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ABSTRACT

K-turn motifs are universal RNA structural elements
providing a binding platform for proteins in several
cellular contexts. Their characteristic is a sharp
kink in the phosphate backbone that puts the two
helical stems of the protein-bound RNA at an angle
of 60°. However, to date no high-resolution structure
of a naked K-turn motif is available. Here, we
present the first structural investigation at atomic
resolution of an unbound K-turn RNA (the
spliceosomal U4-Kt RNA) by a combination of
NMR and small-angle neutron scattering data.
With this study, we wish to address the question
whether the K-turn structural motif assumes the
sharply kinked conformation in the absence of
protein binders and divalent cations. Previous
studies have addressed this question by fluores-
cence resonance energy transfer, biochemical
assays and molecular dynamics simulations, sug-
gesting that the K-turn RNAs exist in equilibrium
between a kinked conformation, which is compe-
tent for protein binding, and a more extended
conformation, with the population distribution
depending on the concentration of divalent
cations. Our data shows that the U4-Kt RNA pre-
dominantly assumes the more extended conform-
ation in the absence of proteins and divalent
cations. The internal loop region is well structured
but adopts a different conformation from the one
observed in complex with proteins. Our data
suggests that the K-turn consensus sequence
does not per se code for the kinked conformation;
instead the sharp backbone kink requires to be
stabilized by protein binders.

INTRODUCTION

The past two decades have seen an impressive increase in
the structural information available for RNA molecules,
mostly due to the atomic structures of the ribosome (1-3)
and of large catalytic RNAs (4). A wealth of RNA struc-
tural motifs other than A-form helical regions have been
identified, such as U-turns, S-turns, A-platforms, loop-E
motifs, Z-anchors, ribose zippers and others (5). These
non-helical RNA regions underline the multiplicity of con-
formations that the RNA can assume in spite of the
limited diversity of the nucleotide building blocks and
confer the RNAs a high versatility either in the interaction
with protein partners or in the optimization of folds for
specific catalytic activity. On the other hand, the vast con-
formational space available to RNA molecules represents
a challenge for structural biologists in the identification of
clear structure-sequence relationships and in the formula-
tion of rules to predict RNA structure from the primary
nucleotide sequence.

In a cellular environment, RNA molecules are found
associated with proteins in ribonucleoprotein (RNP)
complexes or with other RNAs, as for example in the
case of RNA enzymes or regulatory RNAs. The assembly
of these complexes is generally regulated by the propensity
of the RNA to assume the bound conformation, an event
that might or might not require the presence of cofactors,
such as divalent cations. An understanding of the
sequence—structure and structure—function relationships
in RNA requires collecting structural information for a
large number of RNA molecules, both in the presence
and absence of their binding partners or cofactors.

K-turn motifs are universal RNA structural elements
found in rRNAs (6), small nuclear (sn) RNAs (7), un-
translated regions of mRNAs (8,9) and small nucleolar
RNAs (snoRNAs) (10) in Archea, Prokarya and
Eukarya. They represent ubiquitous protein-binding plat-
forms and are central components of RNP complexes of
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diverse functions, such as ribosome, spliccosomal U4 and
RNA processing enzymes. The K-turn is a two stranded
helix—loop—helix motif (Figure 1A). The internal asym-
metric loop, usually consisting of 3nt on one strand and
none on the other strand, is flanked by two stems: the
non-canonical (NC)-stem starts with two non-canonical
base pairs, usually sheared G—A base pairs, while the ca-
nonical (C)-stem is a normal duplex commonly starting
with a C-G base pair. The K-turn motif owes its name
to the sharp bend in the phosphodiester backbone
observed when the RNA 1is bound to its cognate
proteins (Figure 1B; 6,7,11); this bend puts the two NC-
and C-stems at an angle of 60° to each other. In the asym-
metric loop, the nucleotide on the 5 site of the longer
strand, usually a purine, stacks on the C-stem, while the
following one, commonly also a purine, stacks on the
NC-stem and the third nucleotide protrudes into the
protein-binding pocket (12). The K-turn fold is stabilized
by long-range contacts between the minor groove edges of
the adenines of the G-A base pairs and the minor groove
of the C-stem (A-minor interaction) (13).

The characteristic sharp kink in the phosphate
backbone has been observed for K-turn RNAs in
complex with proteins or in the context of large RNP
complexes, while structural information at atomic reso-
lution is not available for the K-turn consensus sequence
in isolation. Thus, the question arises whether the consen-
sus sequence of the K-turn motif shown in Figure 1A does
per se code for the K-turn structural element or whether
the kinked backbone conformation is induced and
stabilized by electrostatic interactions with the positively
charged side chains of the cognate protein or in alternative
requires the presence of divalent cations.

Both experimental and theoretical approaches have
been used in the past to characterize the structural prefer-
ences of K-turn RNAs. An extensive experimental study
applies both gel mobility and fluorescence assays to the
ribosomal Kt-7 (6), to assess the presence of the K-turn
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Figure 1. (A) Consensus sequence of the K-turn motif, U4 5-SL RNA
(U4-Ktl) containing the K-turn element, and construct derived from
the U4 5-SL RNA (U4-Kt2) used for the NMR analysis. Conserved
nucleotides are colour-coded: C-stem, blue; NC-stem, light blue;
internal loop, green and orange. (B) Structure of the U4-Ktl
bound to 15.5K in the context of the U4 5-SL RNA-15.5K-hPrp31
complex (11).
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structural motif in the absence of protein binders and in
dependence of the concentration of divalent cations (14).
In this work, it has been suggested that K-turn RNAs
inter-convert between an extended and a kinked conform-
ation with the populations’ distribution being dependent
on the concentration of divalent cations.

In another study, the stability of the K-turn fold in the
absence of proteins has been assessed by molecular
dynamics (MD) simulations (15,16) for the spliceosomal
U4 K-turn RNA (7,11,17; Figure 1). The MD trajectories
of the unbound RNA show a transition from the kinked
to a more extended conformation, occurring in concur-
rence with opening of the G—A base pairs and ultimately
with the disruption of the whole NC-stem. In another MD
study (18), the kinked conformation was found to be
stable also in the absence of protein binders for a variety
of K-turn RNAs, while later, the same Ilaboratory
reported on the transition from the kinked conformation
to a second structure with a significantly larger angle
between the two stems (19).

Despite the deep insights that these studies provided
into the stability of the K-turn motif, they lack experimen-
tal structural data at an atomic level. While it seems clear
that the K-turn fold is stabilized by the interaction with
proteins, the question whether the consensus sequence of
Figure 1A codes for a kinked, tightly structured RNA
motif in the absence of binding partners remains open.

In an early stage during spliceosome assembly, the U6
snRNA is associated with the U4 snRNA in the U4/U6—
US complex (20,21). The formation of the U4/U6 complex
is initiated by the recognition of the 5-stem—loop (SL)
region of the U4 snRNA (U4-Ktl; Figure 1A), located
between the two U4/U6 base paired regions, by the
15.5K protein (Supplementary Figure S1; 17). The
K-turn motif of the U4 snRNA serves as a binding
platform for 15.5K (7,11).

Here, we present the structure of the U4 snRNA K-turn
motif solved by NMR spectroscopy in solution and in the
absence of protein binders and divalent cations (U4-Kt2;
Figure 1A). In this work, we demonstrate that both stems
of the U4-Kt RNA are stably folded; in contrast to the
results of published MD studies (15,16), we observe that
both G-A base pairs of the NC-stem are readily present in
solution in the absence of proteins and divalent cations.
The average inter-stem angle is also well defined and
deviates by ~45° from the value of 60° observed for the
sharply kinked crystallographic K-turn. The solution
structure of the U4-Kt RNA is more extended, as con-
firmed independently by NMR and small-angle neutron
scattering (SANS) data. The internal asymmetric loop
assumes a well-defined conformation, which differs from
that observed in complex with proteins.

MATERIALS AND METHODS
Preparation of RNA samples

The RNA strands 5-GCCGAGGCGCGAUC-3 and
5-GAUCGUAGCCAAUGAGGUU-3" were designed to
form the secondary structure shown in Figure 1A. This
‘open-loop’ version of the U4-Kt RNA (U4-Kt2) was
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chosen instead of U4-Ktl, as in vitro transcription of
U4-Ktl did not yield enough RNA for NMR structural
studies at reasonable costs. The duplex U4-Kt2 is compe-
tent for binding 15.5K (data not shown). The
13C/'>N-labelled RNA was synthesized by in vitro tran-
scription using T7-polymerase produced in-house,
13C/"5N-labelled rNTPs (Spectra Stable Isotopes) and syn-
thetic single-stranded DNA templates (IBA Gottingen).
The RNA was purified by denaturing 15% polyacryl-
amide gel electrophoresis. Unlabelled trans-acting ham-
merhead RNA was used to overcome the 3
heterogeneity (22). Unlabelled RNA strands were
purchased (IBA, Goéttingen).

Two NMR samples at 0.3mM duplex concentration
were prepared by dissolving an unlabelled RNA strand
and a '>C/"N-labelled strand in 0.3ml buffer (20 mM
HEPES, 120mM NaCl, pH 7.6). For a uniformly
3C/"N-labelled NMR sample and for the SANS
sample, the duplex was further purified by gel filtration
chromatography to eliminate the excess of one of the two
strands. NMR experiments involving exchangeable
protons were performed in a H,O:D,0 mixture (9:1). All
other experiments were performed in 99.96% D,O
(Sigma-Aldrich). For residual dipolar coupling (RDC) ex-
periments 10—-15mg/ml Pfl1 phages (ASLA Biotech, Riga,
Latvia) were added, resulting in a splitting of the deuter-
ium solvent line of ~10 Hz.

NMR spectroscopy

NMR spectra were recorded on Bruker Avance 600, 700,
800 and 900 MHz spectrometers. A variety of homo- and
heteronuclear experiments were used to assign the RNA
resonances and to generate structural data: 3D (‘H, °C,
SN) H,CN,, (23), 3D ('H, "*C, *N) H,CN,, (24,25), 3D
HCCH-COSY (correlated spectroscopy)-TOCSY (total
correlated spectroscopy) (mixing time 5.4ms) (26), 3D
HCP (27), 3D HCCH-E.COSY (exclusive COSY) (28)
and 3D ('H, "*C, 'H) edited/filtered NOESY (nuclear
Overhauser enhancement spectroscopy) (mixing times
150 and 300ms) (29). The ribose spin systems were
assigned from the 3D HCCH-COSY-TOCSY spectrum,
while the correlation between the H1’ and the H6/HS8
protons, allowing the intra-nucleotide connection of
ribose and base spin systems, was obtained from the 3D
HCN spectra and confirmed from the 3D '*C-edited
NOESY spectrum. Sequential assignment was obtained
from the 3D '*C-edited NOESY and confirmed from the
3D HCP spectrum. Imino protons were assigned from 2D
NOESY spectra with 50, 150 and 300 ms mixing times. To
detect *J\n couplings across hydrogen bonds in Watson—
Crick (WC) and sheared G—-A base pairs, 2D HNN-COSY
spectra were recorded using correlations to both ex-
changeable and non-exchangeable protons (30,31). The
completeness of the 'H chemical shift assignments was
98% for non-exchangeable and 50% for exchangeable
protons. 'H chemical shifts were referenced to an
external standard of  2,2-Dimethyl-2-silapentane-5-
sulfonic acid (DSS), and 'C and "N chemical shifts
were referenced to the 'H shift, as recommended (32).

Spectra were analysed with Felix (FELIX NMR, San
Diego, CA, USA). The integration of the nuclear
Overhauser enhancement (NOE) volumes and the calibra-
tion of the distances were performed by an internal routine
of the program.

RDCs were calculated as the difference between 'H-'>C
couplings measured for isotropic and partially aligned
samples. RDCs were obtained for the following
inter-nuclear vectors: H8—C8 (Pu), H6—C6 (Py), H5-C5
(Py), H2-C2 (Ade) and HI'-C1’, H2-C2’, H3-C3,
H4'-C4’ (ribose). Seventy-nine RDCs could be measured
(35 in the bases and 44 in the riboses).

Structure calculations

Structures were calculated using the Aria 1.2/CNS 1.1
set-up (33,34). Six hundred and twenty-three NOE dis-
tances were categorized as weak (1.8-5.0A), medium
(1.8-3.4A) or strong (1.8-2.6A) (Table I). Eighty
dihedral angles were experimentally restrained. The
ribose conformation of 19 nucleotides was restrained to
the C3'-endo range by estimating the magnitude of the
3Ju1-ny scalar couplings in the HCCH-E.COSY 3D ex-
periment. The same experiment was used to estimate the
magnitude of 3JH4/_H5r/H5~ scalar couplings, providing 16
restraints for y dihedral angles to the gauche” range. The
phosphate dihedral angles o and { were restrained to the
trans conformation for 15 nucleotides on the basis of their
3P chemical shifts (35). The x angles of 15 nucleotides
were restricted on the basis of the intensities of the
intranucleotide H8-H1" (Pu) and HO6/H5-H1' (Py)
NOEs. Loose non-experimental restraints were added
for the B (180° + 60°) and & (—135° &+ 60°) angles of nu-
cleotides in helical region excluding A25, C28-¢, A29, A30,
U31, G32-B, Ad4-¢ and G45-B. The rationale behind these
restraints is to loosely restrain the 8 and ¢ angles of helical
regions to the value assumed in A-form helices, while

Table 1. Structure Statistics

NOE distance restraints 623
Intra-nucleotide 440
Inter-nucleotide 183
Inter-strands 27

Hydrogen bonds 86

Planarity restraints 12

Dihedral angles restraints 80

RDC restraints 79
Base 35
Sugar 44

RMSD (for heavy atoms)”

Overall (A) 0.51 (0.61)
C-stem (A), 0.44 (0.50)
NC-stem (A) . 0.45 (0.44)
Number of NOE violations (>0.6 A) 0
Number of dihedral violations (>3°) 0

“The RMSD values refer to the 10 lowest energy structures after RDC
refinement and prior to water refinement. The values in parentheses
refer to the 10 lowest energy structures after water refinement.
C-stem and NC-stem RMSDs are calculated considering the residues
ranges (A20-U24, G26-C28 and G45-U52) and (G32-G35 and
C41-A44) for the C-stem and the NC-stem, respectively. The overall
RMSD includes the NC- and C-stem residues with the addition of A29
and A30.



allowing the B and ¢ angles of nucleotides in non-helical
regions (or at the end of helices) to assume any value in
agreement with the experimental data.

Hydrogen bonds of WC base pairs were detected in
HNN correlations and in NOESY experiments. An
intense NOESY peak between the imino resonances of
G48 and U24 confirmed the presence of the G48-U24
wobble base pair. The two non-canonical G-A base
pairs in the NC-stem were detected through a
G—A-selective HNN experiment, where magnetization is
transferred from the N7 of the As to the N2 of the Gs
through the hydrogen bond-mediated ZJnn scalar
coupling. During the calculations, hydrogen bonds
were maintained by distances restraints, while planarity
was enforced through weak planarity restraints
(5kcalmol ' A72).

Hundred structures were calculated in one iteration
without using the automated assignment or the distance
calibration options of Aria 1.2. The simulated annealing
(SA) protocol starts with a high-temperature torsion angle
SA phase with 50000 steps at 10000 K (time step of 28 fs).
This is followed by a torsion angle dynamic cooling phase
from 10000K to 2000K in 10000 steps and by two
cartesian dynamic cooling phases with a time step of 3 fs
(from 2000 K to 1000 K in 50 000 steps and from 1000 K to
S0 K in 20000 steps, respectively).

In a second step, the structures were refined adding
RDCs data to the structural restraints. The initial values
for the rhombic (r) and axial (D,) components of the
alignment tensor were initially obtained by evaluating
the RDCs pattern distribution (36). This method
provided the values D, = 12.0Hz and r = 0.2. An inten-
sive grid search was performed around these values for
both D, and r, where the dipolar coupling energy term
was evaluated as a function of the alignment tensor.
Examination of the dipolar coupling energy profiles
revealed a minimum for D, = 14.0 and r = 0.2. Thus,
this tensor was employed in the refinement.

The final ensemble of the 10 structures was refined in a
shell of water molecules (37-39).

The final RDC refined structures showed no NOE
(>0.6 A) or dihedral angle (>3°) violations. The final
structures were analysed using MolMol (40). Figures
were prepared with Pymol (http://www.pymol.org).

SANS data

The U4-Kt2 RNA sample used for the SANS experiments
consisted of a purified duplex, 0.75mM in concentration
dissolved in the same buffer used for the NMR experi-
ments (in the absence of Mg”") with 100% H,O. The
data were acquired on the small-angle diffractometer
D22 (41) at the Institute Laue-Langevin (ILL; Grenoble,
France). A volume of 200 ul was measured in a Hellma®
Qs quartz cuvette with an optical path length of 1 mm.
The incident neutron wavelength was A =6A and a
detector/collimator set-up of 2m x 2m was chosen. The
temperature of the sample was maintained at 298 K
throughout the experiment. Exposure times were 120
and 60min for the RNA and its buffer, respectively. In
addition, the empty quartz cuvette, a H,O sample and
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boron were measured for the background subtraction
and detector calibration. The beam centre was determined
using a Teflon sample. The scattering intensities of both
the buffer and the RNA-containing solution were cor-
rected for electronic noise, detector efficiency and sample
holder scattering and integrated azimuthally using an ILL
in-house data reduction suite (42). Sample and buffer
intensities were subtracted using the software PRIMUS
(43), to correct for the scattering effect of the buffer and
the empty cuvette, as well as for the electronic background
at the detector.

The radius of gyration (R,) was extracted from the scat-
tering intensity data using the Guiner approximation (44):

1(Q) =1(0) exp (—QR}/3) M

which is valid for (OR,) <1.0...1.3, where Q = 4r sinf/4,
and 26 is the scattering angle. The experimental scattering
curve and R, were compared to those simulated for the
lowest energy NMR structure and the protein-bound crys-
tallographic structure (20ZB.pdb, in complex with 15.5K
and hPrp31) (11) using the software CRYSON (45). The
same program was used to verify the influence of the hy-
dration shell properties on the SANS curve and the R, by
varying the density of the hydration shell from 100% to
130% of that of the bulk solvent. The construct used for
this structural study (U4-Kt2) differs from the one used in
the crystallographic study (U4-Ktl) at the apical
pentaloop, which is substituted by a 3-nt open-loop con-
struct in U4-Kt2 (Figure 1), and in the length of the
C-stem. In order to compare the scattering curve predicted
from the RNA protein-bound crystallographic structure
to the experimental data, two nucleotides of the apical
pentaloop were removed from the RNA of 20ZB.pdb
and a base pair was added at the end of the C-stem with
INSIGHT (Accelerys Software Inc., San Diego, CA,
USA).

SANS data were used to perform ab initio modelling
using DAMMIN (46). Several distance distribution func-
tions p(r) were calculated using GNOM (47), with differ-
ent values of Dy, (longest distance) ranging from 50 A to
65 A. The output of GNOM was used as input to perform
a first set of shape modelling runs (5 for each D,,,,) with
the software DAMMIN (46), which uses a SA procedure
to calculate a ‘best-fit’ structural model consisting of
dummy atoms. The best value of D, (50A) was
selected by comparing the scattering curve, the R, and
the solvent-excluded volume predicted for each model
with the experimental data, as well as by visual inspection
of the p(r) function (smoothness and gentle drop to 0 as
r—Dpnax). The chosen data set was used for further
modelling with DAMMIN in 20 different runs. The result-
ing 20 envelopes were aligned, averaged and filtered using
the DAMAVER package (48). The R, of the final model,
its back-calculated scattering curve, as well as its
solvent-excluded volume were in excellent agreement
with the values extracted from the experimental data.
The final model was aligned to the NMR lowest energy
structure as well as to the X-ray structure using the
program SUPCOMB20 (49).
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The U4-Kt molecular weight in solution, M (exp) was
determined using absolute calibration against water (50):

=T 10) 10> [(Xbi—pW)]
f47TTs]inc(0) CNAtI: M,, ]

1(0) (= 0.055) and [;,c(0) (= 1.0) are the scattered
intensities in the forward direction of RNA and pure
water (H»O), respectively, T (= 0.49) and T (= 0.49)
are the transmissions of the sample and H,O, respectively,
C (= 8.1 mg/ml) is the RNA concentration, ¢ (=0.1cm) is
the thickness of the quartz cuvette, f'is a correction factor
for the anisotropicity of the solvent scattering as a
function of neutron wavelength (equal to 0.8 for
A=6A) (50), b; are the scattering lengths of the RNA
atoms (Zb; = 350 x 10~"%cm), p, (—0.562 x IO]OC}nfz) is
the solvent scattering density, ¥ (equal to 10100 A, from
the U4-Kt sequence using Vosh and Gerstein, 20006) is the
solvent-excluded volume of the RNA, M, is the theoretical
molecular weight of U4-Kt2 (10.8kDa) and Na is
Avogadro’s constant.

M, (exp) = (2)

RESULTS AND DISCUSSION
NMR analysis

The K-turn RNA U4-Kt2 (Figure 1) was subjected to
structural analysis by NMR. We chose this construct
instead of the U4-Ktl, as the latter gives poor yields in
in vitro transcription. The U4-Kt2 construct is competent
to bind 15.5K (data not shown). Most of the NMR
analysis has been conducted on two samples of the
U4-Kt2 duplex, in each of which only one strand is
13C/"*N-labelled. This greatly simplifies the analysis of
the NMR data by substantially reducing spectral
overlap. The unlabelled strand was given in slight excess
(1.5:1) to ensure complete saturation of the labelled
strand. To verify that the excess of the unlabelled strand
does not induce undesired conformational properties, a
third sample, consisting of both '*C/'*N-labelled strands
in complex with each other, was purified by size-exclusion
chromatography prior to NMR analysis. All the spectral
properties of this sample, containing the purified duplex
and no excess of single strands, were equivalent to those of
the two samples containing the unlabelled strand in excess.
This third sample was also used to perform cross-strand
NMR experiments, necessary to verify the presence of
hydrogen bonding in the two stems.

The C—H correlation spectra of both strands are shown
in Figure 2A for the C6/C8-H6/H8 region and in
Supplementary Figure S2 for the C5-HS5 region. Both
the presence of one single set of resonances and the
sharp line width of the resonances of both the stems and
the internal loop exclude that the U4-Kt RNA exists in
solution in two substantially populated conformations
that are slowly inter-converting.

Intrigued by the literature reports proposing a massive
unfolding of the NC-stem in the absence of protein
binders (15,16), we set out to verify whether the base
pairs of the NC-stems are present in the U4-Kt2 RNA
in solution. The imino resonances of all Gs can be seen

and assigned in 1D (Figure 2B) and 2D NOESY experi-
ments including those of G34 and G35 that are involved in
the two WC base pairs of the NC-stem. The non-selective
HNN correlation (Supplementary Figure S3) reveals that
the two imino groups of G34 and G35 are indeed involved
in H-bonds with the N3 of Cs, confirming that the two
canonical base pairs of the NC-stem are present in
solution. These resonances are weaker than the imino res-
onances of WC C-G base pairs in the C-stem, as expected
for terminal base pairs or for base pairs belonging to very
short helical stems, which are more easily accessible to the
solvent. However, a rough estimation of the H-bond-
mediated “Jyn coupling (51), obtained by quantification
of the cross-peaks in the HNN experiment, indicates
scalar couplings of similar size for both the C- and
NC-stems, which confirms that the NC-stem is stably
formed in solution. The presence of the two sheared
G—A base pairs was verified in a second HNN experiment,
where magnetization is transferred in a selective manner
from the H8 to the N7 of As and subsequently from the
N7 of As to the N2 of Gs through the H-bond-mediated
2Jun coupling constant. The presence of two peaks
correlating the H8s of A33 and A44 with the N2 of Gs
confirms that even the G—A base pairs of the NC-stem are
formed in the U4-Kt RNA in the absence of protein
binders, in contrast to what was proposed on the basis
of MD simulations (15,16). Interestingly, the imino
protons of G33 and G43 are visible as well (Figure 2
and Supplementary Figure S6), although they are not
involved in hydrogen bonding. This fact points to a
reduced solvent accessibility of these sites, as it has been
observed previously for G—A base pairs (52-55). The
chemical shifts of these imino protons are in the
expected range for imino protons of G-A base pairs (up
to 12.2 ppm) (52-55).

MD simulations performed on the same U4 K-turn
RNA studied in this work suggested that the NC-stem
unfolds in the absence of protein binders as a consequence
of the opening of both the non-canonical G-A and WC
G—C base pairs (16). The unfolding of the NC-stem had
been proposed to explain the higher accessibility to
Kethoxal modification of G32, G34 and G35 with
respect to the Gs of the C-stem and in the absence of
15.5K. In contrast, our NMR data clearly show that
both the G-C and G-A base pairs are present in the
U4-Kt RNA in solution. Indeed, the higher accessibility
of G32, G34 and G35 to Kethoxal modifications could be
explained without invoking a complete unfolding of the
NC-stem. G32 and G35 both belong to terminal base pairs
of the NC-stem and thus their N1 and N2 sites are easily
accessible in the free RNA. G34 is very poorly modified
with respect to G32 and G35. Its moderate accessibility to
Kethoxal is probably a consequence of the faster opening
rate of the G34-C42 base pair in the short NC-stem.
However, it should be noticed that, while the G—C base
pairs of the NC-stem seem to be kinetically less stable than
those in the C-stem, as indicated by the lower intensity of
their resonances in the HNN spectrum (Supplementary
Figure S3), thermodynamically they are as stable as all
other G—C base pairs, as indicated by similar values of
the hydrogen bond-mediated *Jnn coupling constants.
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Figure 2. (A) C-H correlation showing the base region of both the short (I1, green) and the long (I2, blue) strands of the U4-Kt2 RNA see Figure 1
for the definition of Il and I12. (B) Imino spectrum of the U4-Kt2 RNA with assignment. G40 and U36 resonances are visible only at 5°C and are
assigned by exclusion to the terminal G—U base pair of the NC-stem. (C) Selective HNN correlation designed to transfer the magnetization from the
HS8 of the As to the N7 of the As through the *Jyy scalar couplings and subsequently from the N7 of the As to the N2 of the Gs through the
hydrogen-bond mediated *Jn coupling. The presence of two peaks correlating the H8 protons of A33 and A44 with the N2 of two Gs confirms the
presence of the G-A non-canonical base pairs. (D) Network of inter-nucleotide NOEs observed at the internal loop site. The presence of several
NOE:s confirms that the internal loop is well structured in solution even in the absence of proteins.

Binding of 15.5K results in the protection of all three Gs
from Kethoxal modification. For G32, this can be
attributed to the direct contacts of the side chain of E41
with the N1 and N2 sites of G32; for G34 and G35, it can
be attributed to the extensive contacts of the side chains of
K44 and R48 with the phosphate backbone of C42 and
C41. These contacts slow down the opening process of the
G-C base pairs of the NC-stem by fixing the helical
backbone on the site of the Cs, thus making Kethoxal
modification inefficient.

Analysis of the NOE spectra revealed a tight network of
NOEs in the internal loop region (Figure 2D) including
both cross-strand and (i, i+1) sequential NOEs. This is a
strong indication that the internal loop assumes a
preferred, well defined, major conformation even in the
absence of proteins. However, the riboses of nucleotides

around the bulged-out A25 of the C-stem and around the
U31 of the internal loop (U24, A25, G26, A30, U31 and
G32) show averaged values of the 3T 11112, which is indi-
cative of riboses inter-converting between the C3'-endo
and the C2'-endo conformations. In addition, the R;,/R,
ratios of relaxation rates for the C1’ nuclei of U24, A25,
G26, A30, U31 and G32 (but not for the C1’ nuclei of A29
and A33) deviate from those of helical regions,
indicating local plasticity of these riboses (data not
shown).

From all our NMR data, it can be concluded that both
the internal loop and the NC-stem of the U4-Kt RNA are
well structured in solution. Next, we set out to verify
whether the tight structural organization of the U4-Kt
RNA in solution reflects the typical, sharply bent con-
formation observed in complex with proteins.
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Structural analysis

Structural restraints included 623 NOEs (440 intra-residue
and 183 inter-residue NOEs), 80 experimentally
determined dihedral angle restraints (19 restraints for 9,
16 for vy, 15 for o and € and 15 for x) and 79 RDCs. In
addition, H-bond restraints were imposed for all base
pairs in the C- and NC-stems, for which the base pairing
was verified in HNN experiments (for the G-U base pair
of the C-stem, an intense NOE peak was observed
between the imino protons of G48 and U24 in a
NOESY spectrum with 50ms mixing time). Details
about the structure calculation protocols are given in the
‘Materials and Methods’ section.

The final ensemble of the 10 lowest energy structures
prior to RDC refinement shows an excellent convergence
for the NC- and C-stems separately [heavy atom root
mean square deviation (RMSD): 0.31 and 0.61 A, respect-
ively]. On the other hand, the relative position of the two
stems is less well defined (overall RMSD 0.98 A) as a result
of the lack of long-range structural information in NOEs
and dihedral angle restraints. This long-range structural
information is provided by the RDCs. After refinement
including RDC restraints, followed by minimization in
water, the 10 lowest energy structures converged to a
total pairwise RMSD of 0.61 A, while the RMSD for
the NC- and C-stems are 0.44 and 0.50 A, respectively
(Table 1 and Figure 3). The structure of the U4-Kt
RNA is very well defined both in the conformation of
the two stems and in their relative orientation, as indicated
by the excellent fit of the experimental RDCs to the
back-calculated ones (Q = 0.17) (56). The 10 lowest
energy structures have been deposited in the Protein
Data Bank (PDB) under accession code 2KRS8 together
with the NMR restraints used for structure calculations.

The conformation of the U4-Kt RNA in solution is
much more extended than that observed in protein-bound

Figure 3. Superposition of the 10 lowest energy NMR structures
obtained after refinement with RDCs and in water (PDB code
2KR8). The two different views are obtained by rotation of 204°,
220° and 198° around the X, Y and Z axes, respectively. The conver-
gence of the structure is excellent with an overall heavy atom RMSD of
0.61 A. The colour coding of the nucleotides is as in Figure 1.

K-turn motifs. In Cojocaru et al. (15), an angle ¢ is defined
between the phosphates of C47, U31 and G35 to describe
the kink in the RNA backbone. This angle assumes a
value of 25° in the protein-bound crystallographic con-
formation of K-turn RNAs, while it becomes larger for
more extended conformations. In our case, ¢ = 69°, which
indicates that the RNA is not sharply kinked in solution in
the absence of cognate proteins and divalent cations
(Figure 4A). As a consequence of this, no A-minor inter-
action is observed between A33 of the NC-stem and G45
of the C-stem, as confirmed by the absence of NOEs
between the ribose of G45 and either the ribose or the
aromatic protons of A33 (Supplementary Figure S4).

A detailed analysis of the region between nucleotides
28-33 and 43-45 reveals that the K-turn consensus
sequence is indeed well folded in the unbound RNA, but
that the pattern of inter-nucleotide interactions substan-
tially differs from that in complex with proteins. In our
structure, A30 stacks on A29, which is situated on the top
of C28 of the C-stem at an angle of ~60° (Figure 4B). The
stacking of A30 onto A29 is indicated by a series of se-
quential NOEs connecting the H8 of A30 with the ribose
protons of A29, which would not be expected from the
protein-bound K-turn structure (Figure 2D). In fact, in
the sharply kinked structure, A30 does not stack on A29
but rather on the NC-stem (Figure 4B). The large reloca-
tion of A30 from the top of the NC-stem in the
protein-bound structure to the top of A29, and thus of
the C-stem, in the free RNA solution structure is
accompanied by a change in the conformation of the
ribose of A30 from C2-endo to C3'-endo and of the
x dihedral angle form syn to anti. The calculated structural
ensemble shows a very well-converged C3'-endo conform-
ation for the ribose of A30, which was left unrestrained
during the calculations; however, the value of 5.2Hz
measured for the *Jy; 1o scalar coupling of A30 is indica-
tive of a ribose interchanging between the C3'-endo and
C2-endo conformations, as expected for non-A-form
helical regions and terminal base pairs of helices. The pyr-
imidine base of the internal loop, U31, also roughly stacks
on A30 but is less well ordered. In agreement with this,
relaxation rates suggest high fast dynamics for the base of
U31, but not for those of A29 and A30 (data not shown).

SANS analysis

The NMR structural analysis indicates the presence of an
extended conformation for the unbound U4-Kt2 RNA in
solution and in the absence of divalent cations. To obtain
a second independent measure of the overall shape of this
RNA, we performed a SANS analysis. The scattering
curve strictly depends on the spatial coordinates of the
scattering nuclei and therefore on the shape of the
molecule. The experimental scattering curve (Figure 5A)
was compared to the scattering curves calculated from the
atomic coordinates of the lowest energy NMR structure of
the free U4-Kt RNA and for the crystallographic structure
of the protein-bound U4-Kt RNA of 20ZB.pdb, as ex-
plained in the ‘Material and Methods’ section. The quality
of the fitting is excellent for the NMR structure of the free
RNA (x> = 0.81), while it is not acceptable for the sharply
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Figure 4. Comparison of the lowest energy NMR structure of the unbound U4-Kt RNA (A, PDB code 2KRS8) and the crystallographic
protein-bound structure (B, PDB code 20ZB). The angle ¢ between the P nuclei of C47, U3l and G35 describes the bend between the two
stems. The NMR structure of the unbound RNA is quite extended (¢ = 69°) while the protein-bound structure is sharply kinked (¢ = 25°). The
close-up of the internal loop region (C and D) shows the difference in the location of the unpaired A29 and A30 in the two structures. A30 is stacked
on the C-stem with A29 in the unbound RNA structure (C), while it stacks on the NC-stem in the protein-bound RNA structure (D).

bent protein-bound structure ( x> = 1.14) (Figure 5A). The
R, of 16.6 + 0.7A was determined by the Guinier ap-
proximation from the experimental scattering curve (44);
this value is in excellent agreement with the value of 16.2 A
predicted for the NMR structure of the unbound RNA,
while the value of 15.0 A expected from the sharply bent
protein-bound structure is significantly smaller than the
experimental value. The R,’s calculated from the PDB
structures do not depend significantly on the properties
of the hydration shell for SANS in H,O due to the very
small absolute scattering length density of water (57,58).
In our case, the accuracy of the values is better than 0.1 A,
as verified by varying the density of the hydration water
shell from that of bulk water to 30% denser than bulk
water using the program CRYSON (45).

The R, is a reliable quantitative structural parameter
that can be extracted from small-angle scattering curves
without a priori structural information. In addition, SANS
data can be used to compute ab initio low-resolution
models of the overall shape of the scattering molecule, if
the latter can be assumed to be monodisperse in solution
(46). Here, we use the SANS data to calculate de novo the
shape of the unbound U4-Kt RNA, following the proced-
ure explained in the ‘Materials and Methods’ section, and
we compare the resulting model with the NMR structure

of the free RNA, as well as with the crystallographic
protein-bound RNA  structure using the program
SUPCOMB (49). As shown in Figure 5B and C, the
low-resolution shape of the U4-Kt2 RNA, calculated
ab initio from the SANS scattering curve, can be well
superimposed with the NMR structure of the free U4-Kt
RNA, while the sharply bent protein-bound U4 structure
does not match the SANS model.

This visual similarity is quantitatively confirmed by the
normalized spatial discrepancy (NSD) values (49) that
were 0.85 and 0.92 for the NMR and crystallography
models, respectively (NSD values <1.0 indicate a similar-
ity between structures with smaller values corresponding
to a better fit). As a quality control of the average
low-resolution model, we checked its solvent-excluded
volume (V¥ = 11 500 A®) that is in fair agreement with
the theoretically predicted one (10 100 A% calculated
from its nucleic acid sequence (59). The quality of the
SANS data and the monodispersity of the solution
were furthermore validated by the experimental deter-
mination of the U4-Kt molecular weight using absolute
calibration against water (see ‘Material and Methods’
section for details) (50). The value found (10.7 kDa) is in
excellent agreement with the theoretically predicted one
(10.8 kDa).
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Figure 5. Analysis of SANS data of the unbound U4-Kt RNA in
solution. (A) The scattering profiles simulated from the NMR structure
of the U4-Kt RNA free in solution (PDB code 2KRS, red) and from
the X-ray crystallography protein-bound structure (PDB code 20ZB,
green) are compared to the experimental values (blue). (B, C) The
unbound NMR structure (B) and the X-ray protein-bound structure
(C) of the U4-Kt RNA are superimposed to the ab initio low-resolution
model obtained from SANS data (46), by using SUPCOMB20 (49).

In conclusion, the SANS data completely support the
NMR analysis and independently corroborate that the
sharply bent K-turn motif is not formed in solution in
the absence of proteins and divalent cations.

Effect of divalent cations on the U4-Kt RNA
conformation

To test the effect of Mg>" on the conformation of the
K-turn region of the U4-Kt2 RNA in solution, we

performed titrations with MgCl, (Supplementary Figure
S5). Four points were recorded for the '*C/!'*N-labelled 12
strand paired with unlabelled 11 strand (see Figure 1 for
the definition of 11 and 12). As expected, the addition of
Mg has dramatic effects on both the position and line
width of resonances of A29, A30, U31, G32 and A33 and
to a minor extent of G34 and G35. The C8-HS8 resonance
of A29 shifts and broadens progressively upon addition of
Mg**, while the C8/C6-HS8/H6 resonances of A30, U3I,
G32 and A33 disappear already at [Mg”>"] = 2mM. This is
indicative of strong line broadening, due to an exchange
process in the highpus to ms time-scale involving the
internal loop and, to a minor extent, the NC-stem. This
observation is in agreement with the notion that the
divalent cations stabilize a second conformation of the
U4-Kt RNA, which, in the absence of Mg“, is either
absent or very poorly populated. Although our NMR
data do not contain information on the nature of this
conformation, it is tempting to speculate that this is the
kinked conformation. Unfortunately, the broadening of
the NMR lines beyond detection does not permit a
detailed structural investigation of the U4-Kt RNA in
the presence of Mg>" ions.

The influence of Mg®" ions on the population of the
bent conformation had been investigated previously by
fluorescence resonance energy transfer (FRET) experi-
ments (14). In this study, the population distribution of
65:35 between the extended and the bent conformations in
the absence of divalent cations had been found to revert to
30:70 in the presence of Mg>*. Our NMR data are in very
good qualitative agreement with this FRET analysis. In a
cellular environment, Mg®" ions might partially pre-fold
the K-turn RNAs prior to protein binding by stabilizing
the kinked conformation.

Protein-assisted RNA folding

The structure of K-turn RNAs has long been object of
interest, probably due to the rather unusual fold of these
RNAs in complex with proteins. Both theoretical and ex-
perimental studies have addressed the question of the con-
formation of K-turn RNAs in the absence of proteins
(14,15,18,60), using tools such as MD simulations, bio-
chemical probing and FRET. The results of all these
studies can be summarized as follows: K-turn RNAs
exist in equilibrium between the sharply kinked conform-
ation, where the two stems are at an angle of 60° [¢ angle
(15) = 25°], and a more extended one. The population dis-
tribution depends on the presence of divalent cations.
Both the NMR and the SANS data, collected for the
U4-Kt2 RNA in the absence of divalent cations, show that
the U4-Kt RNA exists in solution prevalently in the
extended conformation of Figure 4A. In agreement with
previous literature reports, our findings disprove the hy-
pothesis that the K-turn sharply bent structure is a
primary organizational element determined by the consen-
sus sequence of Figure 1 and favours the thesis of
protein-assisted RNA folding, as readily proposed by
Turner et al. (61). In the U4 K-turn RNA studied here,
the sharp bend in the RNA backbone is highly disfa-
voured in solution, probably due to the high density of



negative phosphate backbone charges at the sharp kink,
which needs to be stabilized by protein binding.

In addition, it is worth noticing that the population
distribution observed for the U4-Kt RNA might not be
a universal feature of all K-turn RNAs, but might depend
on the RNA sequence, as readily suggested by Matsumura
et al. (60). In fact, a previous NMR study on the helix—
loop—helix portion of the L30 mRNA in the absence of
Mg*" ions reports on a flexible internal loop (K-turn) with
resonances broadened beyond detection and very few
NOE:s (62). This might indicate a higher level of popula-
tion of the kinked conformation for the K-turn region of
the L30 mRNA as compared to the U4-Kt RNA, which
instead predominantly assumes the more extended con-
formation of Figure 4A.

A FRET study of the ribosomal Kt-7 reports a ratio
between the populations of the extended and kinked con-
formations close to 65:35 in the absence of divalent
cations (14) and suggests that protein binders are needed
to fully stabilize the K-turn structure. Our results are in
agreement with this notion, even though, in the absence of
divalent cations, the NMR data indicate a more skewed
population distribution in favour of the more extended
conformation. This discrepancy further supports the hy-
pothesis that the populations of the extended and the bent
conformation depend on the exact RNA sequence.
Another possible explanation for the difference in the
population distribution observed in ours and in the
FRET study is the much higher length of the RNA mol-
ecules used in the FRET study with respect to the short
U4-Kt2 sequence. In large RNAs, stabilization of the bent
conformation may be induced by long-range tertiary inter-
actions. Indeed, the sharply bent conformation of the
K-turn motif is observed also in the absence of direct
protein binders for one of the six K-turns found in the
23S rRNA of Haloarcula marismortui and for the
S-adenosylmethionine riboswitch (63), suggesting that
the long-range tertiary interactions may (3) stabilize the
kinked conformation in a similar way as protein binding.

Interdisciplinarity of SANS and NMR data

The combined use of SANS [or small-angle X-ray scatter-
ing (SAXS)] and NMR data is gaining momentum in the
study of multidomain proteins and protein complexes
(64,65), where SANS/SAXS data provide an NMR-
independent measurement of the relative position of
protein domains or of globular proteins in a complex.
SANS/SAXS data are recorded in very similar experimen-
tal conditions as that of solution-state NMR spectra and
represent a precious addition to the long-range structural
information obtained by NMR through the analysis of
RDCs. In the structural study of RNA molecules, which
inherently consist of several helical domains and whose
structure determination by NMR suffers from the
paucity of long-range NOE restraints, the combination
of SANS/SAXS data with NMR data is likely to be
even more relevant than for proteins. A recently published
pilot study in this direction (66) and the work presented
here demonstrate that small-angle scattering data together
with NMR RDC data allow determination of the relative
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orientation of RNA helices in complex RNA molecules,
therefore facilitating the difficult structural investigation
of isolated RNAs.

CONCLUSIONS

In this work, we have investigated the conformation of the
U4-Kt RNA in solution in the absence of protein binders
and divalent cations. Our combined NMR and SANS
study reveals that the U4-Kt RNA prefers an extended
conformation in solution and that the sharply bent con-
formation observed in complex with proteins is either not
present or very 2poorly populated. We verified that
addition of Mg~" ions triggers a conformational
exchange in the internal loop region in theps to ms
time-scale, which is in agreement with the notion that
divalent cations induce formation of the kinked conform-
ation. All in all, our findings indicate that the consensus
sequence of Figure 1A does not code for the sharply
kinked structures observed for K-turn RNAs in complex
with proteins.

Recently, it has been proposed that fast inter-helical
sub-domain motions of RNA molecules consisting of
multiple helical segments allow sampling of the conform-
ational space required for binding to cofactors (67). This
principle has been demonstrated for the HIV-1 TAR RNA
in a very elegant work using decoupling of inter-domain
motions from the overall re-orientation of the molecule by
elongation of one helical segment. As a next step after the
determination of the high-resolution structure of the
naked U4-Kt RNA, it would be interesting to study
whether the principle demonstrated for the TAR RNA
also applies to kink-turned RNAs. We are currently em-
barking in this insightful but demanding analysis of the
fast inter-domain dynamics of the U4-Kt RNA.
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