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ABSTRACT

The spliceosome catalyzes precursor-mRNA splicing in all eukaryotes. It consists of over 100 proteins and five small nuclear RNAs
(snRNAs), including U2 and U6 snRNAs, which are essential for catalysis. Human and yeast snRNAs share structural similarities
despite the fact that human snRNAs contain numerous post-transcriptional modifications. Although functions for these
modifications have been proposed, their exact roles are still not well understood. To help elucidate these roles in pre-mRNA
splicing, we have used single-molecule fluorescence to characterize the effect of several post-transcriptional modifications in
U2 snRNA on the conformation and dynamics of the U2–U6 complex in vitro. Consistent with yeast, the human U2–U6
complex reveals the presence of a magnesium-dependent dynamic equilibrium among three conformations. Interestingly, our
data show that modifications in human U2 stem I modulate the dynamic equilibrium of the U2–U6 complex by stabilizing the
four-helix structure. However, the small magnitude of this effect suggests that post-transcriptional modifications in human
snRNAs may have a primary role in the mediation of specific RNA–protein interactions in vivo.
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INTRODUCTION

PrecursormRNA (pre-mRNA) splicing is an essential process
of eukaryotic gene expression, during which noncoding in-
tron sequences are removed from primary transcripts to
form mature mRNA. It consists of two transesterification
steps that resemble analogous steps in group II intron splicing
(Newman 1998; Sontheimer et al. 1999; Gordon et al. 2000).
Splicing regulation is critical tomaintain proper cellular func-
tion, and defects in splicing have been linked to neurodegen-
erative disorders and various cancers (Kalnina et al. 2005;
Licatalosi and Darnell 2006; Pettigrew and Brown 2008).

Splicing is highly conserved in all eukaryotes (from yeast to
humans) and is catalyzed by the spliceosome, a dynamic ri-
bonucleoprotein (RNP) complex assembled from five small
nuclear RNAs (U1, U2, U4, U5, and U6 snRNAs) and a large
number of proteins (Stark and Luhrmann 2006; Ritchie et al.
2009; Wahl et al. 2009). In addition to catalyzing pre-mRNA
splicing, the spliceosome plays an important central role in
alternative splicing regulation (Saltzman et al. 2011). Follow-
ing a highly orchestrated assembly, the activated spliceosome
maintains only the U2, U5, and U6 snRNPs and releases U1
and U4 (Wahl et al. 2009). However, several lines of evidence

have suggested that only U2 and U6 are critical for catalysis
(Parker et al. 1987; Lesser and Guthrie 1993; O’Keefe et al.
1996; Segault et al. 1999; Valadkhan and Manley 2001,
2003). Furthermore, a recent crystal structure of a large
Prp8 fragment (a U5 snRNP protein) further supports
RNA-based catalysis (Galej et al. 2013). Although the U2–
U6 complex is essential for pre-mRNA splicing, its structure
and role in catalysis are still not well understood (Madhani
and Guthrie 1992; Wolff and Bindereif 1993; Sun and
Manley 1995; Sashital et al. 2004; Mefford and Staley 2009).
The U6 snRNA contains two highly conserved sequences

that are involved in catalysis (Fig. 1): the 5′ splice site recog-
nition sequence (ACAGAGA box) and the AGC triad (Lesser
and Guthrie 1993; Hilliker and Staley 2004). In addition, it
also contains the highly conserved U74 (analogous to U80
in yeast) in the U6 intramolecular stem–loop (U6 ISL), which
is involved in metal ion binding and coordination for splicing
(Huppler et al. 2002; Valadkhan et al. 2009). Based on in vivo
genetic and in vitro NMR studies (Madhani and Guthrie
1992; Sun andManley 1995; Sashital et al. 2004) two different
secondary structures for the yeast U2–U6 (yU2–U6) snRNA
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complex have been proposed: a three- and a four-helix junc-
tion (Fig. 1A,B). The three-helix junction (Fig. 1B) comprises
the so-called Helix Ib that forms between the highly con-
served AGC triad in U6 and three residues in U2 snRNA
(Madhani and Guthrie 1992; Mefford and Staley 2009). A re-
cent NMR and SAXS study on the yU2–U6 complex has pro-
vided further evidence for the existence of a three-helix
junction in solution (Burke et al. 2012). The resulting struc-
tural model positions the pre-mRNA recognition sites, the
AGC triad, and U80 on the same face of the molecule.
In the four-helix junction (Fig. 1A), the AGC triad forms

three intramolecular base pairs within U6 snRNA that extend
the U6 ISL (Sashital et al. 2004). Interestingly, compensa-
tory mutational genetic studies have shown that Helix Ib res-
idues from both U2 and U6 participate in intramolecular
rather than intermolecular base-pairing in humans, suggest-
ing that, in humans, the U2–U6 complex forms the four-helix
junction (Wolff and Bindereif 1993; Sun and Manley 1995).
Since then, several ensemble-averaged studies have provided
evidence that support a hypothesis in which the U2–U6 com-
plex can adopt multiple conformations corresponding to dif-
ferent activation states of the spliceosome (Rhode et al. 2006;
Sashital et al. 2007). Recently, we have shown by single-mol-
ecule fluorescence that a protein-freeU2–U6 snRNA complex
from yeast can adopt at least three conformations, consistent
with the previously proposed structures (Guo et al. 2009).
Consistent with this notion, a recent NMR and enzymatic
probing study has shown that a protein-free U2–U6 complex

from humans can adopt primarily the four-helix junction
structure but also the three-helix junction (Zhao et al. 2013).
Although the primary sequences of U2 and U6 are highly

conserved from yeast to humans (Brow and Guthrie 1988),
the human snRNAs contain numerous post-transcriptional
modifications such as 2′-O-methyl groups and pseudouri-
dines (Massenet et al. 1998; Yu et al. 1998; Sashital et al.
2007). The majority of these conserved modifications are dis-
tributed in functionally important regions of the snRNAs,
where they can affect pre-mRNA splicing by regulating
RNA–RNA and RNA–protein interactions (Newby et al.
2002b; Karijolich and Yu 2010). Out of the five snRNAs in
humans, U2 is the most highly modified, containing 10
2′-O-methylated residues and 13 pseudouridines (Fig. 1A;
Donmez et al. 2004). Recent NMR and UV melting studies
have shown that although the human and yeast U2 stem I
structures are nearly isosteric in vitro, post-transcriptional
modifications in human U2 significantly increase its stability
(Sashital et al. 2007). Since the formation of helix Ib requires
the melting of base pairs in stem I, the increased stability of
the modified U2 stem I may hinder formation of Helix Ib
in human U2–U6 (hU2–U6).
Here, we have used single-molecule Förster resonance en-

ergy tranfer (smFRET) to characterize the structural dynam-
ics of a protein-free U2–U6 from humans (Fig. 1A,C).
smFRET experiments help dissect RNA folding pathways
by revealing the presence of transient folding intermediates
that can be hidden in ensemble-averaged experiments and
by providing real-time dynamic information (Rueda and
Walter 2005; Aleman et al. 2008; Karunatilaka and Rueda
2009; Zhao and Rueda 2009). Our data show that, similarly
to the yeast complex, the hU2–U6 also adopts at least three
conformations in dynamic equilibrium, and that Mg2+ ions
modulate their relative stability. Furthermore, post-tran-
scriptional modifications in the U2 stem I stabilize the
four-helix structure. However, the relatively small energetic
magnitude of this effect raises the interesting possibility
that post-transcriptional modifications in U2 play amore im-
portant role in protein-specific recognition in vivo.

RESULTS

hU2–U6 snRNA adopts three dynamic
conformations

To characterize the structural dynamics of the unmodified
hU2–U6 complex, we have used a previously characterized
labeling strategy (Fig. 1A,C; Guo et al. 2009). The U6 strand
was labeled with a FRET pair (Cy3, Cy5) at the 5′ end and at
uracil 64, respectively, and a 3′-biotin for surface immobiliza-
tion. This labeling scheme enables monitoring of the dynam-
ics of helix III relative to the U6 ISL, a motion that is thought
to bring in close proximity the highly conserved residues in-
volved in the first step of splicing (AGC triad, ACAGAGA
loop, and U74) (Fig. 1A). Differing from our previous

FIGURE 1. hU2–U6 snRNA complex and single-molecule experimen-
tal setup. (A) Proposed four-helix structure of the hU2–U6 complex
with FRET donor-D (Cy3, blue), FRET acceptor-A (Cy5, red), and bio-
tin-B (gray). Highly conserved regions of U6 snRNA (ACAGAGA, AGC
triad, and U74) are shown in red. (B) Proposed three-helix structure of
the hU2–U6 complex containing helix Ib. (C) Total internal reflection
fluoresence (TIRF)-based single-molecule experimental setup. Fluro-
phore-labeled RNA was surface immobilized via a biotin-streptavidin
linkage and excited using a 532-nm laser beam. Fluoresence intensities
of donor (blue) and acceptor (red) fluorophores are collected through
the objective and detected using a CCD camera.
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work, here we have used a single-stranded U6 snRNA, which
simplifies the experiments and their interpretation.

We first monitored the folding dynamics of the surface-
immobilized fluorophore-labeled construct in standard buff-
er (50 mM TRIS-HCl at pH 7.5, 100 mM NaCl, and 10 mM
MgCl2) using smFRET (Fig. 2A). Similar to our previous
work with yeast (Guo et al. 2009), the resulting time trajecto-
ries (Fig. 2A) clearly reveal the presence of three distinct
FRET states (∼0.6, ∼0.4, and ∼0.2), corresponding to at least
three different conformational states in dynamic equilibri-
um. A time-binned FRET histogram from 154 trajectories
(Fig. 2B) confirms the presence of the three FRET states.
Similar to the yeast construct, the histogram in 10 mM
Mg2+ shows that the high FRET conformation is the least
populated (13%), while the intermediate and low FRET con-
formations are approximately equally populated (43% and
44%, respectively).

Based on the similarities between the human and yeast re-
sults (Guo et al. 2009), we propose a two-step folding path-
way for the hU2-U6 snRNAs (Figs. 1C, 2D), where the
high and low FRET conformations (N and G) may corre-
spond to the four- and three-helix structures, respectively.
As for the yeast construct, out of >350 observed trajectories,
<2% exhibited direct transitions from high (G) to low (N)
FRET states. Therefore, we assign the intermediate confor-
mation (I) as an obligatory folding intermediate.

A dwell time analysis of the time trajectories yields the
folding rate constants (k1, k−1, k2, and k−2) (Fig. 2C), which
are in close agreement with those previously obtained with
the yU2–U6 complex, except k2, which is ∼70-fold faster
for the human construct. This difference may arise from
the larger number of mismatched nucleotides in the human
ISL, which may be less stable than the yeast ISL, and the pres-
ence of fewer base pairs in the human stem I. Overall, in the

absence of post-transcriptional modifications, these data sug-
gest that the hU2–U6 snRNA complex behaves similarly to
the yeast complex, consistent with the idea that splicing is a
highly conserved process amongst all eukaryotes (Will and
Luhrmann 2011).

Characterization of the low FRET conformation

To support that the low FRET state corresponds to the three-
helix structure with helix Ib formed, as observed for the yU2–
U6 complex (Guo et al. 2009), we used a fourfold mutant that
prevents helix Ib formation, while maintaining the junction
structure of the four-helix structure (Fig. 3A). We flipped
four bases in U2 stem I to prevent base-pairing with the cat-
alytic AGC traid of U6. The resulting FRET trajectories and
histogram (Fig. 3B,C) clearly show that the fourfold muta-
tion significantly increases the mid FRET population while
the low FRET population decreases, as expected. The FRET
time trajectories confirm that excursions to the low FRET
become less frequent and transient than for the wild-type
complex (cf. Figs. 2A and 3B). These results are consistent
with the formation of helix Ib in the low FRET conformation
(Fig. 1B), similar to the yeast results. However, we cannot for-
mally rule out alternative three-dimensional structures based
on different coaxial and side-by-side stacking of helices in
solution.

Mg2+ ions modulate the U2–U6 conformational
dynamics

Magnesium ions play an essential role during pre-mRNA
splicing by facilitating RNA folding and catalysis (Yean et al.
2000; Butcher 2011). We have previously shown that Mg2+

ions stabilize the intermediate and low FRET conformation

FIGURE 2. Magnesium stabilizes the low FRET conformation. (A) Typical FRET trajectories of the unmodified U2–U6 complex in 10 mM (top) and
40 mM Mg2+ (bottom). (B) FRET histograms of the unmodified U2–U6 complex obtained in 10 mM (top) and 40 mM Mg2+ (bottom). Both FRET
trajectories and histograms exhibit three FRET states: low FRET (∼0.2, G), mid FRET (∼0.4, I), and high FRET (∼0.6, N). (C) Observed folding rate
constants (k1, k−1, k2, and k−2) of the hU2–U6 complex without post-transcriptionally modified bases in 10 mM (red) and 40mMMg2+ (purple). (D)
Effect of Mg2+ on the folding energy landscape of the hU2–U6 complex.
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in the yU2–U6 construct. To test the role of Mg2+ ions on the
unmodified hU2–U6 complex, we repeated the smFRET
measurements in high [Mg2+] (40 mM). At this concentra-
tion the time trajectories (Fig. 2A) show that the molecules
remain predominantly in the low FRET state and excursions
to the intermediate and high FRET states are less frequent
and more transient. A time-binned FRET histogram from

179 trajectories (Fig. 2B) confirms that, in high [Mg2+], the
low FRET conformation becomes the most populated
(69%), indicating that Mg2+ ions stabilize this conformation
relative to the intermediate (26%) and the high (5%) FRET
states.
A dwell time analysis of 99 and 108 trajectories at 10 and

40 mM, respectively, (Fig. 2C; Supplemental Fig. 1) shows
that the rate constants k1, k−1, and k−2 do not change sig-
nificantly (P > 0.02) with increasing [Mg2+]. However, the
rate constant k2 increases by approximately twofold when
Mg2+ concentration increases from 10 mM to 40 mM
(Fig. 2C). This result confirms that in the 10–40 mM range
Mg2+ ions preferentially stabilize the low FRET conformation
(Fig. 2D).
Taken together, these data indicate that in the absence of

post-transcriptional modifications, a high concentration of
divalent ions stabilizes the low FRET state, which we attribute
to the three-helix conformation of the hU2–U6 complex
similar to that of yeast snRNAs (Guo et al. 2009).

Post-transcriptional modifications modulate
the U2–U6 conformational dynamics

Human U2–U6 snRNA complex contains 23 post-transcrip-
tionally modified nucleotides in both strands (Fig. 1A), in
contrast to the single modified nucleotide (pseudouridine
at position 35 in U2) for the equivalent complex in yeast
(Yu et al. 1998; Donmez et al. 2004; Sashital et al. 2007;
Karijolich and Yu 2010). To understand the effect of these
modifications on the structural dynamics of the hU2–U6
complex, we have focused on four modifications in U2
stem I (Fig. 4A) that have been shown to be important for
splicing (Donmez et al. 2004; Karijolich and Yu 2010):
2′-O-methylguanosines (Gm) at positions 11, 12, 19, and a

FIGURE 3. Low FRET state corresponds to the three-helix structure of
the U2–U6 complex. (A) Schematic structure of the fourfold mutant
hU2–U6 snRNA complex. Residues of U2 and U6 snRNAs participating
in helix Ib formation are shown in red. Red box highlights flipped bases
(5′ CG-red and 5′ CG-blue) in the U2 stem I. (B) Typical FRET trajec-
tory of the fourfold mutant hU2–U6 snRNA complex. (C) FRET histo-
gram showing the distribution of different FRET states of the mutant
U2–U6 snRNA complex in 10 mM Mg2+.

FIGURE 4. Modified bases affect structural dynamics of the hU2–U6 complex. (A) Schematic structure of the U2 stem I containing post-transcrip-
tionally modified bases (purple). (B) FRET trajectories of the modified U2–U6 complex exhibiting three different FRET states in 10 and 40mMMg2+.
(C) FRET histograms obtained from >100 trajectories in 10 and 40 mMMg2+. (D) Observed folding rate constants (k1, k−1, k2, and k−2) of the hU2–
U6 snRNA complex with (purple) and without (green) post-transcriptionally modified bases in 40 mM Mg2+.
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pseudouridine at position 15. Several studies have suggested
that modifications in U2 snRNA are involved in spliceosomal
assembly (Karijolich and Yu 2010). Specficially, 2′-O-meth-
ylations at positions 12 and 19 have been individually shown
to be required for early spliceosomal E complex formation
(Donmez et al. 2004).

The observed time-trajectories in 40 mM [Mg2+] with the
fully modified U2 stem I reveal that the snRNA complex re-
sides for less time in the low FRET state and more time in the
intermediate FRET conformation (cf. Figs. 2A and 4B, bot-
tom). A time-binned FRET histogram from 144 trajectories
(Fig. 4C), confirms a significant population decrease in the
low FRET state (from 69% to 47%) accompanied by a pop-
ulation increase in the intermediate FRET state (from 26% to
44%). Dwell time analysis of the time trajectories shows that
while the presence of the modifications does not affect appre-
ciably the rate constants k1 and k−1, they decrease k2 by ap-
proximately twofold and increase k−2 by approximately
twofold (Fig. 4D). These effects in rate constants clearly ex-
plain the population decrease in the low FRET state and pop-
ulation increase in the intermediate FRET state. However,
consistent with comparable rate constants of k1 and k−1,
we did not observe a substantial change in the high FRET
population with modifications (8% with modifications and
5% without modifications).

Collectively, these results indicate that the presence of
post-transcriptional modifications destabilize the low FRET
state that has been proposed as the three-helix conformation
(helix Ib) and stabilize the intermediate conformation (stem
I). Based on the FRET histograms, we estimate that these
modifications stabilize the U2 stem I by ∼0.5 kcal/mol.
These results are in qualitative agreement with previous UV
melting studies that have shown a modification-mediated
stabilization of the U2 stem I helix (Sashital et al. 2007).
Lowering the [Mg2+] to 10 mM results in similar but less
prominent effects (Fig. 4B,C).
To understand the effect of pseudouridine 15 and 11Gm on

the structural dynamics of the U2–U6 complex, we per-
formed single-molecule experiments with a U2–U6 snRNA
construct containing only Gm at positions 12 and 19
(12Gm + 19Gm) (Fig. 5A; Supplemental Fig. 2). We used 40
mM Mg2+ because the stabilizing effect of the modifications
is most pronounced at this concentration (Fig. 4D). A time-
binned histogram from 102 FRET trajectories reveals almost
identical distribution to the fully modified U2 construct (cf.
Figs. 4C and 5A), indicating that the absence of pseudouri-
dine 15 and 11Gm does not significantly affect the relative
stability of the U2–U6 conformations. An estimate of the rel-
ative free-energy difference between states (Table 1, ΔΔG)
confirms that most of the stabilization of the U2 stem I arises
from 12Gm and 19Gm alone.
To assess the contribution from each of the remaining

modifications (12Gm and 19Gm), we repeated the measure-
ment with only one of them at a time (Fig. 5B,C). A time-
binned histogram from 118 single-molecule trajectories of
only 19Gm (Fig. 5B) reveals a population distribution that re-
sembles the one obtained with the unmodified construct (cf.
Figs. 2B and 5B), indicating that 19Gm plays a minor role in
stabilizing the U2 stem I. An estimate of the relative free-en-
ergy difference between states (Table 1) shows that 0.19 of the
0.53 kcal/mol stabilization of the modified U2 stem I arise
from 19Gm alone. In the presence of only 12Gm (Fig. 5C),
a time-binned histogram from 151 single-molecule trajec-
tories reveals a population distribution that is intermediate
between the fully modified construct and the unmodified

FIGURE 5. Charaterization of individual modifications. (A) Schematic
structure of the U2 stem I containing 2′-O-methylguanosines (Gm) at
positions 12 and 19 (left) and corresponding FRET histogram at
40 mMMg2+ (right). (B) Schematic structure of the U2 stem I contain-
ing Gm at position 19 (left) and corresponding FRET histogram at
40 mMMg2+ (right). (C) Schematic structure of the U2 stem I contain-
ing Gm at position 12 (left) and corresponding FRET histogram at
40 mM Mg2+ (right). All modified bases are shown in purple.

TABLE 1. Post-transcriptional modifications destabilize the
low FRET conformation (ψ = pseudouridine and Gm = 2′-O-
methylguanosine)

U2–U6 snRNA complex ΔΔG (kcal/mol)

Unmodified 0
11Gm + 12Gm + 19Gm + 15ψ +0.53 ± 0.17
12Gm + 19Gm +0.51 ± 0.18
12Gm +0.30 ± 0.16
19Gm +0.19 ± 0.13

Relative free-energy difference (ΔΔG) between the unmodified and
modified hU2–U6 complexes. ΔΔG> 0 indicates that the modifi-
cation destabilizes the low FRET state. Error associated with ΔΔG
was calculated using the bootstrapping method.
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construct (cf. Figs 2B, 4C, and 5C), indicating that 12Gm

plays a more important role in stabilizing the U2 stem I.
An estimate of the relative free-energy difference between
states (Table 1, ΔΔG) shows that 0.30 of the 0.53 kcal/mol
stabilization of the U2 stem I arise from 12Gm alone.
Together, these results show that the U2 stem I stabilization
effect from each post-transcriptional modification is additive
and not cooperative.

DISCUSSION

The spliceosomal RNA complex formed by U2 and U6 is
one of the main components of the catalytic core of the eu-
karyotic spliceosome (Parker et al. 1987; Lesser and Guthrie
1993; O’Keefe et al. 1996; Segault et al. 1999; Valadkhan and
Manley 2001, 2003). In the absence of proteins, the hU2–
U6 snRNA complex can catalyze a splicing related reaction
in vitro providing direct evidence for the catalytic ability
of these spliceosomal snRNAs (Valadkhan and Manley
2001; Valadkhan et al. 2009). However, the specific confor-
mation of the U2–U6 snRNA complex is not well under-
stood. Here we have used single molecule fluorescence to
characterize the structural dynamics of the hU2–U6 complex
in real time.
Consistent with our previous studies on the yU2–U6 com-

plex (Guo et al. 2009), the smFRET data shows that the hU2–
U6 snRNA complex also adopts at least three distinct confor-
mations in dynamic equilibrium. The relative stability of each
conformation varies with the concentration of Mg2+ ions in
solution, suggesting that the hU2–U6 is a Mg-dependent
conformational switch. Based on sequence similarities be-
tween the human and the yeast complexes and the mutation-
al data presented here, we have assigned the observed FRET
states to the four-helix structure with an extended U6 ISL
(FRET ∼0.6 and ∼0.4), as proposed by early NMR studies
in yeast (Sashital et al. 2004), andmore recently in the human
U2–U6 complex (Zhao et al. 2013) and the three-helix struc-
ture with Helix 1B (FRET ∼0.2), as proposed by more recent
NMR and SAXS studies in yeast (Burke et al. 2012).
Considering the positions of the FRET donor and acceptor

fluorophores, we propose that in the high FRET state the
highly conserved ACAGAGA sequence and the magnesium
binding site U74 in U6 ISL are in close proximity.
Therefore, the high FRET state resembles the four-helix
structure with the extended U6 ISL containing the AGC triad.
Furthermore, this structure supports the important proper-
ties of the active conformation exhibiting close association
of the highly conserved regions that have been shown to par-
ticipate in the splicing reaction.
In high magnesium concentrations, the U2–U6 complex

prefers the low FRET state, which has two fluorophores far
away from each other. As we previously observed in yeast,
the hU2–U6 complex may also adopt the three-helix struc-
ture with helix Ib by rearranging the junction structure.
The existence of the three-helix structure with helix Ib was

further supported using a fourfold mutant containing flipped
bases in the U2 stem I that prevent the formation of helix
Ib. Although it can maintain the junction structure, the mu-
tant U2–U6 construct greatly decreases the population of the
low FRET state. Thus, smFRET data of the fourfold mutant
provide evidence for the observed low FRET state as the pre-
viously proposed three-helix structure.
In addition to the conformations discussed above,

smFRET data of U2–U6 snRNAs exhibited the existence of
a previously unidentified folding intermediate with FRET
∼0.4. Since previous studies have shown that the stability of
this conformation is independent of the mutations at U80
in yeast (comparable to U74 in humans) U6 snRNA (Guo
et al. 2009), we propose this mid FRET state has the extended
U6 ISL structure, but lacks the tertiary interactions between
the ACAGAGA sequence and the U6 ISL. However, the
role of this conformation in pre-mRNA splicing is not well
understood in both humans and yeast. Although we have as-
signed the observed FRET states as the three-helix and the
four-helix conformations, it is important to note that the
hU2–U6 complex may fold into alternative three-dimension-
al structures based on different coaxial and side-by-side
stacking of helices in solution.
Consistent with yeast smFRET data, the population of the

low FRET state (FRET ∼0.2) increases with Mg2+ concentra-
tion, indicating a magnesium-mediated stabilization of the
three-helix structure (Guo et al. 2009). As a result, under
high Mg2+ concentrations, the hU2–U6 complex without
modified bases showed a higher population of molecules in
the three-helix structure than the four-helix structure. In
contrast, the hU2–U6 snRNAs with post-transcriptionally
modified bases in U2 stem I (11Gm, 12Gm, 19Gm, and pseu-
douridine at position 15) show a clear stabilization effect of
the mid FRET state while lowering the population of the
low FRET state corresponds to the three-helix structure.
Interestingly, smFRET data obtained from the U2–U6 con-
struct with 2′-O-methylguanosines at positions 12 and 19
(12Gm + 19Gm) exhibited folding dynamics similar to the
fully modified construct. Therefore, these results suggest
that 11Gm and pseudouridine at position 15 of U2 stem I
do not exhibit an overall effect on the folding dynamics of
the U2–U6 complex. This unique behavior can be due to ei-
ther cancellation of opposite effects or due to lack of direct
stabilization/destabilization effect from the two individual
modifications. Furthermore, compared with the modifica-
tion at position 19, the 2′-O-methylguanosines at position
12 showed a higher destabilization effect on the low FRET
state of the hU2–U6 complex. This result is in agreement
with previous measurements of Holliday Junction dynam-
ics which show that the first base pair near the junction plays
an important role in its stability and dynamics (McKinney
et al. 2005).
Taken together, the smFRET data suggest that modified

bases collectively affect the structural dynamics of the U2–
U6 complex and may prevent the formation of the proposed
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three-helix structure consisting of helix Ib by stabilizing U2
stem I. 2′-O-methylations can alter the structural stabiliza-
tion of U2 stem I by blocking sugar edge interactions and
by reducing the reactivity of the RNA backbone (Auffinger
andWesthof 1997; Helm 2006). In the case of pseudouridine,
this may result from improved base stacking (Davis 1995)
and from formation of a water-mediated hydrogen bond be-
tween the additional protonated imino group and adjacent
phosphate residues, as reported in functionally important
RNAs including tRNAs (Arnez and Steitz 1994; Newby
et al. 2002a).

Although the modified bases destabilize the low FRET
state, the effect of modifications on the stability of U2 stem
I is less significant in the U2–U6 complex than in the U2
stem I alone, as shown in UV melting studies (Sashital
et al. 2004). Therefore, we propose that post-transcriptionally
modified residues may be involved in protein-dependent
functions rather than direct stabilization of U2–U6 RNA
structures in vivo. Hence, we suggest that modified bases in
U2 snRNA may play a major role in protein recognition
and interactions in cells. Thereby these modifications can
directly participate in the spliceosome assembly process as
suggested previously (Donmez et al. 2004). This hypothesis
is further supported by the presence of a large number of spli-
ceosomal proteins associating with human snRNAs, which
are highly post-transcriptionally modified compared with
the yeast system.

In summary, the hU2–U6 complex follows the minimal
two-step folding pathway consisting of the previously pro-
posed two structures and at least one obligatory intermedi-
ate conformation. Furthermore, RNA constructs without
post-transcriptionally modified bases exhibited similar dy-
namics as yeast spliceosomal RNAs (Guo et al. 2009). Al-
though modified bases can affect the structural dynamics of
hU2–U6 snRNAs, the structural effects of the U2–U6 com-
plex were less than that of U2 stem I alone, suggesting a pro-
tein-dependent role rather than direct stabilization of RNA
structures in cells.

MATERIALS AND METHODS

RNA purification and labeling

5′-Cy3 labeled U6 RNA (5′-AUACAGAGAAGAUUAGCAU
GGCCCCdTGCGCAAGGAUGACACGCAAAUUCGUGAAGC-3′

Biotin, where dT contains an internal, free primary amine for Cy5
labeling) and U2 RNA (5′-GCUUCUCGGCCUUUUGGCUAAG
AUCAAGUGUAGUAU-3′) with or without modified bases (pseu-
douridine and 2′-O-methyl guanosines) were purchased from the
Howard Hughes Medical Institution Biopolymer/Keck Foundation
Biotechnology Resource Laboratory (Yale University). Synthetic
RNAs were 2′-OH deprotected, labeled, and purified by denaturing
18% polyacrylamide gel electrophoresis and C8 reversed-phase
HPLC as described (Steiner et al. 2008; Zhao and Rueda 2009).
Internal dT of U6 was Cy5 labeled following themanufacturer’s pro-
tocol and purified by reversed-phase HPLC.

Single-molecule FRET (smFRET)

Single-molecule FRET experiments were performed on a home-
built, prism-based, total internal reflection microscope as described
(Guo et al. 2009; Zhao and Rueda 2009). Briefly: Biotinylated and
fluorophore-labeled U6 (1 µM) and U2 (10 µM) were heated (90°
C for 45 sec) in standard buffer (50 mM TRIS-HCl at pH 7.5, 100
mM NaCl, and variable [Mg2+]) and annealed (15–20 min) at
room temperature. The resulting U2–U6 RNA complex was diluted
to ∼25 pM and surface immobilized onto a streptavidin-coated
quartz slide via a biotin-streptavidin linkage. Unbound RNA was
washed away with standard buffer. To reduce fluorophore photo-
bleaching, an oxygen-scavenging system (OSS) consisting of 10%
(w/v) glucose, 2% (v/v) 2-mercaptoethanol, 50 µg/mL glucose oxi-
dase, and 10 µg/mL catalase was used in all experiments. All TIRF-
based single-molecule experiments were performed using a 532-nm
laser with 33-msec time resolution at room temperature.

Data analysis

FRET and dwell times histograms were built by time binning >100
dynamic single-molecule time trajectories. Kinetic rate constants
were obtained by fitting the resulting dwell times histograms to ex-
ponential decays as described (Guo et al. 2009). Differences between
free-energy changes associated with the formation of the low FRET
state for unmodified (U) and modified (M) U2–U6 snRNA con-
structs were calculated as ΔΔG = ΔGM− ΔGU, where ΔG =−RT
ln(K), K = A0.2/A0.4 and A represents the area of a given FRET state
in a FRET histogram. Error associated with ΔΔG was analyzed using
the bootstrap method as described (Efron and Gong 1983).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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