6WT, Figure 7B). To determine if this re-
flects a change in U6 abundance rather than a difference
in probe hybridization to U6�BULGE versus U6WT, we also
analyzed snRNP distribution by glycerol gradient centrifu-
gation followed by fractionation and detection of the snR-
NAs by primer extension (data not shown). These experi-
ments confirmed the results shown in Figure 7B: U6�BULGE
was present in the tri-snRNP however the amount of U6
relative to U4 was decreased by ∼50% in comparison to
U6WT. Thus, telestem stabilization via the U6�BULGE mu-
tation results in heterogeneous U6 snRNP complexes, but
these complexes do not prevent accumulation of U4/U6.
Tri-snRNPs still form with U6�BULGE, but the mutations
may also impact tri-snRNP stability. The most striking dif-
ferences between the U6WT and U6�BULGE strains are that
the U6�BULGE extract contains large amounts of U4/U6 di-
snRNP and free U6 snRNA. Accumulation of U4/U6 indi-
cates that while the telestem favors U4/U6 formation (14),
increasing telestem base-pairing does not result in greater
accumulation of the tri-snRNP.

DISCUSSION

It has long been appreciated that U6 snRNA undergoes
astonishingly extensive structural transitions during tri-
snRNP assembly and spliceosomal activation. However, lit-
tle is known about the molecular mechanism of these events.
Here we use a combination of smFRET, ensemble duplex
unwinding and in vivo assays to study the influence of the
U6 telestem on RNA dynamics, U4/U6 stability and en-
dogenous yeast snRNP complexes.

Our data reveal that U6 transiently forms the telestem
while base-paired with U4 RNA, the telestem promotes
U4/U6 oligonucleotide-driven unwinding and disruption
of U4/U6 stem I induces structural changes in U6 and
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Figure 7. Telestem stabilization results in accumulation of U4/U6 di-snRNPs. Whole cell extracts from the U6WT and U6�BULGE strains were incubated
at 30◦C with or without ATP prior to separation of the snRNPs by 4% native PAGE. The RNA was transferred to a membrane and then probed with
[32P]-labeled oligonucleotides complementary to U4, U6 or U5 snRNAs. To identify the location of snRNA-only species, some samples were also treated
with Proteinase K prior to electrophoresis. (A–C) Results from the same membrane probed for U4 (A), U6 (B) or U5 (C) snRNAs. Bands corresponding
to various snRNP complexes and the free snRNAs are noted.

facilitates unwinding of stem II. Mutations that are pre-
dicted to stabilize or destabilize the telestem alter smFRET
dynamics and U4/U6 unwinding, although we cannot ex-
clude the possibility that some mutations may create aber-
rant structures or alter other existing structures, as we sus-
pect for the U6-A34G,A35G mutation (see above). The im-
pacts of telestem stabilization on yeast growth agree with
observations from smFRET, in that mutations that result in
the largest accumulation of FRET signal from the telestem
are the most deleterious to yeast growth. Mutations that
stabilize the telestem result in accumulation of U4/U6 di-
snRNPs in vivo rather than unwound mono-snRNPs, sug-
gesting defects in later stages of spliceosome assembly. To-
gether our data illustrate the destabilizing influence of the
telestem on U4/U6 complexes in vitro as well as provide
new mechanistic insights into U4/U6 unwinding and fea-
tures of cellular regulation of tri-snRNP components. These
results allow us to propose a model in which U4/U6 stem
I disruption and telestem formation contribute to U4/U6
di-snRNA and di-snRNP unwinding (Figure 8).

The telestem promotes di-snRNP assembly and disassembly

The telestem promotes Prp24-catalyzed U4/U6 annealing
in vitro, likely by facilitating formation of an ‘electroposi-
tive groove’ on Prp24 that positions U4 for formation of
U4/U6 stem I (14). Our in vitro data (Figures 1-4) sug-
gest that telestem formation may be a double-edged sword:
promoting Prp24 annealing activity while also destabilizing
U4/U6 di-snRNAs. Thus, disruption of the telestem sub-
sequent to U4/U6 annealing may be critical for preventing
unwinding from competing with U4/U6 di-snRNP forma-
tion. Indeed, this step has been previously proposed to oc-
cur during U4/U6 di-snRNP assembly by Didychuk et al.
(14). When the telestem is strongly stabilized in vivo, it con-

fers growth defects and results in accumulation of U4/U6
di-snRNP that appears to be less efficiently incorporated
into tri-snRNP (Figures 6 and 7). Together, these results in-
dicate that normally the telestem forms only transiently to
promote the structural transitions of the U6 snRNA.

Our observations also suggest previously unrecognized
functions for splicing factors in stabilizing U6-containing
di-snRNAs by suppressing telestem formation. Recently,
cryo-EM structures of the tri-snRNP (35,36), as well as the
crystal structure of a fragment of the U4/U6 di-snRNP
protein Prp3 (37), have revealed that Prp3 associates with
U4/U6 in both the stem II region and by binding the un-
paired region of U6 located between U4/U6 stem II and
the 3′ strand of the telestem. This positioning suggests that
Prp3 may promote U4/U6 stability by preventing telestem
formation. The 5′ strand of the telestem may also be se-
questered in the tri-snRNP in the ACAGAGA stem loop,
which is stabilized by the U5 protein Dib1 (36). Conse-
quently, tri-snRNP assembly may require telestem disrup-
tion and interaction of those regions of U6 with tri-snRNP-
specific proteins. Hyperstabilization of the telestem may in-
hibit tri-snRNP assembly by preventing such interactions.

Within activated spliceosomes, the U2 snRNA base-pairs
with U6 and U2/U6 helix II contains the 3′ telestem strand
and is mutually exclusive with telestem base-pairing (38).
It is possible that U2/U6 helix II may be important for
preventing U6 telestem formation and premature U2/U6
disassembly during the catalytic steps of splicing. Evidence
for such a function has been obtained by deletion of the
nonessential yeast splicing factor Slt11 and observing that
U2 mutations that disrupt U2/U6 helix II are lethal unless
the complementary U6 strand had also been mutated to re-
store pairing (39,40). The U6 mutations that maintain vi-
ability in the U2-mutant/slt11Δ background also disrupt
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Figure 8. Model for competing U6 intra- and intermolecular interactions involved in U4/U6 unwinding and spliceosome activation. Telestem base-pairing
and additional structures formed upon disruption of U4/U6 stem I promote destabilization of stem II by oligonucleotides, resulting in unwinding and
formation of the extensively base-paired U6 snRNA. During spliceosome activation, disruption of U4/U6 stem I by the Brr2 helicase may facilitate forma-
tion of competing intermolecular base-pairing interactions between U6, U2 and the pre-mRNA. These interactions may similarly promote destabilization
of U4/U6 stem II, resulting in concomitant formation of the U2/U6 catalytic core of the spliceosome.

the telestem and implicate U2/U6 helix II in antagoniz-
ing telestem formation in the absence of Stl11. A role for
U2/U6 helix II in antagonizing U6 intramolecular pairing
has been previously proposed in studies of the human snR-
NAs (26). Our data in combination with those obtained by
others using slt11Δ yeast strains suggest that this stabilizing
function of U2/U6 helix II may also be present in yeast.

In addition to U2/U6 helix II, protein components of
catalytic spliceosomes may also antagonize telestem for-
mation. In a cryo-EM structure of a Schizosaccharomyces
pombe spliceosome complex, the Slt11 homolog, Cwf5,
abuts the base of a small loop in the U6 snRNA formed
from the 5′ strand of the telestem (8). These telestem nu-
cleotides also appear to be bound by the Prp19 complex
protein Cwf2 (homolog of S. cerevisiae Cwc2). Thus, se-
questration of both the 5′ and 3′ strands of the telestem may
occur in both the tri-snRNP and the spliceosome but by dif-
ferent factors. How these factors are exchanged during ac-
tivation is unclear.

Finally, we note that while U2/U6 helix II may promote
U4/U6 stability by antagonizing telestem formation, it is
also possible that the telestem could promote U2/U6 un-
winding by formation of a structure that competes with
U2/U6 helix II during spliceosome disassembly. This rever-
sal of roles may reflect an economic solution by the spliceo-
some for targeting U6 between different complexes through
cycles of intra- and intermolecular duplex formation within
the telestem region.

Implications for U4/U6 unwinding in the spliceosome

It is unclear what happens when Brr2 encounters the
U4/U6 three-helix junction during spliceosomal activation
and how unwinding of U4/U6 stem II takes place. Multi-
ple models have been proposed including both direct and
indirect unwinding of stem II by Brr2 (15). Indirect un-
winding of stem II––that is, Brr2 unwinding of stem I lead-
ing to events that destabilize stem II without further Brr2
translocation––is supported primarily by failure to detect
crosslinks between Brr2 and any region of stem II (41). Our
ability to dissociate U4/U6 di-snRNAs with stem II com-
plementary oligonucleotides demonstrates that ATP hy-
drolysis and Brr2 helicase activity is not an obligate require-
ment for U4/U6 stem II disruption. How can stem II be
unwound without RNA displacement by Brr2?

One possibility is that the U6 telestem forms transiently
during spliceosome activation, likely requiring prior release
of proteins such as Prp3 or Dib1 (35,36). Telestem forma-
tion then leads to stem II disruption. A similar model has
previously been proposed for human U4/U6 in which the
intrinsic instability of the di-snRNA may alter the require-
ment for helicase-dependent unwinding (26). Alternatively,
the destabilizing influence of the telestem could be recapit-
ulated through intermolecular base-pairing interactions be-
tween U6, U2 and the pre-mRNA substrate. Our smFRET
experiments support formation of additional U6 structures
while U4/U6 stem II remains paired (Figure 5), and it is
possible such structures form concertedly with U4/U6 stem
I disruption. These observations suggest a model in which
U4/U6 unwinding is coupled to formation of a competing
structure––the U2/U6 di-snRNA––that in turn promotes
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U4/U6 stem II destabilization (Figure 8). The net result is
concerted U4/U6 unwinding and U2/U6 active site forma-
tion.

One feature of this model is that it predicts formation
of a U2/U6/U4 ternary complex during spliceosomal ac-
tivation. Even though this species has not been detected in
yeast spliceosomes, evidence exists from psoralen crosslink-
ing for such a complex in humans (42,43). Furthermore,
an intermediate has been detected during unwinding of the
minor spliceosome in which U4atac/U6atac stem II remains
intact, stem I has been unwound and U12/U6atac helix Ia
has formed (44). In yeast, it has previously been observed
that an allele of BRR2 (slt22-1, corresponding to an E909K
mutation in the N-terminal unwinding cassette) is syntheti-
cally lethal in combination with U2 snRNA mutations that
destabilize U2/U6 helix Ib and helix II as well as mutations
in U6 that form the 3′ strand of the telestem or, alterna-
tively, U2/U6 helix II (45). This finding implies that Brr2’s
unwinding activity is coupled with U2/U6 base-pairing. To-
gether these results suggest U2 may begin forming base-
pairing interactions with multiple regions of U6 while the
ISL region of U6 remains base-paired to U4 in U4/U6 stem
II and that unwinding of U4/U6 stem I by Brr2 is required
for a subset of these interactions with U2 to form (Figure
8).

Our results also have implications for interpreting in
vitro assays of Brr2-catalyzed unwinding of purified U4/U6
di-snRNAs that contain the telestem region of U6. We
have clearly demonstrated that the telestem promotes
oligonucleotide-catalyzed unwinding of U4/U6 stem II in
vitro (Figures 1–5), so it is expected to also contribute to
Brr2-catalyzed U4/U6 unwinding in vitro, as long as Brr2
itself does not block telestem formation. Indeed, it has al-
ready been shown that deletion of U6 nt 1–54, which would
prevent telestem formation, results in a decrease in Brr2 un-
winding rate (46). More recently, it has been postulated that
a competing structure in U6 actively participates in releas-
ing of U4/U6 di-snRNP proteins and U4 unwinding in a
model system (47). This competing structure may initially
be the telestem, followed by the ISL. Finally, our model pre-
dicts that Brr2 helicase assays in which disruption of U4/U6
is coupled to formation of U2/U6 would be most relevant
to spliceosome activation.

Telestem stabilization results in changes to cellular snRNP
distribution

Expression of U6�BULGE results in U4/U6 di-snRNP ac-
cumulation and free U6 �BULGE RNA, but not U4 mono-
snRNP (Figure 7). We also observe that the U6�BULGE ex-
tract contains free U5 snRNPs but similar levels of tri-
snRNP to other strains. It is not clear what is preventing
additional tri-snRNP assembly with U6�BULGE and it is
possible that the poor growth of the strain leads to sec-
ondary effects that alter snRNP distribution in extract. Al-
ternatively, not all free U5 snRNPs are competent for tri-
snRNP formation with U4/U6�BULGE. This may be due
to composition of the U5 particles themselves (i.e. Aar2-
containing U5 snRNPs may not be competent for U4/U6
di-snRNP association (48)) or possibly a factor involved
in tri-snRNP assembly has become limiting in U6�BULGE

extract [e.g. Sad1 (31) or limiting U5 snRNP itself]. Ad-
ditionally, U4/U6�BULGE itself could be disruptive to the
tri-snRNP or introduce a block in assembly by altering in-
teractions with tri-snRNP proteins such as Prp3 and Dib1.
The amount of U6 is decreased in U6�BULGE tri-snRNP
(or tri-snRNP-like) complexes, suggesting disruption of tri-
snRNP stability. These effects could have resulted from per-
sistence of the telestem after U4/U6 di-snRNP assembly to
the detriment of subsequent steps in tri-snRNP assembly.
Nonetheless, the destabilizing influence of the telestem on
U4/U6 we observe in vitro appears to be mitigated in cell
extracts in which telestem stabilization leads to accumula-
tion of U4/U6.

Since our native gel data (Figure 7) probe the steady state
level of U4/U6 in extract, telestem stabilization may be
changing the rate of U4/U6 unwinding but not the equi-
librium concentration of snRNP complexes. Free snRNPs
could be rapidly re-annealed by Prp24 (a process also stim-
ulated by the telestem) and result in apparent U4/U6 accu-
mulation if subsequent steps in tri-snRNP assembly become
rate-limiting. Further investigation into how telestem stabi-
lization changes discrete steps in tri-snRNP assembly and
spliceosome activation may reveal additional insights into
the impact of these mutations.
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