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ABSTRACT
The human 15.5K protein binds to the 5ⴕ stem–loop of U4 snRNA, promotes the assembly of the spliceosomal U4/U6 snRNP,
and is required for the recruitment of the 61K protein and the 20/60/90K protein complex to the U4 snRNA. In the crystallographic structure of the 15.5K–U4 snRNA complex, the conformation of the RNA corresponds to the family of kink-turn
(K-turn) structural motifs. We simulated the complex and the free RNA, showing how the protein binding and the intrinsic
flexibility contribute to the RNA folding process. We found that the RNA is significantly more flexible in the absence of the 15.5K
protein. Conformational transitions such as the interconversion between alternative purine stacking schemes, the loss of G-A
base pairs, and the opening of the K-turn occur only in the free RNA. Furthermore, the stability of one canonical G-C base pair
is influenced both by the binding of the 15.5K protein and the nature of the adjacent structural element in the RNA. We
performed chemical RNA modification experiments and observed that the free RNA lacks secondary structure elements, a result
in excellent agreement with the simulations. Based on these observations, we propose a protein-assisted RNA folding mechanism
in which the RNA intrinsic flexibility functions as a catalyst.
Keywords: splicing; RNA folding; K-turn motif; molecular dynamics; locally enhanced sampling; induced fit

INTRODUCTION
The spliceosome is a large ribonucleoprotein particle that
catalytically removes introns from newly transcribed premessenger RNAs. Most pre-mRNA introns are removed by
the U2-dependent (major) spliceosome, which is composed
of the small nuclear ribonucleoprotein particles (snRNPs)
U1, U2, U4/U6, and U5 and numerous non-snRNP protein
factors (for review, see Burge et al. 1999). Within the U4/U6
snRNP, the U4 and U6 snRNAs form a phylogenetically
highly conserved Y-shaped U4/U6 interaction domain, consisting of two intermolecular helices (stems I and II), which
are separated by the 5⬘ stem–loop of U4 (Bringmann et al.
1984; Hashimoto and Steitz 1984; Rinke et al. 1985; Brow
and Guthrie 1988).
The 15.5K protein is a specific component of the human
U4/U6 snRNP. Its binding to the 5⬘ stem–loop of U4 sn-
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RNA is required for the recruitment of the 61K protein and
the 20/60/90K protein complex to the U4/U6 snRNA (Nottrott et al. 2002). The 15.5K protein is also a component of
box C/D snoRNP and U4/U6atac snRNP in which it is
bound to similar RNA motifs (Watkins et al. 2000;
Schneider et al. 2002).
In the crystal structure of the complex of the 15.5K protein and the 5⬘ stem–loop of U4 snRNA, the RNA adopts a
conformation typical for the family of kink-turn (K-turn)
structural motifs (Vidovic et al. 2000; Klein et al. 2001).
This motif has a kink in the phosphodiester backbone that
causes a sharp turn in the RNA helix. Two stems are connected by a purine-rich internal asymmetric loop containing one or two flipped out nucleotides and two or three
noncanonical base pairs. In the 5⬘ stem–loop of the U4
snRNA, the canonical stem (C-stem) has three WatsonCrick G-C base pairs and the noncanonical stem (NC-stem)
has two Watson-Crick G-C base pairs. Two tandem-sheared
G-A base pairs are formed in the internal loop (non-Watson-Crick base pairs in RNA have been described by Leontis
and Westhof 2002). The NC-stem is attached to an “external” UUUAU pentaloop, the conformation of which is not
revealed in the crystallographic structure. The flipped out
uridine (U31), the unpaired adenines (A29, A30), and the
guanine (G32) are involved in hydrogen bonds and hydro-
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phobic interactions with the 15.5K protein (Vidovic et al.
2000). The unpaired nucleotides and the tandem-sheared
G-A base pairs are crucial for 15.5K protein binding (Nottrott et al. 1999). The 61K protein cross-links with the
UUUAU external loop, indicating that the loop is critical to
the binding of the 61K protein (Nottrott et al. 2002), although the precise mechanism is not yet understood. Six
other K-turns are found in the 23S rRNA of Haloarcula
marismortui and two in the 16S rRNA of Thermus thermophilus (Klein et al. 2001). K-turns were also identified in
the structure of the box C/D snoRNA bound to archaeal
L7Ae protein (Moore et al. 2004) and in the yeast L30e–
mRNA complex (Chao and Williamson 2004). Out of 10
K-turns, only one (Kt38) is not associated with proteins
(Klein et al. 2001), indicating that the motif could be a
candidate for protein-assisted folding. The diversity of RNA
structural motifs was reviewed by Leontis and Westhof
(2003).
Formation of a wide variety of protein–RNA complexes
involves conformational changes in the protein, RNA, or
both. In several cases, the folding of the RNA is assisted by
protein binding. The terms “induced fit” and “conformational capture” were introduced for designating alternative
pathways of conformational change upon complex formation. In the induced fit, the RNA undergoes a transition
between two different well-defined conformations, whereas
conformational capture refers to the stabilization by the
protein of one specific conformation from a pool of conformations reflecting the inherent flexibility of the RNA
(Williamson 2000; Leulliot and Varani 2001). One example
of protein-assisted RNA folding according to the induced fit
mechanism is the binding of the 3⬘ UTR of U1A pre-mRNA
to the U1A protein (Oubridge et al. 1994; Avis et al. 1996;
Gubser and Varani 1996; Varani et al. 2000). Previous studies proposed a protein-assisted RNA folding for the K-turn
motif (Matsumura et al. 2003; Goody et al. 2004). Goody et
al. (2004) characterized two different conformations for the
K-turn motif by fluorescence resonance energy transfer
(FRET). They showed that the kinked (closed) conformation is in equilibrium with an extended (open) conformation and that the interconversion between the two conformations is a metal-ion-dependent process. Because of the
lack of structural information about the unbound form of
the RNA, many questions regarding the folding of the Kturn motif remain unanswered.
In the current study, we used molecular dynamics (MD)
simulations to investigate the folding of the K-turn formed
by the 5⬘ stem–loop of U4 snRNA. Computer simulations
have become very powerful tools for studying biological
processes, largely because of the rapid increase in computer
power and improved accuracy. Advances such as the explicit modeling of solvent, further refinement of force fields,
and the advent of the particle mesh Ewald (PME) method
for treating long-range electrostatic interactions have led to
increasingly fruitful simulations of biological systems and
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processes (Cheatham et al. 1995; Cheatham and Brooks
1998; Cheatham and Kollman 2000; Wang et al. 2001).
Molecular dynamics simulations have been applied in studies of RNA structure (Guo et al. 2000; Li et al. 2001; Réblová
et al. 2003a,b; Noy et al. 2004), RNA–metal-ion binding
(Auffinger and Westhof 2000; Auffinger et al. 2003,
2004a,b), or RNA–protein interfaces (Reyes and Kollmann
2000; Reyes et al. 2001; Blakaj et al. 2001; Pitici et al. 2002;
Réblová et al. 2004). However, limitations remain; for example, MD trajectories are restricted to hundreds of nanoseconds time scales, reducing the range of processes that can
be studied to those occurring in this time range. Thus,
conformational sampling is still poor in standard MD simulations and large conformational transitions are inaccessible.
Locally enhanced sampling (LES) is a mean field-based
theory used to increase the range of conformational sampling during MD trajectories (Elber and Karplus 1990; Simmerling and Elber 1994; Simmerling and Kollman 1996;
Simmerling et al. 1998a,b, 2000). Coupled with PME, LES
constitutes a powerful tool for locating experimental structures when starting from different conformations (Simmerling et al. 1998a,b). The application of LES leads to a
smoother potential energy surface, allowing conformational
transitions that are otherwise inaccessible to standard MD
simulations (Elber and Karplus 1990).
To elucidate the RNA folding mechanism in the system
under study, we performed MD simulations, starting with
the 2.9 Å refined crystal structure of the 15.5K protein
complexed with the 5⬘ stem–loop of U4 snRNA (Vidovic et
al. 2000). We obtained 10-nsec trajectories for the complex
and the unbound RNA, using five different RNA constructs,
by varying the external loop attached to the NC-stem (Fig.
1). Since the closed conformation of the unbound RNA was
retained and partial opening of the K-turn was observed
only briefly during standard MD trajectories, we applied
LES to simulate the transition from the closed to the open
form of the unbound RNA.
Based both on the computer simulations and on chemical
RNA structure probing experiments, we conclude that the
folding of the 5⬘ stem–loop of U4 snRNA is assisted by the
binding of the 15.5K protein and identify different flexible
RNA regions that play an important role in the folding
process. We propose a model in which the binding of 15.5K
protein creates a prefolded structure of the NC-stem and
the external loop, thereby creating a suitable structural environment for the subsequent binding of the 61K protein.
Nevertheless, the external loop remains flexible after the
binding of 15.5K protein, and it is probably folded only
after the recruitment of 61K protein to the RNA. In support
of this model we present an analogy with the binding of
ribosomal proteins L7AE and L15E to another K-turn motif
named Kt15. The L7AE protein shows great folding similarities with the 15.5K protein, and the protein–RNA interface is almost identical in both cases.
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instabilities in the RNA structure as opposed to the angle between the helical
axes of the two stems, which depends on
the stability of the helical regions. In the
closed conformation  has a value of
∼25°, which is slightly smaller than the
angle between the two helical axes
(∼30°). The naturally occurring RNA
(K2) is shown in Figure 1B. We used the
crystallographic structure of the RNA
(K1), lacking the external pentaloop, as
a template to build and simulate five
different RNA constructs: (1) K1 (Fig.
1A), (2) K2 (Fig. 1B), (3) K3 (Fig. 1C),
(4) K4 (Fig. 1D), and (5) K5 (Fig. 1E).
The constructs produced similar trajectories both in the bound and unbound
forms, with the differences mainly lying
in the stability of the Watson-Crick base
pairs of the NC-stem and in the behavior of the external loop. Throughout this
study we label the molecular dynamics
trajectories as “MD−LES” when LES was
not used and “MD+LES” when LES was
applied. All the trajectories described
were 10 nsec long. In the text we refer to
the naturally occurring K2 RNA unless
indicated otherwise.
MD−LES simulations

The B-factors per residue were calculated for the bound and unbound RNA
during the MD−LES trajectories (Fig.
2A). The plot reveals that the unbound
RNA fluctuates more than the bound
RNA, indicating that the protein exerts a
FIGURE 1. Simulated RNA constructs. (A) The K-turn motif found in the crystal structure of stabilizing effect on the RNA. Signifithe 5⬘ stem–loop of U4 snRNA bound to 15.5K protein (K1 RNA); the C-stem has three cantly higher fluctuations in the unWatson-Crick base pairs (G26–C47, G46–C27, and G45–C28), the internal loop contains three bound RNA are observed for the ununpaired nucleotides (A29, A30, U31) and two tandem-sheared G-A base pairs (G32–A44,
paired nucleotides A30 and U31 and for
G43–A33), and the NC-stem consists of two Watson-Crick base pairs (G34–C42 and G35–
C41). Guanines are shown in blue, cytosines in orange, adenines in red, and the uracils in the G35–C41 and G34–C42 Watsonyellow.  is the angle between the P atoms of C47, U31, and G35. (B) K2 RNA (naturally Crick base pairs of the NC-stem. Root
occurring): the pentaloop UUUAU (shown in red) is attached to the NC-stem of K1 RNA. (C) mean square deviations (RMSD) of the
K3 RNA: the tetraloop UGAA was attached to the NC-stem of K1 RNA. (D) K4 RNA: the
backbone for the core RNA structure
hexaloop UUAAUU was attached to the NC-stem of K1 RNA. (E) K5 RNA: the C-stem and the
NC-stem of K1 RNA were extended with seven and six Watson-Crick base pairs. The core of (residues G26 to G35 and C41 to C47)
the K-turn RNA observed in the crystal structure is encircled in B–E.
were calculated using the initial structure as the reference (Fig. 2B). We observed that the unbound RNA deviates more from the crysRESULTS
tal structure than the bound RNA, with peak values for
RMSD in the time interval between 1.5 nsec and 3.5 nsec,
General analysis of the simulations
reflecting a slight opening of the K-turn. After 3.5 nsec the
K-turn closes back and stays closed until the end of the
Figure 1A shows the crystal structure of the 5⬘ stem–loop of
trajectory. The  angle has a peak value of ∼40° after ∼3.2
U4 snRNA bound to 15.5K protein. We characterize the
nsec of the trajectory of the unbound RNA compared to a
K-turn by the  angle between the P atoms of residues C47,
relatively constant 20° in the bound RNA (Fig. 2C).
U31, and G35 (Fig. 1A). The  angle is independent of
www.rnajournal.org
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stacks on the G45–C28 base pair of the
C-stem and makes hydrophobic contacts and hydrogen bonds with the
Arg97 of the 15.5K protein. The guanines G32 and G43 establish contacts
with the 15.5K protein, and U31 is
flipped out and trapped in a pocket of
the protein. Only A29 and A30 can be
mutated to other purines without abolishing protein binding (Nottrott et al.
1999; Vidovic et al. 2000).
MD−LES simulations

During the MD−LES trajectories of the
unbound RNA the “3 + 1” stacking
scheme (Fig. 3A) undergoes a conformational transition to a “2 + 2” scheme
(Fig. 3B). The adenine A30 changes its
conformation from a C2⬘endo sugar
pucker and a syn base-sugar orientation
FIGURE 2. General analysis of MD simulations (K2 RNA). (A) B-factors per residue for the to a C3⬘endo sugar and a high-anti (or
RNA structure during the MD−LES trajectories of the bound (red curve) and unbound RNA anti) base-sugar orientation. The per(black curve). (B) Root mean square deviations (RMSD) of the RNA backbone from the initial centages in which A30 is found in either
structure for the bound and unbound RNA during the MD−LES (red and black curves) and
MD+LES trajectories (green and blue curves). (C)  angle of the bound and unbound RNA conformation during different trajectoduring the MD−LES (red and black curves) and MD+LES trajectories (green and blue curves). ries are presented in Table 2. The tran(D) Closed conformation of the K-turn ( = 20°–40°). (E) Open conformation of the K-turn sition occurs after ∼8 nsec of the
( = 50°–80°). In C and D the loop attached to the NC-stem is not shown and the  angle is
MD−LES trajectory of the unbound
shown in black in C and D (see Fig. 1A).
RNA. In the complex, the A30 is held in
its syn/C2⬘endo conformation by Lys37,
which makes a stable contact network
MD+LES simulations
between the N7 atom of A30 and the phosphate backbone
of the RNA. The conformational transition of the stacking
When LES is applied, the unbound RNA undergoes a drascheme does not induce the opening of the K-turn; during
matic conformational transition with RMSD values reachthe last 2 nsec of the MD−LES trajectory of the unbound
ing peak values of ∼7 Å (∼4 Å greater than the peak deviaRNA the K-turn remains closed ( = ∼20°) while the new
tion of the bound RNA) after ∼7 nsec (Fig. 2B). Intereststacking scheme forms.
ingly, the K-turn partially reforms toward the end of the
The tandem sheared G-A base pairs are stable during the
trajectory. The open conformation is characterized by 
MD−LES trajectories of the bound and unbound RNA.
values of 50°–90° (Fig. 2C). A snapshot of the open conNevertheless, several differences are observed when comformation is shown in Figure 2D. Although the bound RNA
paring the trajectories of the unbound and bound RNAs. In
opens slightly after ∼8.5 nsec of the LES trajectory, the
particular, the displacement of the G32 and G43 is miniK-turn conformation is not significantly altered ( is relamized in the unbound RNA, resulting in a better stacking of
tively constant). Figure 2E shows a snapshot with the closed
the two guanines, and triggering a slight increase in the
conformation of the K-turn. The opening of the K-turn is
propeller twist of the two G-A base pairs. In the complex,
accompanied by local conformational transitions summaG32 makes contacts with the protein residue Glu40 and G43
rized in Table 1.
establishes hydrogen bonds with Asn40 and Lys44. These
contacts result in a displacement between the two guanines
The purine-rich internal loop is flexible in the
that is maintained during the trajectories of the complex.
absence of the 15.5K protein
Several interstrand contacts contributing to the stability
The internal loop of the 5⬘ stem–loop of U4 snRNA consists
of the kinked conformation are formed in the region of the
of two tandem-sheared G-A base pairs (G32–A44, G43–
internal loop: (1) the 2⬘ OH group of A30 is hydrogenA33) and three unpaired nucleotides (A29, A30, U31). The
bonded with one oxygen atom from the phosphate group of
four adenines establish a “3 + 1” stacking scheme in which
U31; (2) the 2⬘ OH group of U31 is hydrogen-bonded with
A30 stacks on A44, which further stacks on A33. The A29
one oxygen atom from the phosphate group of A30; and (3)
200
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a shorter time scale. Owing to the
increased conformational sampling,
Conformational
Bound RNA Unbound RNA Bound RNA Unbound RNA
the number of intermediate states betransition
(MD − LES)
(MD − LES)
(MD + LES)
(MD + LES)
tween the C2⬘endo and C3⬘endo
conformations increases both for the
Opening of the K-turn
No
Partial
No
Yes
Unpaired A30
bound and the unbound RNA. NevSyn > high anti/anti
No
Yes
No
Yes
ertheless, there is a significant inC2⬘-endo > C3⬘-endo
crease in the fractional population of
Loss of G-A base pairs
No
No
No
Yes
the C3⬘endo sugar pucker in the unLoss of interstrand contacts
No
Yes
No
Yes
bound RNA (Table 2).
Both G-A base pairs open during
the MD+LES trajectories of the unbound RNA. Figure 5 shows the hydrogen-bonding distance
the 2⬘ OH group of A29 is hydrogen-bonded with the N1
between the N2 atom of G32 and the N7 atom of A44. The
atom of A44 (Fig. 4A). These contacts are well preserved
transition to the open conformation of the K-turn triggers
during the MD−LES trajectory of the bound RNA but are
the loss of the G-A base pairs.
lost in the unbound RNA. The hydrogen-bonding distance
between the 2⬘ OH group of A29 and the N1 atom of A44
is plotted in Figure 4B.
The NC-stem is unstable in the absence
of the 15.5K protein
TABLE 1. Conformational transitions in the RNA (K2)

MD+LES simulations

When applying LES, we observed the same conformational
transition of the stacking scheme in the unbound RNA on

To assess the stability of the G34–C42 and G35–C41 base
pairs, we calculated the percentage of trajectory frames in
which the constituent hydrogen bonds were formed. The
criteria chosen for hydrogen-bond formation were (1)
maximal donor–acceptor distance of 3.15 Å and (2) maximal donor-hydrogen–acceptor angle of 60°. In Table 3 we
show the results for the standard MD trajectories of K1
RNA and the LES trajectories of K2 RNA in the bound and
unbound forms.
MD−LES simulations

In the bound K1 RNA both base pairs are stable, whereas in
the unbound K1 RNA the G35–C41 base pair opens and the
G34–C42 base pair is less stable. During the MD−LES trajectories of K2, K3, K4, and K5 RNAs the NC-stem is stable
(data not shown). The numbers in the first two rows of
Table 3 show that the opening of the G35–C41 base pair
occurs only in the unbound K1 RNA. Various interstrand
contacts are established between the NC-stem and the Cstem: (1) the 2⬘ OH group of A33 is hydrogen-bonded with
the 2⬘ OH group of G45; (2) the N2 atom of G45 is hydrogen-bonded with the O3⬘ atom of the sugar of A33; and (3)

TABLE 2. Conformational states of adenine A30
Sugar pucker
(A30) (%)
Trajectory

FIGURE 3. Conformational states of A30 (K2 RNA). (A) “3 + 1”
stacking scheme formed by adenines A29, A30, A44, and A33 in the
bound RNA, A30 being in a syn/C2⬘endo conformation. (B) “2 + 2”
stacking scheme formed by adenines A29, A30, A44, and A33 during
the trajectories of the unbound RNA, A30 being in a high-anti, anti/
C3⬘endo conformation.

Bound K2 RNA (−LES)
Unbound K2 RNA (−LES)
Bound K2 RNA (+LES)
Unbound K2 RNA (+LES)

 angle
(A30) (%)

C2⬘endo

C3⬘endo

Syn

High
anti/anti

80
63
36
16

0
9
0
24

93
72
21
10

0
22
1
84

www.rnajournal.org

201

Downloaded from rnajournal.cshlp.org on March 23, 2009 - Published by Cold Spring Harbor Laboratory Press

Cojocaru et al.

hydrogen bond is observed in the same interval as the increase in the value of ).
MD+LES simulations

FIGURE 4. Interstrand contacts established in the RNA (K2 RNA).
(A) The interstrand contact formed between the O2⬘ atom of A29 and
the N1 atom of A44. (B) Hydrogen-bonding distance between the O2⬘
atom of A29 and the N1 atom of A44 in the bound (red curve) and
unbound RNA (black curve) during the MD−LES trajectories. (C) The
interstrand contact formed between the N2 atom of G45 and the O3⬘
atom of A33. (D) Hydrogen-bonding distance between the N2 atom of
G45 and the O3⬘ atom of A33 in the bound and unbound RNA during
the MD−LES (red and black curves) and MD+LES (green and blue
curves) trajectories.

the 2⬘ OH group of G46 is hydrogen-bonded with one of
the oxygen atoms of the phosphate group of G34. All these
contacts are well preserved during all the trajectories of the
bound RNA. Figure 4, C and D, shows that the hydrogenbond distance between the N2 atom of G45 and the O3⬘
atom of A33 is strictly correlated with the partial opening of
the K-turn during the MD−LES trajectories (the loss of the

When applying LES, both base pairs remain relatively stable
in the bound RNAs. The partial loss in stability compared to
the non-LES trajectories reflects the increased sampling
density. In both K1 and K2 unbound RNAs, the G35–C41
base pair opens and the G34–C42 base pair is less stable
than in the bound RNAs, the opening of G35–C41 base pair
occurring much faster in K1 RNA. The numbers in the last
two rows of Table 3 show that the stability of the NC-stem
is dependent on the protein binding, not only in K1 RNA
but also in K2 RNA. Similar results were found for K3 and
K4 RNAs, while in K5 RNA the NC-stem is stable regardless
of whether the RNA is bound or not to the protein. During
the MD+LES trajectories the interstrand hydrogen bond
between the N2 atom of G45 and O3⬘ atom of A33 is lost
for both the bound and unbound RNAs. Nevertheless, the
distance between the two atoms is significantly larger in the
unbound RNA (Fig. 4D).
The external loop has different trajectories
in the bound and unbound RNAs
During the non-LES trajectories of the bound K2 RNA, the
sugar-phosphate backbone has a turn between the residues
U40 and C41 and forms a groove that encloses the G-C base
pairs of the NC-stem (Fig. 6A). This structure remains relatively stable during the simulations of the bound RNA but
is lost in the unbound RNA after only hundreds of picoseconds. The turn of the backbone is also observed in the
crystal structure from the orientation of the phosphate
group of C41. Two amino acid residues, Asn40 and Lys44,
are important in maintaining this structure, forming a

TABLE 3. Stability of the Watson-Crick base pairs of the NC-stem
G34–C42
base pair (%)a
Trajectory
Bound K1 RNA
(−LES)
Unbound K1 RNA
(−LES)
Bound K2 RNA
(+LES)
Unbound K2 RNA
(+LES)

FIGURE 5. The G32–A44 base pair (K2 RNA); hydrogen-bonding
distance between the N2 atom of G32 and the N7 atom of A44 in the
bound and unbound RNA during the MD−LES (red and black curves)
and MD+LES (green and blue curves) trajectories. The hydrogen bond
is pointed with a double arrowhead.
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a

G35–C41
base pair (%)a

HB1b

HB2b

HB3b

HB1b

HB2b

HB3b

99

98

96

96

95

88

96

83

63

32

24

20

70

62

53

52

44

44

62

52

36

17

15

14

The percentage of trajectory frames in which the hydrogen bond
is formed
b
The three hydrogen bonds of the G-C base pairs are HB1 = N2(G)–
H(G)–O2(C); HB2 = N1(G)–H(G)–N3(C); HB3 = N4(C)–H(C)–
O6(G).
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bridge between G43 and the backbone of the external loop.
The NH2 group of Asn40 establishes hydrogen bonds with
the O6 of G43 and with one oxygen atom of the phosphate
group of C41, and the NH3+ group of Lys44 establishes
hydrogen bonds with the N7 of G43 and an oxygen atom of
the phosphate group of C42 (Fig. 6A). Figure 6B shows that
the bridging distance between the O6 atom of G43 and the
phosphate group of C41 significantly increases during the
trajectories of the unbound RNA when comparing the naturally occurring K2 RNA in its bound and unbound forms,
while a comparison of the trajectories of the bound K2 RNA
with the bound K3, K4, and K5 RNAs reveals that the
bridging distance is dependent on the loop flexibility (Fig.
6B). The UGAA tetraloop has a fold in which the uracil
stacks on the guanine and the two adenines stack together
(Butcher et al. 1997). The UUAAUU hexaloop has a further
U-U base pair lengthening the NC-stem to 3 bp (Zhang et
al. 2001). Both structures prevent the backbone from turning over C41 and forming hydrogen bonds with Asn40 and
Lys44, as observed in the case of the UUUAU pentaloop.
The pentaloop is the only loop in which the nucleotide next

to C41 lacks stacking interactions with C41. To analyze the
flexibility of the three different loops in the bound and
unbound forms of RNA, we calculated the B-factors per
residue during the non-LES trajectories. From a comparison of the fluctuations of the UUUAU loop in the bound
and unbound RNA, there is a significant decrease in flexibility from U36 to U40 in the bound RNA (Fig. 6C, black
and red curves), suggesting that the 15.5K protein stabilizes
the orientation of the backbone of the loop in the vicinity of
C41. Nevertheless, the absolute values of the B-factors indicate that the pentaloop is still very flexible, suggesting that
other factors might contribute to its stability. In the RNAs
bound to the 15.5K protein, the flexibility is lower at the
end nucleotides and higher at the core nucleotides of the
UGAA and UUAAUU loops (Fig. 6C, blue and green
curves). This behavior is expected because the end nucleotides are covalently linked to a stable structure (C41 and
G35, respectively). Although the UUUAU loop was modeled and the structures of UGAA and UUAAUU loops have
been experimentally determined, the flexibility of the
nucleotide N40 is lowest in the pentaloop.
Chemical accessibility of RNA
bases: Excellent agreement with
the simulations

FIGURE 6. Interactions between the 15.5K protein and the external loop. (A) Asn40 and Lys44
of the 15.5K protein establish a bridge between G43 and the sugar-phosphate backbone of the
external loop of the 5⬘ stem–loop of U4snRNA. (B) Bridging distance between the O6 atom of
G43 and the O2P atom of C41 for the unbound K2 RNA (black curve) and for the bound K2
(red curve), K3 (green curve), and K4 (blue curve) and K5 (brown curve) RNAs during the
MD−LES trajectories; the bridge is shown in A. (C) B-factors per residue for the nucleotides
of the external loop for the unbound K2 RNA (black curve) and for the bound K2 (red curve),
K3 (green curve), and K4 (blue curve) RNAs during the MD−LES trajectories. (D) Asn64 and
Lys68 of the ribosomal L7AE protein establish a similar bridge between G43 and the sugarphosphate backbone of the Kt15 RNA.

Chemical RNA modification studies
(Ehresmann et al. 1987) using dimethylsulfate (DMS) indicate that the N1 position of A44 is clearly accessible, permitting chemical modification in the
absence, but not in the presence of
15.5K protein (Fig. 7A, cf. lanes 2 and
3). These data are in excellent agreement
with the simulations showing that the
interstrand contact between the N1
atom of A44 and the 2⬘ OH group of
A29 is preserved during the trajectories
of the bound RNA but is unstable during the trajectories of the unbound
RNA.
RNA structural probing with Kethoxal shows that the nucleotides G32,
G34, and G35 are clearly accessible for
modification in the absence, but not in
the presence of 15.5K protein (Fig. 7B,
cf. lanes 2,3 and 6,7 with lanes 4,5). In
addition, the nucleotides G32, G34, and
G35 are also clearly accessible for modification with Kethoxal after digestion of
the bound 15.5K with Proteinase K (Fig.
7B, lanes 8,9). The N2 atom of G32 is
involved in the base-pairing interaction
of G32 with A44, while the N1 and N2
positions of G34 and G35 form hydrowww.rnajournal.org
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FIGURE 7. Chemical RNA structure probing. (A) Primer extension
analysis of U4 snRNA after DMS treatment of the RNA either in the
absence or presence of recombinant 15.5K protein (lanes 2,3); (lanes
1,4) control lanes, no DMS modification. (B) Primer extension analysis of U4 snRNA after Kethoxal treatment either in the absence (lanes
2,3,6,7) or presence (lanes 4,5,8,9) of 15.5K protein; (lanes 6–9) RNA
modification after Proteinase K digestion; (lanes 1,10) control lanes,
no Kethoxal treatment; the modification of an RNA base results in a
stop of the reverse transcriptase 1 nt before the site of attack (Ehresmann et al. 1987); modified nucleotides are indicated by an arrowhead; nucleotides that are clearly protected from chemical modification in the presence of bound 15.5K protein are marked by asterisks;
the presence or absence of the 15.5K protein is indicated by “+” or
“−,” respectively. C, U, A, and G refer to dideoxysequencing reactions
and correspond to the sequence of human U4 snRNA; 0 indicates
a control primer extension with unmodified U4 snRNA where no
ddNTPs were added to the reaction; and the position of every tenth
nucleotide of the U4 snRNA is indicated on the left in panels A and B,
respectively.

gen bonds with C42 and C41. Therefore, these interactions
do not occur in the absence of the 15.5K protein. These
findings complement the observations that the tandemsheared G-A base pairs and the two G-C base pairs of the
NC-stem open during the MD+LES trajectories of the unbound RNA. The increased accessibility of G35 compared
to G34 reflects the observation from the simulation, that the
G34–C42 base pair is more stable than the G35–C41 base pair.
DISCUSSION
Protein-assisted RNA folding
We propose that the folding of the U4 snRNA K-turn is
assisted by the protein binding. The folding pathway is
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largely dependent on the RNA sequence and local flexibility.
Our model is based on the susceptibility to chemical modifications of different bases of the unbound and bound RNA
and on MD simulations indicating significantly different
trajectories for the bound and unbound RNAs. The protein
cannot bind to the RNA and promote its folding unless the
RNA has the inherent flexibility conferred upon it by the
particular nucleotide sequence.
By probing the chemical reactivity of the N1 and N2
positions of guanines (using Kethoxal) and the N1 position
of adenines (using DMS) in the presence and in the absence
of 15.5K protein we show that certain interactions in the
RNA arise only upon protein binding. Conversely, the
simulations indicate that conformational transitions with
loss of specific secondary structure elements occur only in
the unbound RNA. These findings, summarized in Table 4,
suggest that the RNA folding is assisted by the binding of
15.5K protein. The K-turn opens and sometimes reforms in
the absence of the protein, suggesting that in addition to
protein binding, the local flexibility of the RNA plays a
crucial role in the folding process. In most of the trajectories
the K-turn does not reform from the open conformation
within the 10-nsec time limit, only the local conformational
transitions being reversible. The transition between the
close and open conformations was observed using FRET for
the K-turn Kt7, which contains the most of the consensus
sequence of K-turn motifs (Goody et al. 2004). The opening–closing process of the K-turn observed by FRET may be
quite different and occur on a longer time scale. Nonetheless, the present simulations show a significant degree of
opening for the K-turn in the absence of the protein.
The K-turn formed by the 5⬘ stem–loop of U4 snRNA is
of particular interest because the binding of 15.5K protein
to this RNA nucleates the assembly of U4/U6 snRNP (Nottrott et al. 2002). Several other studies devoted to the
mechanism of K-turn RNA folding suggest that factors such
as the association with proteins and the presence of metal
ions in solution are important (Matsumura et al. 2003;
Goody et al. 2004).
Previously, interactions such as Tat–TAR interaction of
HIV-1 or the binding of U1A protein to its RNA substrate
have been assigned to the induced fit category (Puglisi et al.
1992, 1995; Oubridge et al. 1994; Avis et al. 1996; Gubser
and Varani 1996; Aboul-ela and Varani 1998; Varani et al.
2000; Reyes et al. 2001). In these cases the conformation of
the unbound RNA is stable but significantly differs from
that of the bound RNA. The conformational capture (as
described by Leulliot and Varani 2001) is more difficult to
locate due to the large flexibility of the RNA, which adopts
an equilibrium between different conformations in its unbound state such that structure determination is not feasible. The MD simulations do not sample continuous interconversions between conformations since such events
occur in the microsecond-to-millisecond time scale. Nevertheless, the FRET study by Goody et al. (2004) and the
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nor ours demonstrated the transition between
the closed and open conformations of the KUnbound RNA
Unbound RNA
Unbound RNA
turn, only partial opening being observed.
Interaction
(MD − LES)
(MD + LES)
(experiment)
Thus, we opted for LES to increase the conformational sampling during the MD trajecG35–C41 base pair
Lost (only K1)
Lost (K1, K2)
Lost
G32–A44 base pair
Preserved
Lost
Lost
tories. A major advantage of this method is
G43–A33 base pair
Preserved
Lost
No data
that it can be applied in combination with
A30–A44 stack
Lost
Lost
No data
PME and explicit solvent (Simmerling et al.
A30–A29 stack
Formed
Formed
No data
1998b). Nevertheless, smoothing the potential
O2⬘ (A29)–H–N1(A44)
Lost
Lost
Lost
energy surface might permit transitions that
N2(G45)–H–O3⬘ (A33)
Preserved
Lost
No data
do not occur in reality. Therefore, the choice
of the LES regions and the number of copies
are crucial.
partial reforming of the kinked conformation during the
In this study we presented trajectories with LES systems
simulations of the unbound RNA (Fig. 2C) might suggest a
containing four copies for four different regions. When the
“conformational capture” mechanism for the folding of the
entire core structure of the K-turn RNA (K1 RNA) was
5⬘ stem–loop of the U4 snRNA. In addition, the folding
replaced with three identical copies, the transition between
process is influenced by other factors such as ionic strength
the closed and open conformations was not observed, while
and magnesium ions, factors that were not considered in
with five copies the transition occurred for the unbound
the current study. However, localized Mg ions were not
RNA on a shorter time scale but also for the bound RNA.
found in the crystal structure of the complex, suggesting
The crystal structure of the complex was preserved during
that they influence the folding of the RNA by a “diffusely
all viable simulations, its stability being the criteria for acbound” rather than “site-bound” mechanism (Misra and
cepting trajectories for further processing. Using different
Draper 1998; Auffinger et al. 2003, 2004a,b).
combinations of LES regions, we obtained different trajecFrom the six K-turns found in the 23S rRNA of H. maristories but observed the same local conformational transimortui (Klein et al. 2001), one (Kt38) is not associated with
tions in the unbound RNA. Nevertheless, the transition
proteins, suggesting that the folding of the K-turn motif is
from a closed to an open K-turn took place only when
not always assisted by the protein binding, but it also dedifferent LES regions were applied for the internal loop, the
pends on the structural context in which the K-turn forms.
NC-stem, and parts of the C-stem, suggesting that the
The K-turns from the ribosome are segments of large RNA
kinked conformation is an intrinsic property of the entire
structures and therefore might have a folding pathway difRNA (data not shown).
ferent from the 5⬘ stem–loop of U4 snRNA, which is an
LES proved very useful for studying large conformational
isolated small RNA with a very flexible external loop attransitions such as the opening of the K-turn, while the
tached to the NC-stem.
standard MD simulations provided a more accurate description of fine contacts such as the interstrand hydrogen
bonds.
Computer simulations of protein-assisted RNA folding
TABLE 4. Interactions in the unbound RNA

Structural data are rarely available for both the free and
bound RNAs in cases of protein-assisted RNA folding.
Computer simulation techniques provide the means for exploring the structure of the RNA in its unbound form and
drawing conclusions about flexible regions contributing significantly to the folding process. For MD simulations, the
starting structure is essential and dictates the evolution of
the system. They are easily trapped in local minima on the
potential energy surface. The time scale of conformational
transitions important for the RNA folding is often much
greater than that available for the simulations. MD simulations have been applied previously to U1A-RNA binding
(Pitici et al. 2002). In a recent study, which appeared after
the submission of this manuscript, Rázga et al. (2004) reported 35–40-nsec MD simulations of three different Kturns and derived conclusions about the dynamics of the
K-turn around the conformation observed in the ribosomal
crystal structure. Neither their standard MD simulations

RNA folding and U4/U6 snRNP assembly
The 15.5K protein is required for the recruitment of other
specific proteins to the U4/U6 snRNP such as the 61K or the
20/60/90K protein complex (Nottrott et al. 2002). We propose that the assembly of U4/U6 snRNP is driven by the
hierarchical folding of the U4 snRNA 5⬘ stem–loop. First,
the RNA is folded into a K-turn conformation upon binding of the 15.5K protein, while the pyrimidine-rich external
loop remains flexible. The simulations of K2 RNA show that
the external loop adopts different conformations in the
presence and absence of the protein, suggesting that the
15.5K protein creates a pre-folded structure of the external
loop. It is very likely that the complete folding of the
UUUAU loop is achieved only after recruitment of 61K
protein to the U4 snRNA. When replacing the UUUAU
loop with the UGAA, the UUAAUU loops, or seven Watson-Crick base pairs, the backbone cannot adopt the oriwww.rnajournal.org
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entation required for establishing hydrogen bonds with
Asn40 and Lys44, suggesting that this orientation might be
the first step in the folding of the external loop.
The naturally occurring RNA (K2) is the only simulated
construct in which C41 does not stack on the nucleotide
N40 of the loop. Furthermore, electrostatic attractive forces
between the protein helix ␣2 and the RNA backbone trigger
structural changes in the external loops of the bound K3
and K4 RNAs: (1) loss of stacking between C41 and A40 in
the UGAA loop (K3 RNA) and (2) instability of the U–U40
base pair in the UUAAUU loop (K4 RNA). These findings,
together with the experimental observation that the addition of one Watson-Crick G-C base pair to the NC-stem
inhibits the binding of the 61K protein in vitro (data not
shown), suggest that the lack of a stacking interaction between C41 and N40 may be critical for the recruitment of
61K protein to the U4 snRNA.
During the non-LES simulations, the NC-stem proved
less stable in the unbound K1 RNA than in the bound K1
RNA, the external loops (K2, K3, K4 RNAs) or subsequent
Watson-Crick base pairs (K5 RNA) stabilizing the stem in
the absence of the protein. The LES simulations have shown
that protein binding plays a role in the stabilization of the
G34–C42 and G35–C41 base pairs when the NC-stem is
attached to flexible external loops. Furthermore, the chemical probing experiments have shown that the NC-stem is
unstable in the unbound RNA. These findings suggest that
a nonrigid external loop is required to keep the NC-stem
relatively flexible in the unbound RNA. Therefore, it is
likely that the NC-stem folds together with the G-A base
pairs and the external loop upon binding of the 15.5K protein.
The K-turn “Kt15” shares many features
with the 5ⴕ stem–loop of U4 snRNA
To find whether our model for the external loop shares
structural features with other K-turns, we extracted the Kturns and their associated proteins from the big ribosomal
subunit of H. marismortui and investigated their 3D structures.
Interestingly, the K-turn “Kt15” shares many features
with the 5⬘ stem–loop of U4 snRNA. The only difference is
that instead of the G43–A33 base pair (in U4 snRNA), the
Kt15 has an A-U-G triplex. The NC-stem has two WatsonCrick base pairs extended with a loop-like structure different from the UUUAU loop of U4 snRNA. The Kt15 binds
to L7AE protein, which has a similar fold to 15.5K protein.
The loop-like structure in the Kt15 shows an orientation of
the backbone similar to that observed for the UUUAU loop
during the trajectories of the bound K2 U4 snRNA. In the
L7AE protein two residues (Asn64 and Lys68) establish a
bridge between the G nucleotide of the A-U-G triplex and
the backbone of the loop-like structure (Fig. 6D) in an
almost identical manner as the Asn40 and Lys44 residues
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from 15.5K protein, suggesting that there might be a common folding path shared by the K-turn of U4 snRNA and
Kt15.
MATERIALS AND METHODS
RNA constructs
Five different RNA constructs shown in Figure 1 were used in the
MD simulations. K1 RNA (Fig. 1A) is the 5⬘ stem–loop of U4
snRNA taken from the crystallographic structure of its complex
with the 15.5K protein (pdbid 1E7K) (Vidovic et al. 2000). K2
RNA (Fig. 1B) contains the naturally occurring UUUAU external
loop attached to the NC-stem. Since a similar pentaloop structure
was unavailable in the databases, we applied a restrained simulated
annealing (RSA) protocol to obtain an initial structure of the loop.
A single-stranded RNA (5⬘-GGUUUAUCC-3⬘) was constructed
using the NAB software (Macke and Case 1998). During the RSA
trajectory the two guanines from the 5⬘ end were forced to form
base pairs with the two cytosines from the 3⬘ end, thus adopting
exactly the same conformation as in the crystal structure. The loop
was allowed to move freely and explore the conformational space.
The RSA protocol consists of 20 psec of vacuum MD simulation
with distance-dependent dielectric constant. In the first picosecond the temperature was rapidly increased to 1000 K. For the next
4 psec the temperature was maintained at 1000 K, allowing the
loop to sample the conformational space. The annealing step was
achieved with a slow cooling phase followed by a fast cooling in
the last 2 psec. The two G-C base pairs from the new stem–loop
were overlaid on the two G-C base pairs from the NC-stem in the
complex. Simulated annealing was then performed using the new
complex structure with the loop attached. All the residues from the
crystal structure were fixed, so as to allow only loop movement.
The resulting structure was then used as input for MD simulations. K3 RNA (Fig. 1C) has a UGAA tetraloop (pdbid 1AFX) in
which U37 stacks on G38, C41 stacks on A40, and A40 stacks on
A39 (Butcher et al. 1997), while K4 RNA (Fig. 1D) has a UUAAUU
loop (pdbid 1HS3) in which the nucleotide U establishes a nonWatson-Crick base pair (N3–H–O2 and N3–H–O4 hydrogen
bonds, sugars in cys orientation) with U40 (Zhang et al. 2001). K5
RNA (Fig. 1E) has the C-stem extended with seven Watson-Crick
base pairs and the NC-stem with six Watson-Crick base pairs.

Molecular dynamics simulations
For MD simulations, 10-nsec MD trajectories were obtained for
the complex, the unbound protein, and the unbound RNA using
all the RNA constructs described. The complexes and the unbound
RNAs were neutralized with Na+ ions. All the systems were dissolved in a box of TIP3P water with 12 Å distance between the
edges of the box and the solute. Periodic boundary conditions
were applied. The particle mesh Ewald (PME) (Darden et al. 1993)
method was used for the treatment of the electrostatic interactions.
The SHAKE algorithm was applied to all the bonds involving
hydrogen atoms, thus allowing the use of a 2-fsec integration time
step (Ryckaert et al. 1977). All the simulations were run at a
constant temperature of 300 K and at a constant pressure of 1 atm
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using the Berendsen’s coupling algorithm (Berendsen et al. 1984).
The calculations were performed using the Cornell et al. force field
(Cornell et al. 1996) and the NAMD program (Kale et al. 1999) on
a p690 IBM cluster running on 16 CPUs. For the biggest system
(the complex of 15.5K protein with K5 RNA) the calculation of
one trajectory required ∼500 h of CPU time. For the smallest
system (the unbound K1 RNA) the calculation required ∼250 h.
For testing the reproducibility of the results we ran multiple trajectories using slightly different initial conditions and different
software packages. The visualization and analysis of the trajectories
were performed with VMD (Humphrey et al. 1996) and different
programs available in the distribution of the AMBER 7 software
package (University of California, San Francisco) (Pearlman et al.
1995).

Locally enhanced sampling
In the locally enhanced sampling (LES) method (Elber and
Karplus 1990; Simmerling and Elber 1994; Simmerling and Kollman 1996; Simmerling et al. 1998a,b, 2000), the system is divided
into separate regions and one or more regions of interest are
replaced with multiple copies. The potential energy function of the
LES system is constructed in such a way that the potential energy
is identical to the corresponding single-copy (non-LES) system in
which all the copies occupy the same position. As a result of this
feature and the fact that the copies have no direct interaction, the
global minimum of this potential energy is the same as for the
original system. The copies from one region do not interact with
each other but interact in an average way with all the copies of the
other regions. In this way the energy potential surface is smoothened and the copies are allowed to sample more of the conformational space. The enhanced sampling is achieved with a small
increase in the required CPU time compared to the non-LES system.
We divided K1 RNA into four LES regions: (1) the two G-C base
pairs from the NC-stem, (2) the unpaired nucleotides, (3) the two
tandem-sheared G-A base pairs, and (4) two of the three G-C base
pairs from the C-stem. Each region was replaced by four identical
copies. We applied LES coupled with the PME summation method
with explicit solvent and periodic boundary conditions. Thus 10nsec trajectories were obtained for the LES systems of the complex
and of the unbound RNA using K1 and K2 RNAs. Shorter test
trajectories were run for the unbound K3, K4, and K5 RNAs. The
equilibrated non-LES structures have been used as input for the
LES simulations.

RNA modification and structural probing
In vitro transcribed U4 snRNA (0.6 pmol) was incubated either in
the presence or absence of recombinant 15.5K protein at a final
protein concentration of 14 µM as described (Nottrott et al. 1999).
Proteinase K digestions were performed for 1 h at 37°C at a final
enzyme concentration of 1 µg/µL. DMS modification of the RNA
was performed according to Hartmuth et al. (1999). For RNA
modification with Kethoxal (Research Organics, Inc., USA), the
reaction mixtures were incubated with 10 µL of a 1:10 dilution of
the stock reagent in a final volume of 100 µL of 50 mM K+
cacodylate (pH 7.0), 50 mM KCl, and 10 mM MgCl2 for 45 min
at 4°C. Reactions were stopped by precipitating the RNA in the

presence of ethanol and glycogen, and modification of the RNA
was subsequently analyzed by primer extension according to Nottrott et al. (1999). Dideoxy-sequencing reactions on the U4 snRNA
transcript were performed in parallel. Primer extension products
were separated on a 9.6% (w/v) polyacrylamide/8.3 M urea sequencing gel and visualized by autoradiography. DMS reacts with
the N1 position of adenines, while treatment with Kethoxal leads
to the formation of a new ring involving the N1 and N2 positions
of unpaired guanines and both carbonyl groups of Kethoxal
(Ehresmann et al. 1987).
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