N

N

The yeast C/D box snoRNA U14 adopts a “weak”
K-turn like conformation recognized by the Snul3 core
protein in solution
Marie-Eve Chagot, Marc Quinternet, Benjamin Rothé, Bruno Charpentier,

Jérome Coutant, Xavier Manival, Isabelle Lebars

» To cite this version:

Marie-Eve Chagot, Marc Quinternet, Benjamin Rothé, Bruno Charpentier, Jéréme Coutant, et al..
The yeast C/D box snoRNA U14 adopts a “weak” K-turn like conformation recognized by the Snul3
core protein in solution. Biochimie, 2019, 10.1016/j.biochi.2019.03.014 . hal-02082477

HAL Id: hal-02082477
https://hal.univ-lorraine.fr /hal-02082477
Submitted on 28 Sep 2020

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://hal.univ-lorraine.fr/hal-02082477
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

Biochimie 164 (2019) 70—82

journal homepage: www.elsevier.com/locate/biochi

Contents lists available at ScienceDirect

Biochimie

Research paper

The yeast C/D box snoRNA U14 adopts a “weak” K-turn like )
conformation recognized by the Snul3 core protein in solution e

Marie-Eve Chagot ¢, Marc Quinternet °, Benjamin Rothé *, Bruno Charpentier 2,
Jérome Coutant ¢, Xavier Manival ™", Isabelle Lebars ¢ "

2 CNRS, IMoPA, Université de Lorraine, Nancy, F-54000, France

b CNRS, INSERM, IBSLOR, Université de Lorraine, Nancy, F-54000, France

€ Bruker France, 34 rue de I'Industrie, BP 10002, 67166, Wissembourg Cedex, France

d Structure and Dynamics of Biomolecular Machines, Université de Strasbourg, CNRS, Architecture & Réactivité de I'’ARN, UPR 9002, Institut de Biologie
Moléculaire et Cellulaire (IBMC), 15 rue René Descartes, F-67000, Strasbourg, France

ARTICLE INFO

Article history:

Received 6 December 2018
Accepted 20 March 2019
Available online 23 March 2019

Keywords:
snoRNA U14
K-turn

Snul3 protein
NMR

ABSTRACT

Non-coding RNAs associate with proteins to form ribonucleoproteins (RNPs), such as ribosome, box C/D
snoRNPs, H/ACA snoRNPs, ribonuclease P, telomerase and spliceosome to ensure cell viability. The as-
sembly of these RNA-protein complexes relies on the ability of the RNA to adopt the correct bound
conformation. K-turn motifs represent ubiquitous binding platform for proteins found in several cellular
environment. This structural motif has an internal three-nucleotide bulge flanked on its 3’ side by a GeA/
AeG tandem pairs followed by one or two non-Watson-Crick pairs, and on its 5’ side by a classical RNA
helix. This peculiar arrangement induces a strong curvature of the phosphodiester backbone, which
makes it conducive to multiple tertiary interactions. SNU13/Snu13p (Human/Yeast) binds specifically the
U14 C/D box snoRNA K-turn sequence motif. This event is the prerequisite to promote the assembly of the
RNP, which contains NOP58/Nop58 and NOP56/Nop56 core proteins and the 2’-O-methyl-transferase,
Fibrillarin/Nop1p. The U14 small nucleolar RNA is a conserved non-coding RNA found in yeast and
vertebrates required for the pre-rRNA maturation and ribose methylation. Here, we report the solution
structure of the free U14 snoRNA K-turn motif (kt-U14) as determined by Nuclear Magnetic Resonance.
We demonstrate that a major fraction of free kt-U14 adopts a pre-folded conformation similar to protein
bound K-turn, even in the absence of divalent ions. In contrast to the kt-U4 or tyrS RNA, kt-U14 displays a
sharp bent in the phosphodiester backbone. The UsU and GeA tandem base pairs are formed through
weak hydrogen bonds. Finally, we show that the structure of kt-U14 is stabilized upon Snu13p binding.
The structure of the free U14 RNA is the first reference example for the canonical motifs of the C/D box

snoRNA family.
© 2019 Elsevier B.V. and Société Francaise de Biochimie et Biologie Moléculaire (SFBBM). All rights
reserved.

1. Introduction

relies on the ability of the RNA to adopt the correct bound
conformation, an event that generally requires the intervention of

In the cell, RNA molecules associate with proteins to form ri-
bonucleoproteins (RNPs) such as ribosome and spliceosome to
ensure cell viability. The assembly of these RNA-protein complexes
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co-factors. Understanding the sequence-structure-function re-
lationships in RNPs requires three-dimensional structural infor-
mation on RNA molecules, both in presence and absence of their
binding partners (proteins) or cofactors (metal ions).

1.1. The kink-turn motif

The kink-turn or K-turn motifs are universal structural elements
found in ribosomal RNAs (rRNAs) [1], small nuclear RNAs (snRNAs)
[2], small nucleolar RNAs (snoRNAs) [3], SelenoCystein Insertion

0300-9084/© 2019 Elsevier B.V. and Société Francaise de Biochimie et Biologie Moléculaire (SFBBM). All rights reserved.
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Sequence (SECIS) of the 3’-untranslated regions of selenoprotein
mRNA [4,5], and 5’ UTRs including several riboswitches [6,7]. They
consist of a three-nucleotides internal loop flanked on its 3’ side by
a GeA/AeG tandem pairs followed by one or two non-Watson-Crick
pairs (NC), and on its 5’ side by a conventionally base-paired helix
(C) (Fig. 1A). This peculiar arrangement induces a strong curvature
of the phosphodiester backbone between the two helices leading to
a compact structure thanks to near-universal A-minor tertiary in-
teractions [8,9]. There are two classes of K-turn structure depend-
ing on whether the O2’-H of the ribose at the -2 position establishes
hydrogen bonds with the N3 or N1 of the As cycle (Fig. 1A). The
modification of the hydrogen bond network involves a different
rotation of the As nucleobase that affects its conserved base-pairing
with Gg and changes the whole shape of the K-turn structure. The
first and second unpaired residues (N; and Np, Fig. 1A) are stacked
on the C and NC helices, respectively. The third unpaired residue
(N3, Fig. 1A), which is fully exposed to the solvent, represents a key
interaction determinant for K-turn binding proteins.

1.2. The C/D box snoRNA family

Small nucleolar RNAs found in Archaea and Eukaryotes guide
chemical modifications of ribosomal RNAs (rRNA), transfer RNAs
(tRNA) and small nuclear RNAs (snRNA). The C/D box snoRNAs are
associated with 2’-O-methylation of rRNA. They are characterized
by the presence of conserved sequences, termed boxes C (5'-
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RUGAUGA-3', where R is a purine) and D (5’-CUGA-3’), located near
the 5’ and 3’ ends of the snoRNA, respectively (Fig. 1B). The C/D box
folds into a K-turn through pairing between regions upstream of
the C box and downstream of the D box, that are brought in close
proximity [10]. The C/D box K-turn is a key player in methylation
and processing of rRNA, stability and localization of snoRNPs. In an
early stage during box C/D snoRNP assembly, the recruitment of the
L7Ae protein [11,12] or SNU13/Snu13 protein (Human/Yeast) initi-
ates the assembly process by binding specifically the K-turn motif
of snoRNAs [13—15]. In particular, SNU13/Snu13p binds specifically
the U14 snoRNA, a prerequisite for the successive arrival of the
other constituents of the ribonucleoparticle, namely in eukaryotes,
the proteins NOP58/Nop58 and NOP56/Nop56 and the 2/-O-
methyltransferase, Fibrillarin/Nop1p [14,15].

1.3. The U14 snoRNA

As U3 snoRNA, the U14 snoRNA is a conserved non-coding RNA
found in yeast and vertebrates required for the pre-rRNA matura-
tion. Genetic depletion studies in S. cerevisiae showed that C/D box
snoRNA U3, and U14 (also named snR128) are essential for cell
viability and required for the 35S pre-rRNA cleavages that release
the 18S rRNA [16,17]. Analyses of U14 sequences revealed the
presence of a conserved terminal helix and five universal sequence
elements: C and D boxes corresponding to a K-turn sequence motif,
and A, B, and Y domains (Fig. 1B). A second set of boxes, the C'/D’,

full-length snoRNA U14
“ (yeast)
A
U
UC
4 B Domain

Interaction
with 18S rRNA

Fig. 1. The U14 snoRNA from S. cerevisiae. (A) Secondary structure of consensus k-turns. Canonical and non-canonical stems are indicated by C and NC respectively. The numbering
of the internal bulge is in italic. (B) Secondary structure of full length U14 from S. cerevisiae (adapted from Ref. [79]). The sequences of the boxes C/C’ and D/D’ are shown in blue and
green respectively (adapted from Ref. [18]). Domains A, B, and Y are also represented. (C) Secondary structure of terminal conserved boxes C and D from the U14 snoRNA used for
NMR studies. The numbering of the RNA is indicated. The nucleotides represented in outline are not naturals.
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has been recently identified [ 18]. Base pairing of A, B and Y domains
of U14 with the 18S rRNA is required for the synthesis of functional
ribosomes in yeast [ 19—21] suggesting that U14 contributes directly
to rRNA processing. Moreover, the B domain of both vertebrate and
yeast U14 snoRNAs is complementary to a sequence in 18S rRNA
region that contains validated 2’-O-methylation at nucleotide C414
(UMASS Amherst Yeast snoRNA Database). In Xenopus laevis,
depletion of the U14 snoRNA prevents 2’-O-methylation of 18S
rRNA and an intact B domain is essential for the methylation [22].
Altogether, the snoRNP U14 would therefore have the dual function
in rRNA maturation and ribose methylation.

Here, we report the solution structure of the free U14 snoRNA K-
turn motif determined by Nuclear Magnetic Resonance (NMR). We
demonstrate that a major fraction of U14 adopts a pre-folded
conformation similar to known bound K-turn, even in the
absence of protein or divalent ions. Finally, we show that the
structure of kt-U14 is stabilized upon Snul3p binding. This first
structural characterization of a free canonical C/D motif can serve as
a reference for the C/D box snoRNA family. Its comparison with
other family members allows discussing the consequences of this
pre-folded k-turn during the snoRNP assembly and the relevance of
an external scaffold.

2. Materials and methods
2.1. RNA samples preparation

Milligram quantities of RNAs were prepared both unlabeled and
uniformly 3C/N labeled by in vitro transcription with in-house T7
RNA polymerase from oligonucleotide templates [23]. The DNA
templates were purchased from Eurogentec (France). Labeled NTPs
(nucleotide triphosphate) were purchased from SIGMA-ALDRICH
(USA). Transcription conditions were optimized with varying
magnesium concentrations in 25 pL reaction mixtures in 40 mM
TRIS-HCI pH 8, 1 mM spermidine, 0.01% Triton X-100, 5mM DTT
and 10% polyethylene glycol (PEG8000), in the presence of 4 mM of
each NTP [23,24]. Preparative in vitro transcriptions were next
performed with 16 mM MgCl, in 5 mL reaction volumes. The re-
action mixture was incubated at 37 °C during 4.5 h. After phenol
extraction and ethanol precipitation, RNAs were next purified by
FPLC or on denaturing polyacrylamide gels followed by electro-
elution [24]. After ethanol precipitation, RNAs were dialyzed for
24 h against the buffer used for NMR experiments. Samples were
concentrated by lyophilization and resuspended in 90%/10% H,0/
D50 for experiments involving exchangeable protons and in 99.9%
D,0 for non-exchangeable proton experiments. Each sample was
refolded by heating at 95 °C (2 min) and snap-cooled at 4 °C. The
concentration of RNA samples was measured using a Nanodrop
Spectrometer and calculated with molar extinction coefficients.

2.2. Expression and purification of Snu13p

The E. coli BL21(DE3) strain (Novagen) complemented with the
PRARE2 plasmid (Novagen) was transformed with pnEA-3CH:His6-
SNU13 plasmid [25]. The recombinant His6-Snu13p was expressed
in 1 L Luria Bertani medium, overnight at 20 °C after induction with
0.2 mM IPTG when ODggg reaches 0.6—0.8. The °N labeled protein
was produced in M9 minimal medium supplemented by 0.5 gL~ of
I5NH4CL. The cells were harvested at 8 000 rpm (Beckman Coulter
Avanti JXN-26 centrifuge, JLA-8.1000 rotor) for 15 min at 10 °C and
the pellet resuspended in 30 mL of lysis buffer (HEPES-KOH 25 mM
pH 7.5; NaCl 300 mM; imidazole 10 mM; TCEP 0.5 mM), sonicated
and centrifuged at 20 000 rpm (Beckman Coulter Avanti J-20XP
centrifuge, JA-20 rotor) for 30 min at 4 °C. Supernatant was incu-
bated with 0.0125% PEI for 15minat 4°C to precipitate nucleic

acids, centrifuged again at 20 000 rpm for 20 min at 4 °C, filtered on
a 0.45 pm filter and purified on affinity resin (Talon® Superflow
Metal Affinity Resin, Clontech). The protein without the His6-tag
was collected after overnight cleavage by PreScission protease
(in-house) on the beads, concentrated and purified on a gel filtra-
tion column (HiLoad® 16/600 Superdex® 75 pg, GE Healthcare) in
50 mM sodium phosphate buffer (pH 6.4) and 100 mM NaCl. The
protein from the elution peak was used to perform ITC experiments
and NMR titrations.

2.3. NMR spectroscopy

NMR experiments were recorded at 500 and 600 MHz on an
Avance NEO and Avance III Bruker spectrometers equipped with a
z-gradient TBI probe (at 500 MHz) and a z-gradient TXI cryoprobe
(at 600 MHz). NMR data were processed using TopSpin (Bruker)
and analyzed with NMRFAM-SPARKY software packages [26]. NMR
experiments were performed in 50 mM sodium phosphate buffer
(pH 6.4) and 100 mM NaCl. The concentration of unlabeled and
labeled RNA samples ranged from 0.2 to 0.8 mM. Sample volumes
were 150 pL in 3 mm NMR tubes.

14, 3¢, 1N and 3'P assignments were obtained using standard
homonuclear and heteronuclear methods. NMR data were acquired
at 10°C, 15°C and 25 °C for exchangeable protons and at 15°C,
20°C, 25°C and 30 °C for non-exchangeable protons. Solvent sup-
pression for samples in 90%/10% H,0/D,0 was achieved using
combined “Jump and Return” and WATERGATE sequences [27—29].
The residual HDO resonance in 99.9% D,0 was suppressed using
low power presaturation. Two-dimensional NOESY spectra in 90%/
10% H,0/D,0 were acquired with mixing time of 50 ms, 70 ms,
150 ms, 300 ms and 400 ms. Base-pairing was established via
sequential Nuclear Overhauser Effects (NOEs) observed in 2D
NOESY spectra at different mixing times and directly observed from
J(N,N)-HNN COSY experiments performed in 90%/10% H,0/D,0 at
15°Cand 25°C[30,31]. NOESY spectra with mixing times of 50, 150
and 400 ms in 99.9% D,0 were acquired at 20 °C, 25°C and 30°C.

Heteronuclear NMR spectra were measured at 25°C in 99.9%
D,0 with the exception of 'H->N HSQC experiments that were
acquired at 15°C and 25°C in 90%/10% H,0/D,0. 3C and/or >N
decoupling during acquisition was achieved using the GARP com-
posite pulse sequence. Assignments of RNA were achieved using 2D
NOESY experiments at different mixing times, 2D TOCSY and 2D
COSY-DQF. Assignments of non-exchangeable protons of labeled
RNA were completed using 'H-3C constant-time HSQC, 3D-HCCH-
TOCSY, HCN and HCC experiments [32—35]. Dihedral restraints
were obtained from HP-COSY and HCP experiments at 25 °C [36,37].

NOESY experiments recorded in 90%/10% H,0/D,0 and in 99.9%
D70, at different mixing times and various temperatures were also
performed in the presence of 3 and 5mM Mg?". Heteronuclear
NMR spectra (H-1>N HSQC, H-13C HSQC) were also acquired with
Mg2+ concentration ranging from 1 to 10 mM.

For residual dipolar coupling (RDC) experiments, partial align-
ment of 13C/°N labeled RNA was achieved by adding Pf1 filamen-
tous bacteriophage supplied in 10 mM sodium phosphate buffer at
PH 6.5 (ASLA Biotech Ltd), resulting in a splitting of the deuterium
solvent line of 11 Hz. 'H-°N and 'H-3C residual dipolar couplings
(RDCs) were calculated as the difference between couplings
measured for isotropic and partially aligned samples with IPAP-
HSQC and TROSY experiments recorded at 25 °C [38].

2.4. Distance and dihedral restraints for structure calculation
Distance restraints involving non-exchangeable protons were

derived from cross-peak intensities in NOESY experiments at 25 °C,
using the H5/H6 cross-peaks of pyrimidines as internal standard.
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Inter-proton distances derived from NOE cross-peaks were classi-
fied into four distance bound ranges: strong (1.8—3.0 A), medium
(3.0-4.5 A), weak (4.0—5.5 A) and very weak (4.5—7.0 A). Hydrogen
bonding restraints were used for Watson-Crick base pairs from
G1eC31 to C5¢G27 and G12e(C23 to C15eG20, and for G9eA26 and
A10eG25 sheared base pairs. Classical A-helix values were used for
stem residues: o= —65 +30°, B =178 + 30° and € = —155 + 30°. For
residues G6 to G12, U16 to G20 and U24 to G27, a was left uncon-
strained, As determined from analysis of 3Jp_ys, 2Jp.s» and 3Jp_ca
from HP-COSY and HCP experiments, 8 was constrained to the trans
conformation (178 + 30°) for most residues, except for G6, A10, U11,
G12, G19, A26 and G27 that were left unconstrained, ¢ was con-
strained to the trans conformation (—155 + 30°) for most of resi-
dues, with the exception of C5 and G6, G12, A25 and A26 that were
left unconstrained, G7, U8, G9, U11, U17, C18 and U24 that were
constrained to gauche™ conformation (260 +30°) as determined
from the analysis of 3_]}-{3'_]). 3_]c2'_p and 3]c4'_p derived from HP-COSY
and HCP experiments. Torsion angles  were derived from the
observation of intra-residue H6/H8-H1’ cross-peak volumes. All
bases were restrained to anti-conformation (—158 + 30°), with the
exception of G7 and U11, which ¥ angles were loosely constrained,
and U8, G9, U17, C18, G25 and A26 which y angles were constrained
to a syn conformation (—136 + 30°). The ribose sugar pucker was
determined from analysis of H1’-H2’ coupling constants. Torsion
angles vg to v4 were derived from the analysis of COSY-DQF and
TOCSY experiments. Nucleotides with no COSY and no TOCSY cross-
peaks between H1’ and H2' protons were restrained to the C3’-endo
conformation (vg=6 + 15°, v{ = —25 + 15°, v =37 + 15°, v3=-37
+15°, v4 =21 + 15°). Nucleotides G7, U8, G9, A10, U17, C18, G25 and
A26 with cross-peaks in TOCSY and COSY spectra were classified as
C2'-endo (vo=—21+20° v1=35+20° v =-35+20° v3=24 +
20°, v4=—2 +20°).

2.5. Structure calculations

Structures were calculated with CNS (Crystallography and NMR
System) torsion angle molecular dynamics (TAMD) protocol for
nucleic acids using NOE and dihedral angle restraints [39]. One
hundred structures were generated from a randomized extended
strand. The first stage consisted of a high-temperature torsion angle
dynamics for 30 ps at 20 000 K with a van der Waals scale factor of
0.1. During the second stage, the molecules were cooled for 40 ps of
torsion angle dynamics with a van der Waals scale factor increased
from 0.1 to 1. In the third stage, molecules were submitted to a
second slow cooling for 35 ps in Cartesian space where the van der
Waals scale factor increased from 1 to 4. Finally, 10 Powell cycles of
energy minimization of 300 steps each were done.

In a second step, the structures were refined by adding RDC data
to the structural restraints. Axial (Da) and rhombic (R) components
of the aligned tensor were determined from structures calculated in
the absence of RDCs with zero violation on NOE distance (0.2 A) and
dihedral angle (5°). The initial alignment tensor was first estimated
from the best fit of observed RDCs to the calculated prefolded
structures, using PALES software [40]. An extensive grid search was
then used to determine optimal Da and R values which were
calculated at —12.5Hz and 0.45, respectively [41]. The prefolded
structures were next submitted to a calculation including RDC data.
The first stage consisted of a torsion angle dynamics for 10 ps at
300K with a van der Waals scale factor of 0.1. During the second
stage, the molecules were cooled for 9 ps of torsion angle dynamics
with a van der Waals scale factor increased from 0.1 to 1. The SANI
force constraint used for RDCs was gradually increased from
0.01 kcal mol~! Hz 2 to 1.00 kcal mol~! Hz 2. Finally, 10 Powell cy-
cles of energy minimization of 800 steps each were done. These
structures, with no violation and the best fit with RDC data, were

further refined using the nucleic acid force field to include opti-
mized potentials for liquid simulation (opls), charges and non-
bonded parameters [42]. Quality factors (Q) and root-mean-
square deviations (r.m.s) between input and calculated RDCs
were calculated with the PALES software for the 10 final converged
structures [43] (Table 1, Supplementary Table 1 and Supplementary
Fig. 2). Structures were visualized and analyzed with Pymol and
3DNA software packages [44,45].

2.6. NMR titration experiments

All titrations experiments were performed at 25 °C. Complexes
were formed by addition of protein to both unlabeled and *C/°N
labeled kt-U14 monitoring the imino protons region of 1D spectra
and 'H-1°N HSQC, respectively. Complexes were also formed by
stepwise addition of kt-U14 to protein monitoring the amide region
of TH-1N HSQC spectra. 1>N decoupling during acquisition time was
achieved using GARP composite pulse sequence.

2.7. Isothermal titration calorimetry

ITC experiments were performed using an ITC-200 microcalo-
rimeter (GE Healthcare). U14 RNA was synthesized using T7 RNA
polymerase as described above and extensively dialyzed against
the buffer used for ITC experiments. RNA sample was refolded by
heating at 95 °C (2 min) and snap-cooled at 4 °C. The protein Snu13
was expressed and purified as described above. The concentrations
of RNA sample in the cell and Snu13p in the syringe were 58 pM and
818 uM respectively. Titration experiments were performed at
30°C in 50 mM sodium phosphate buffer (pH 6.4) and 100 mM

Table 1
NMR restraints and statistics for the 10 converged structures.

Distance and dihedral restraints

Intra-residue distance restraints 299
Inter-residue distance restraints 243
Hydrogen bonding distance restraints 66
Total distance restraints 608
Torsion angle restraints for sugar pucker 150
Backbone angle restraints 91
Total angle restraints 241
Total restraints 849
Residual Dipolar Couplings 37

r.m.s. deviation from experimental restraints

Distance restraints (A) 0.0565 +0.0012

Dihedral restraints (°) 0.4929 +0.0037
Deviation from idealized geometry

Bond (A) 0.00583 + 0.00004

Angle (°) 0.9852 +0.0068

Impropers (°) 0.6598 +0.0045
r.m.s.d.? (A)

All atom 0.61+0.04

Heavy atom 0.56 +0.04

Backbone 0.58 +0.04
RDCs quality °

¢ 0.0777 +0.0006
r.m.s. ('Dyw) (Hz) ¢ 0.297 +0.009
r.m.s. ('Dcy) (Hz) ¢ 0.792 +0.022

2 Root mean square deviation + SD compared to the global average structure for
all structures.

b Quality of residual dipolar couplings (RDCs) data calculated with the PALES
software [43] reported after refinement with the nucleic acid force field to include
optimized potentials for liquid simulation (opls), charges and non-bonded param-
eters [42].

¢ Q: RDC Q-factor calculated according to Q = {;_1.n[dI°™(exp) - dM°™(calc)]?/
N}'2/D"™s with N being the number and measured and normalized couplings,
di°™(exp). D™, refers to root-mean-square value of RDCs for randomly distrib-
uted inter-nuclear vectors. Calculations of Q factors include both 'H-°N and 'H-'3C
RDCs.

d r.m.s: root-mean-square deviation between input and calculated RDCs.
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NaCl, under constant stirring at 750 rpm, with 25 x 1.5 pL injections
into 200 pL sample cell volume, with 3 min between injections.

Calorimetric data were first treated with NITPIC1.0.0a [46] then
analyzed with Origin7 (GE-Healthcare).

2.8. EMSA experiments

Yeast full-length U14 box C/D snoRNA was synthesized by
in vitro transcription with T7 RNA polymerase using as template a
PCR fragment carrying the S. cerevisiae snoRNA coding sequence.
After transcription, the RNA was dephosphorylated by treatment
with the Calf Intestinal Phosphatase and 5’-end labeled with the T4
polynucleotide kinase in presence of [y-32P] ATP. For electropho-
resis mobility shift assays (EMSA), 5 fmol of 3?P-radiolabeled U14
RNA (500 cpm) were mixed with increasing amount of recombi-
nant Snul3p in 10 uL of buffer D (20 mM HEPES-KOH, pH 7.9;
150 mM KCl; 1.5mM MgCl,; 0.2mM EDTA; 10% glycerol). After
incubation 20 min on ice, the RNA—protein complexes formed were
resolved by native gel electrophoresis at 4 °C.

3. Results and discussion
3.1. Resonance assignment of kt-U14
To identify the conformation adopted by the free C/D box

snoRNA U14 recognized by Snul3p, we set out to determine the
solution structure of the 31 nucleotides RNA (Fig. 1B and C). A

[Mg?] (mM)

10

thermo-stable UUCG tetraloop, followed by a C:G base pair on its 5’
side, was added to ensure proper folding of the RNA (Fig. 1C)
[47,48]. The terminal A:U and U:A base pairs present in the full-
length RNA were substituted with two G:C base pairs to improve
transcription yield (Fig. 1B and C).

The secondary structure was characterized by the analysis of 2D
NOESY and 'H-'"N HSQC experiments recorded in 90%/10% H,0/
D,0 at various temperatures (see Materials and Methods section;
Fig. 2, top). Watson-Crick "’N-H-'>N hydrogen bonds were directly
observed in heteronuclear J(N,N)-HNN COSY experiments per-
formed in H20 [30,31]. The imino proton chemical shifts of the
UUCG tetraloop are known and were used as a starting point for
imino protons assignment located in the NC stem [49]. The reso-
nances at 13.5 ppm and 14.1 ppm were assigned to U28-H3 and
U22-H3, respectively, further allowing the identification of
remaining imino protons in C and NC stems. As shown in Fig. 2
(top), in the region between 12 and 14 ppm, smaller resonances
arising from a second minor form are observable (indicated by a
star). Analysis of NOESY experiments did not allow its unambiguous
characterization. Finally, NMR spectra display broad resonances
between 9 and 12 ppm. Resonances at 9.4 ppm and 10.4 ppm were
assigned to G9-H1 and G25-H1, respectively, from analysis of
NOESY spectra recorded at 10°C. G9-H1 gives rise to NOE cross-
peaks with G9-H1' and A26-H8 while G25-H1 shows a correla-
tion with U24-H5 (Supplementary Fig. 1; discussed below). Inter-
estingly, the NH resonances of G9 and G25 are broad but
observable, at expected chemical shifts as previously reported

G19

T T T T T T T T T
14.0 135 13.0 125 120 115 11.0 105 100 95
5TH (ppm)

Fig. 2. The U14 snoRNA adopts a major expected conformation in equilibrium with a minor form disappearing upon magnesium addition. Imino protons region of 1D spectra
recorded at 15 °C in 50 mM phosphate buffer (pH 6.4) with 100 mM NaCl, in the absence of magnesium (top), in the presence of 5 mM Mg2* (middle) and 10 mM Mg?* (bottom). All
imino protons were assigned via sequential Nuclear Overhauser Effects (NOEs) observed in 2D-NOESY experiments. Imino protons of the UUCG apical loop which ensures a proper

folding of the RNA, resonate at the expected chemical shifts typically observed [47,48].
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[50—53]. Similarly, resonances at 9.6 ppm, 11.0 ppm and 11.7 ppm
could be assigned to U11, U24 and U16 respectively. U24 imino
proton exhibits weak connectivities with G12-H1 and U11-H3
(Supplementary Fig. 1).

Assignment of non-exchangeable protons and their directly
bound carbons and nitrogens were obtained using standard ho-
monuclear and heteronuclear 2D and 3D correlation experiments
('H, PN, 3¢, 31p) [32—34,36,37]. It is worth noting that the minor
form present in solution gave rise to a little number of weak in-
dependent NOE cross-peaks that did not interfere with NOE cor-
relations related to the major conformation. For this latter major
form, sequential H6/8-H1' connectivities observed in a classical
helix A were identified for all residues, except for G7, U8, G9, A10,
G25, A26 and the apical loop (described in section 3.2).

3.2. Three-dimensional structure of U14 snoRNA major
conformation

The three-dimensional structure of Ul4 snoRNA was deter-
mined using distance and dihedral torsion restraints and residual
dipolar coupling constants (RDCs) derived from NMR data recorded
at 25°C [38]. Structures were calculated using 608 NOE distance
restraints, 241 dihedral torsion restraints and 37 residual dipolar

(A)

(B)

coupling (RDC) constraints (Table 1 and Supplementary Table 1).
The overall structure is well-defined with a root-mean-square de-
viation compared to the global average structure (r.m.s.d.) of
0.56 +0.04 A (Table 1, Fig. 3). Back-calculated RDCs for the final 10
converged structures with the PALES software [43] show an
excellent agreement with the predicted values (Supplementary
Table 1 and Supplementary Fig. 2). The U14 snoRNA contains two
helical A-type segments, the C and NC stems and displays a kinked
shape of the phosphodiester backbone at the U8 nucleotide (apex of
the curvature), with a ¢ angle value of 27.7 + 0.6° (Fig. 3).

3.2.1. The internal loop adopts a conformation that slightly differs
from known K-turns

G6, G7 and U8 residues are not stacked continuously. G6 is in a
(C3'-exo and anti conformations as analyzed by the 3DNA software
[45]. Sequential H8-H1’ connectivity was observed with C5, as well
as several NOE contacts between G6-H8 and C5-H6, -H2’ and -H3/,
respectively. The G6 residue is stacked against the closing base pair
of the C-stem as it has been observed in other free RNA K-turns such
as U4 snRNA or B. subtilis tyrS T-box Leader RNA [53,54]. Analysis of
converged structures revealed that G6 could be stabilized by a
hydrogen bond involving G6(N2) and A26(02’) which average
distance is 3.49+0.06A, consistent with a water mediated

Fig. 3. Three-dimensional structure of U14 snoRNA. (A) Superimposition of 10 converged NMR structures. Bases and sugars are shown in light blue and the backbone in dark blue.
The bend between NC and C stems was calculated from the angle between the P nuclei of G12, U8 and G29 residues [54,80]. Structures were analyzed using PyMol and 3DNA
softwares [44,45]. (B) View of the internal loop. Broken lines indicate possible hydrogen bonds. Residues from the C-stem are shown in grey. The three nucleotides bulged G6, G7

and U8 are highlighted in dark blue. The NC-stem is shown in turquoise blue.



76 M.-E. Chagot et al. / Biochimie 164 (2019) 70—82

hydrogen-bond (Fig. 3). G7 is outside and devoid of stacking
interaction. A weak H8-H1’ connectivity with G6 was observed. The
G7-H1’ is shifted upfield to around 4.77 ppm, indicative of a
conformation that deviates from standard stacking (Supplementary
Fig. 3). The H1’/H2' cross-peak observable in COSY and TOCSY ex-
periments indicated a C2’-endo conformation of G7 sugar pucker,
whereas 8 and e were constrained to trans and gauche™ conforma-
tions respectively, as determined from analysis of HP-COSY and HCP
experiments. In the structures, the average distance between
G7(N7) and G7(02P) is 3.4 + 0.1 A which is compatible with a water
mediated hydrogen bond that could contribute to the stabilization
of G7. Finally, U8 is swung outside adopting a C2’-endo and syn
conformations with B and e torsion angles in trans and gauche”
conformations (Fig. 3). Only two inter-residue contacts involving
U8-H6 and G7-H4/, U8-H2’' and G7-H4' could be detected. U8 is
fully exposed to solvent and consequently provides an anchor for
Snu13p interaction. Interestingly, the substitution of this uridine by
another nucleotide completely abolishes the interaction with the
human protein [55]. In previous works, the binding of L7Ae-like
proteins has been described to open up the major groove of the
RNA exposing mainly the major groove edges of the conserved
guanine bases of the GeA pairs and projected out the third base of
the bulge (N3) [2]. In the case of kt-U14, the uridine is already
outside before the arrival of the protein which suggests a different
mechanism of recognition, contrasting with the U4 snRNA in which
the corresponding U is weakly stacked on the preceding A nucle-
otide (position Ny).

3.2.2. UlleU24 forms an asymmetric base pair

Nucleotides U11 and U24 are stacked at the 3’ side of the NC
stem in C3’-endo and anti conformations with e constrained to
gauche™ conformations, as determined by NMR experiments. U11
and U24 display broad imino protons indicative of weak hydrogen
bonds (Fig. 2). Nevertheless, several NOE contacts and dihedral
restraints, extracted from non-exchangeable proton NMR data,
place U11 and U24 unambiguously stacked inside. Sequential H8/6-
H1’ connectivities were observed between G12 and U11, and U24
and C23. In addition, U11-H1’ and U24-H2’ exhibit upfield chemical
shifts at 4.61 and 3.62 ppm respectively, as similarly observed in the
case of B. subtilis tyrS T-box Leader RNA (Supplementary Fig. 3) [53].
Finally, the hydrogen bond pattern was established using chemical
shift data [53]. A 2D HCC experiment that shows pyrimidine H5-C4
correlations, pointed out that U24-C4 is shifted upfield while U11-
C4 exhibits an usual chemical shift (Fig. 4) [35]. These data support
that Ul1eU24 forms an asymmetric base pair with the hydrogen
bond pattern U11(H3)-U24(02) and U11(04)-U24(H3) [53].

3.2.3. A tandem sheared GeA base pairs is formed through a weak
hydrogen bonds network

Several NOE contacts positioned G9, A10, G25 and A26 stacked
inside in C2’ endo and anti conformations, except for A10 which is in
C1’ exo conformation. NMR data sustain the existence of the tandem
sheared GeA base pairs. First, as mentioned above, G9-H1 and G25-
H1 are observable at expected chemical shifts, as it has been pre-
viously described for GeA sheared base pairs [50—53]. As measur-
able in the ensemble of structures, G25-H1 could be involved in
water-mediated hydrogen bond with G9-02’ (average distance:
4.6 +0.1 A). Surprisingly, G9-H1 is visible although it is not involved
in hydrogen bonding, which is reminiscent with the observation
made in the free U4 RNA [54]. HNN experiments failed to provide
direct evidence of the formation of the sheared GeA base pairs,
which is consistent with a weak hydrogen bond network as previ-
ously reported [53]. However, analysis of the first converged struc-
tures with no hydrogen bond constraints for G9eA26 and A10eG25
revealed that they adopt a GeA sheared base pair conformation.
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Fig. 4. U11eU24 forms an asymmetric base pair with the hydrogen bond pattern
U11(H3)-U24(02) and U11(04)-U24(H3). 'H-*C HCC experiment was recorded at
25°C in 50 mM sodium phosphate buffer and 100 mM NaCl. H5-C4 correlations are
observable for pyrimidine residues [35]. H5 protons assignments were achieved from
analysis of NOESY and MLEV experiments recorded in the same conditions. The residue
U24-(C4, highlighted with an arrow, exhibits an upfield chemical shift in comparison to
other U-C4.

Hydrogen bonds were consequently progressively added during the
calculation. In addition, unusual chemical shifts and NOE cross-
peaks characteristics of this motif are observable. Indeed, the H1’
resonance of the residue 3’ to the A involved in a sheared GeA base
pair has been reported to exhibit an upfield chemical shift, as seen
for U11-H1’ stacked against the sheared A10eG25 (Supplementary
Fig. 3) [56]. In addition, U24-H2' and A26-H2’ are shifted upfield
at 3.62 and 4.95 ppm respectively, while A26-H1/, G9-H2’ and G25-
H2' are shifted downfield at 6.34, 5.07 and 4.95 ppm, respectively
(Supplementary Fig. 3). Similar chemical shifts have been reported
in the B. subtilis tyrS T-box Leader RNA [53]. Strong cross-strand
NOEs corresponding to a distance shorter than 3.5A are observ-
able between A26-H2 and G6-H1/, and A26-H2 and A10-H1’ (Fig. 5).
In the final ensemble of 10 structures, the corresponding distances
are 29+0.1A and 2.8+0.1A, respectively (Table 2). Notably, as
shown in Table 2, such spectral signature would not be observed in a
more extended conformation as observed for kt-U4 (Fig. 6). Less
intense cross-strand NOEs involving the following atom pairs A26-
H1’/G27-H1’ and A26-H1’/A10-H1’ were also identified (Fig. 5).
The corresponding distances in the ensemble of structures are
31+0.1A and 4.6+ 0.1 A, respectively (Table 2). Analysis of struc-
tures also shows that G9 and G25 are involved in a base-stacking
interaction together, as well as A10 and A26 (Fig. 3). Finally, the
typical predicted hydrogen bond found in K-turn motif, between the
2'-OH of the position 1 and the N1 of position 7 (Fig. 1A), is observed
for G6 and A26 residues (Fig. 3) [52]. The measured distance be-
tween A26-N1 and G6-02' is 2.9+ 0.1 A in the ensemble of struc-
tures, which is compatible with the formation of a direct hydrogen
bond (Fig. 4). Notably, this K-turn signature is not visible in the U4
snRNA structure where the corresponding distance is measured at
4.8+0.1A. All these observations sustain that U14 adopts a major
conformation close to bound RNA K-turn but with a weak hydrogen
bond pattern. The ¢ angle between C- and NC-stems in U14, which
value is 27.7 + 0.6°, is similar to angles observed in bound U3 B/C
box and archaeal C/D box RNP (Fig. 6). Unbound U4 and tyrS RNAs
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Fig. 5. NOE characteristics of a K-turn structure. Zooms of 2D NOESY spectra recorded
at 25 °C, with a mixing time of 400 ms, in 50 mM sodium phosphate buffer (pH 6.4)
with 100 mM NaCl in 99.9% D,0. NOE features of the K-turn structure are indicated
with broken lines.

exhibit larger ¢ angles values which are respectively 70.4 + 1.7° and
67.5 +0.6°, corresponding to more extended conformations. These
K-turns will be unfolded up to the partner is bound, a classic
example of induced fit. It has been reported that a free RNA con-
taining a K-turn sequence could be effectively subjected to a dy-
namic exchange with two-state equilibrium between a tightly
kinked K-turn structure or a more relaxed form typical of any three-
base bulge with a different relative proportion depending on the
type of K-turns and the chemical environment [57]. By contrast, U14
is already pre-folded in a K-turn structure dominated by a weak
hydrogen bond network, thus favouring the interaction with Snu13
core protein. It has been effectively reported that the recombinant
human SNU13 protein displays a better affinity for the U14 snoRNA.
Watkins and collaborators performed gel mobility shift assays of U3,
U14 snoRNAs and U4 snRNA with increasing concentrations of re-
combinant human SNU13 protein to obtain apparent Kp of 30, 8 and
20 nM respectively [3]. In any case, k-turns function as an RNA-
protein platform to generate large RNPs in cellular context.

3.3. Effect of magnesium on U14 structure

Since Mg?" ions are involved in RNA folding, we examined its
impact on U14 structure. NMR titrations monitoring exchangeable,
aromatic and sugar protons were performed to detect potential
Mg?* binding sites by chemical shift perturbation analysis. As
shown in Fig. 2, slight NH chemical shifts variations are observable
upon magnesium addition, with the exception of G25-H1 that un-
dergoes broadening. Interestingly, NH resonances arising from the
minor form present in solution disappeared with increasing con-
centration of magnesium. H5-H6 cross-peaks in MLEV experiment

Table 2

also pointed out that the weaker supplementary correlations arising
from the minor form undergo broadening upon magnesium addi-
tion (Supplementary Fig. 4). U-H6 and C-H6 chemical shifts varia-
tions are generally limited to less than 0.07 ppm. C8-H8, C2-H2 and
C1’-HY’ cross-peaks undergo chemical shift changes limited to less
than 0.15 ppm for both 3C and 'H (Supplementary Fig. 5).

Our NMR results indicate that magnesium addition did not
induce significant changes in spectra, with the exception of
broadening of the resonances arising from the minor fraction (Fig. 2
and Supplementary Figs. 4 and 5). Previous studies have demon-
strated that the K-turn motif can exist in linear and bent confor-
mations and that this equilibrium can be displaced upon Mg?*
binding [58—60]. Unfortunately, our data did not allow the char-
acterization of the minor form of U14. Although this latter is not
visible, we cannot exclude that this second conformation is still
present in solution.

3.4. Interaction with Snul3p

We first examined the interaction of Snu13p with U14 snoRNA
in the wider context of the full-length RNA using EMSA experi-
ments. The RNA binds the protein and caused a band shift variation
that increased with increasing amounts of Snu13p (Fig. 7A). The
apparent Kp value was estimated at 0.1 pM. We next used ITC to
more accurately determine the affinity between our NMR construct
and the protein (Fig. 7B). The affinity of Snu13p for kt-U14 was
calculated to have a Kp value of 0.15 + 0.06 uM, which is in good
agreement with the value measured by EMSA experiment with the
full-length RNA.

NMR was then used to structurally investigate Snu13p binding
to kt-U14 RNA. Chemical shift perturbations of imino protons were
first monitored upon protein binding. Unlabeled Snu13p addition
induced several changes in the imino proton region (Fig. 8A). Imino
protons in the Snul3p:RNA complex were assigned from the
analysis of 2D NOESY and 'H->N HSQC experiments, with the
exception of G9-H1 and G25-H1 that could not be unambiguously
discriminated at 10.2 and 11.5 ppm, and new resonances between
11.34 and 11.67 ppm (Fig. 8A). Notably, resonances arising from the
minor form disappeared during the complex formation. Interest-
ingly, previous real-time binding experiments established a passive
model of conformational selection in which the protein selects an
already folded RNA fraction, then resulting in equilibrium shift
towards this form [61]. Imino protons from C- and NC- stems are
slightly shifted (less than 0.09 ppm) which correlates with inter-
molecular contacts already described between the C-terminus a2
helix of Snu13p and the phosphate backbone [2]. G12-H1 and G27-
H1 are shifted downfield (0.12 ppm), and are more affected, as they
are located at the junction of essential elements for protein
recognition. Based on reported assignment of >N-labeled Snu13p
(BMRB: 15412 [62]), NMR titration experiments by adding
increasing amounts of unlabeled U14 to the N-labeled Snu13p
were also performed. The three-dimensional structure of the yeast
Snu13p folds into a a-B-a sandwich which shows a perfect con-
servation with the structures of the L7Ae archaea protein [63—66]

Summary of distances between atom pairs observed for U14 snoRNA from S.cerevisiae compared to classical K-turns. Residues located in the internal bulge are numbered
according to Figs. 1 and 6. Standard deviations are indicated for structures determined by NMR.

Structure (PDB code) 7(H2)/1(H1") 7(H2)/5(H1’) 7(H1)[-2(H1") 7(H1’)/5(H1")
U14 29+0.1A 28+0.1A 31+0.1A 46+01A
2xeb (Spliceosomal U4) 50+0.1A 5.1+00A 38+02A 9.1+0.1A
2kzl (B. subtilis) 71+0.1A 2.7+02A 49+0.1A 46+0.0A
5jpq (90S pre-ribosome) 47A 43A 2.8A 41A

1rlg (A. fulgidus) 30A 2.8A 26A 42A
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Fig. 6. Comparison of the free U14 structure with bound and unbound known K-turn motifs. The bend between NC- and C-stems is analyzed. (A) Sequences and secondary
structures of several unbound and bound K-turns. (B) Angles ¢ between each stem are calculated from the angle between the P nuclei of nucleotides indicated in blue in the
sequences, as previously described [54,80]. Residues from the C-stem are shown in grey. The three nucleotides bulged G6, G7 and U8 are highlighted in dark blue. The NC-stem is

shown in turquoise blue.

(Fig. 7C; PDB Id: 2ALE). The E39 amino acid located in the a2 N-
terminal of Snu13p described to make specific contacts with the
conserved GeA pairs is shifted upon interaction with kt-U14, which
correlates with the shift of G9 and G25 at 10.2 and 11.5 ppm
(Figs. 7C, 8A and 8B). Snu13p has been also shown to recognize the
N, and N; nucleobases of the bulge (G6 and G7 for kt-U14),
essentially by covering them with a @4-f4 hydrophobic loop
(motif VSRP) [2]. In addition, the pocket involving E59, R84, 163 and
198 is known to stabilize the protruding Ns-residue (U3 for kt-C/D
and kt-U4, U8 for kt-U14) [2,67]. The mutation of the E59 residue
completely abolished the viability of the yeast cells [68]. Thus, the
additional resonances between 11.34 and 11.67 ppm could corre-
spond to imino protons from G6, G7 and U8 residues in the internal
loop, which are known to be protected upon Snu13p binding. In our
NMR experiments, E59, R84, 163 and 198 residues are effectively
shifted upon interaction with kt-U14 (Figs. 7C and 8B).

NMR experiments pointed out that the binding of Snu13p to the
pre-folded kt-U14 induces the strengthening of the hydrogen bond
network, as clearly witnessed by the Ul1eU24 base pair, the
enhancement of imino proton resonances intensities and the
appearance of additional imino protons (Fig. 8A). Our results also
show that the interaction occurs through the conserved reported
interface of the protein. Further experiments will be necessary to
establish the detailed and specific molecular principles of Snu13p
binding to U14 snoRNA.

4. Conclusive remarks

In this work, we described the structure adopted by a major
fraction of the kt-U14 RNA in the absence of protein and divalent
ions. Our NMR studies reveal that free U14 RNA adopts a pre-folded

conformation similar to known bound K-turn such as the one
formed by the B/C motif in U3 snoRNA (kt-U3B/C) or in the archaeal
C/D box. In contrast to these latter RNAs, the structure of the free kt-
U14 is dominated by a weak hydrogen bond network in its central
region. The sharp kink of the phosphodiester backbone observed
differs from the structure of the free kt-U4 also obtained by NMR in
comparable saline conditions. The bulged nucleotides are not
stacked and the uridine is projected out providing a platform for
protein interaction. This structure of U14 is the first example of a
pre-formed K-turn C/D box snoRNA.

4.1. K-turn motifs of C/D box snoRNA family

Previous experiments of chemical and enzymatic modifications
in solution showed that the naked kt-U4 and kt-U3 C'/D are in
equilibrium between two more or less compact conformations of a
preformed helix-loop-helix structure, and that Snul3p binding
displaces the equilibrium toward the bound form of K-turn [13,69].
Interestingly, this helix-loop-helix structure does not pre-exist in
the case of the naked kt-U3B/C, indicating that Snu13p can favour
the RNA folding by induced-fit [13]. However, the kt-U3B/C
sequence is highly conserved and Snul3p binding showed very
little tolerance towards mutations, suggesting that a high selection
pressure on the kt-U3B/C sequence could have been necessary to
conserve the induced-fit upon Snul3p binding [13,70,71]. By
contrast, the kt-U3C'/D, which is partially preformed, corresponds
to a degenerated C/D motif and exhibits a very low affinity for
Snu13p [13]. Recently, we have shown in vitro that this low affinity
can be compensated, at least partially, by the assistance of the
trans-acting factor Rsalp [72]. Rsalp is a central protein of a ma-
chinery dedicated to box C/D snoRNP assembly and it primarily
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Fig. 7. Interaction with the Snu13 core protein. (A) Electrophoretic Mobility Shift Assays of full-length radioactively labeled U14 snoRNA at 0.5 nM with increasing concentration of
the Snu13 core protein. (B) ITC experiment profile of the U14 (31-nt) titration by Snu13 protein. Raw data are shown on the top and integrated data on the bottom. (C) Three-
dimensional structure of Snu13p using cartoon representation (PDB Id: 2ALE [66]). Residues cited in the text are highlighted.

binds to Snul3p [25,73,74]. Our data suggested that electrostatic
contacts of Rsalp with the RNA phosphate backbone may signifi-
cantly increase the interaction surface between the protein sub-
complex and the snoRNA to thermodynamically favour the U3 C'/
D RNP formation [72]. Compared with these two well documented
examples, the kt-U14 represents the first structural reference for
the family of canonical C/D motifs and appears now as an additional
paradigm, since it exhibits both, an optimal sequence and a pre-
bound folded state that, combined together, likely explain its sta-
tus of high-affinity binding site for Snu13p. By comparison with this
canonical example, it will be interesting in the future to conduct
structural investigations on non-canonical k-turns, such as poorly
conserved C/D motifs or internal box C'/D' motifs. Indeed, the
absence of some specific structural features could explain the
requirement of an external scaffold, like Rsa1p, in order to preserve
the assembly of entire and functional particles.

4.2. Genomic organization of snoRNP constituents and
riboregulation

In contrast to its mammalian orthologue, yeast U14 (or SNR128)
gene is not intron encoded but located only 67 nucleotides

downstream from another box C/D snoRNA gene, SNR190 in dicis-
tronic independent transcription unit [75]. Therefore, snR190 and
U14 snoRNAs are co-transcribed as a bicistronic functional pre-
cursor which is processed by the RNA endonuclease Rntlp to
liberate individual mature transcripts. Unlike the U14 snoRNA, the
snR190 snoRNA has not been shown as active for methylation. In
this context, the presence of a kinked conformation in the U14 from
the free state (unlike the other K-turns), may suggest a faster
interaction kinetics with Snu13p. In addition, the identification of
the precise sequences of the boxes C' and D' will allow their
structural characterization (Fig. 1) [18]. It would be interesting to
know the conformational type of this K-turn and its possible dif-
ference in kinetic and thermodynamic properties with C/D boxes
could be essential for the snoRNP U14 assembly and its function.
The K-turn structures are present in the 5-UTR of multiple
genes encoding proteins required in snoRNP assembly. As exam-
ples, in archaea, L7Ae binds the mRNA of its own gene, folds the K-
turn and stabilizes the stem-loop that would occlude the ribosome
binding site, thus preventing translation [76]. In the mRNA of a
dicistronic gene encoding box C/D proteins NOP5 and Fibrillarin
and in the CBF5 gene that encodes the pseudo-uridine synthase of
the H/ACA snoRNP, putative k-turns have been identified [77]. In
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Fig. 8. Interaction between U14 RNA and the Snu13 core protein investigated by NMR. (A) Imino-proton region spectra recorded at 25 °C in 50 mM sodium phosphate buffer in 90%/
10% H,0/D,0 at pH 6.4, with 100 mM NaCl. The assignment of imino protons based on analysis of NOESY experiments is indicated for the free RNA (top, black) and the U14:Snu13p
complex (middle, blue). On the bottom: overlay of 'H-'>N HSQC spectra showing imino protons H1-N1 and H3-N3 of the free RNA (black) and the RNA in complex with Snu13p
(blue). Tentative assignments are indicated in italic. (B) Overlay of 'H-">N HSQC spectra showing the free Snu13p (black) and in complex with kt-U14 (blue). Spectra were recorded
at 25 °C in 50 mM sodium phosphate buffer at pH 6.4 and 100 mM NaCl. Residues from Snu13p that have been reported to make specific contact with RNA are highlighted in bold.
Arrows indicate chemical shift changes upon binding. E39, E59 and 163 (left insets) undergo large chemical shifts variations upon binding to kt-U14. 198 disappears upon binding

and could not be assigned in the complex.

human, some box C/D snoRNA k-turns are subject to probable
regulation by Né-methylation of one adenine of the sheared base
pair (Az Fig. 1A) [78]. Indeed, this methylation negatively interferes
directly with the interaction between SNU13 and box C/D and C'/D’
k-turns. Altogether, these data suggest that the association between
the SNU13/Snu13/L7Ae protein and k-turns is a keystone for con-
trolling the assembly of many cellular RNPs and their downstream
processes.
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Atomic coordinates have been deposited in the Protein Data
Bank (PDB ID code: 6HYK) and the NMR data in the Biological
Magnetic Resonance Bank (BMRB access code: 34321).
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