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ABSTRACT

Polyglutamine (polyQ) diseases are a type of in-
herited neurodegenerative disorders caused by
cytosine—adenine—guanine (CAG) trinucleotide ex-
pansion within the coding region of the disease-
associated genes. We previously demonstrated that
a pathogenic interaction between expanded CAG
RNA and the nucleolin (NCL) protein triggers the nu-
cleolar stress and neuronal cell death in polyQ dis-
eases. However, mechanisms behind the molecular
interaction remain unknown. Here, we report a 1.45 A
crystal structure of the r(CAG)s oligo that comprises
a full A’-form helical turn with widened grooves.
Based on this structure, we simulated a model of
r(CAG)s RNA complexed with the RNA recognition
motif 2 (RRM2) of NCL and identified NCL residues
that are critical for its binding to CAG RNA. Com-
bined with in vitro and in vivo site-directed mutagen-
esis studies, our model reveals that CAG RNA binds
to NCL sites that are not important for other cellu-
lar functions like gene expression and rRNA syn-
thesis regulation, indicating that toxic CAG RNA in-
terferes with NCL functions by sequestering it. Ac-
cordingly, an NCL mutant that is aberrant in CAG
RNA-binding could rescue RNA-induced cytotoxicity
effectively. Taken together, our study provides new
molecular insights into the pathogenic mechanism
of polyQ diseases mediated by NCL-CAG RNA inter-
action.

INTRODUCTION

Polyglutamine (PolyQ) diseases are a type of heterogeneous
hereditary neurodegenerative disorders (1,2). The causative
mutation of polyQ diseases is the uninterrupted genomic ex-
pansion of trinucleotide cytosine—adenine-guanine (CAG)
repeats in the coding region of the disease genes (3,4). To
date, nine types of neurological diseases have been char-
acterized and classified as polyQ diseases: spinal and bul-
bar muscular atrophy (SBMA) (5), Huntington’s disease
(HD) (6), dentatorubral-pallidoluysian atrophy (DRPLA)
(7), and six types of spinocerebellar ataxias (SCA1, SCA2,
SCA3, SCA6, SCA7 and SCA17, respectively) (8). The
presence of CAG-repeated expansion in the mutant allele
leads to the production of both elongated CAG RNAs
and polyQ proteins in the patients. The misfolding and ag-
gregation of polyQ proteins cause cellular toxicity in pa-
tients with polyQ diseases. However, growing evidence has
demonstrated that the expanded CAG RNAs contribute to
disease pathogenicity in a dominant manner by disrupting
normal cellular processes (2,9).

Nucleolin (NCL) is an evolutionarily conserved protein
that is predominantly localized in the cell nucleolus and
regulates various cellular events, such as transcription, ri-
bosomal biogenesis, mRNA stability and protein transla-
tion, by binding to different RNA targets (10-15). The dys-
regulation of NCL has been implicated in many pathologi-
cal conditions, such as cancer (16-18) and neurodegenera-
tive diseases (19-21). We and others have reported that the
expanded CAG transcripts in polyQ diseases (22,23) and
the GGGGCC RNA repeats in COALS/FTD (24-26), re-
spectively, interact with RNA-binding proteins, including
NCL, to trigger toxic RNA pathogenicity. In polyQ dis-
eases, expanded CAG RNA sequesters NCL, thus inhibit-
ing ribosomal RNA (rRNA) transcription. The suppres-
sion of rRNA synthesis impairs ribosomal biogenesis (27),
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eventually triggering nucleolar stress and p53-mediated cell
apoptosis (22,27,28).

Given the essential role of the interaction between NCL
and expanded CAG RNAs in the pathogenesis of polyQ
diseases, elucidating structural mechanisms underlying the
interaction between CAG RNA repeats and NCL can be
beneficial for therapeutic development. The human NCL
protein consists of 710 amino acids, and it can be divided
into three functional domains: an N-terminal domain con-
taining several stretches of acidic amino acids, a central do-
main carrying four RNA recognition motifs (RRMs), and
an arginine/glycine-rich C-terminal domain (29-31). Our
previous study reported that the RRM2 and RRM3, but
not RRM1 and RRM4, of NCL are vital for the direct in-
teraction with expanded CAG RNA (22). However, the de-
tailed molecular mechanism through which mutant CAG
RNA interacts with NCL remains largely elusive.

Studies have attempted to uncover the pathogenic roles
of trinucleotide repeat RNAs by determining their three-
dimensional structures. CAG repeat-containing transcripts
would fold into stable hairpin structures that recruit RNA-
binding proteins and form ribonucleoprotein complexes in
cells (32,33). However, due to the high content of CAG re-
peats, the potential conformational heterogeneity of hair-
pin long stretches of CAG trinucleotides makes it difficult
for X-ray crystallographic studies. To date, all the existing
3D structures of trinucleotide repeats, including (CUG),
(34-36) and (CAG), (37-40), adopt double-stranded heli-
cal structures. In this study, we solved the structure of CAG
RNA containing five repeats and investigated the molecu-
lar mechanisms underlying its interaction with NCL. Next,
we built a molecular model of the complex of NCL-
RRM2:CAG RNA and validated it both in vitro and in
vivo. Furthermore, we confirmed that the NCL residues in-
volved in the interaction between CAG RNA and NCL
are dispensable for its normal functions in the regulation
of gene expression and rRNA synthesis. This finding in-
dicated that CAG RNA sequesters NCL, instead of com-
peting with its cognate substrates, during the pathogenesis
of polyQ diseases. Taken together, our work provides novel
insights into how CAG RNA interacts with NCL at the
molecular level and opens up a new opportunity for ther-
apeutic development to combat the RNA toxicity of polyQ
diseases.

MATERIALS AND METHODS
Crystallization, data collection and structure determination

The rGGGC(CAG)sGUCC, referred to r(CAQG)s oligomer,
was purchased from Integrated DNA Technologies, Inc.
The r(CAG)s oligomer was dissolved in diethylpyrocarbon-
ate (DEPC)-treated water to the final concentration of 1.2
mM. Prior to crystallization, the oligomer was heated at
75°C for 10 min and cooled slowly to room temperature
within 3 h. Crystals were obtained from the condition of
100 mM HEPES (pH 7.5), 1.6 M (NH4),SO4 and 10% PEG
400 at 16°C using vapor diffusion method. X-ray diffrac-
tion data were collected on the beamline TPS 05 at National
Synchrotron Radiation Research Center (NSRRC) in Tai-
wan. The HK1.2000 program (41) was applied for data pro-
cessing.

Table 1. X-ray crystallographic data collection and refinement statistics

Data collection r(CAG)s RNA

Data collection source TPS 05
Wavelength (A) 1.0000
Resolution (A) 30.70-1.45
No. of measured reflections 223072
No. of rejected reflections 1270
Space group H32
Cell dimensions

a, b, c(A) 47.21,47.21, 185.98
a, B,y (A) 90, 90, 120
Rsym 0.04 (0.33)
1/o; 58.1 (6.6)
Completeness (%) 99.7(100)
Wilson B-factor (A) 12.5
Refinement

Resolution (A) 22.28-1.45
No. of unique reflections 14676
Ryork/ Riree 0.195, 0.208
No. of atoms 601
Water . 107
Average B-factor (A) 19
RMS deviations

Bond length (A) 0.004
Bond angles 0.929

The RNA structure was solved by molecular re-
placement using the Phaser program embedded in the
PHENIX suite (42), manually revised using Coot (43),
and further refined using PHENIX (42). The truncated
rUUGGGC(CAG);GUCC structure (PDB code: 4YNG6)
(40) was used as a search model. The 3DNA program
(44,45) was used to calculate the helical parameters of the
RNA structure. Data collection and refinement statistics are
summarized in Table 1. All structural figures were drawn by
the software PyYMOL. The coordinate was deposited in the
Protein Data Bank (PDB) with an accession code of 7VFT.

Construction of plasmids and RNA interference

The pcDNA3.1(+)-SI-MJDc467s and pcDNA3.1(+)-
SCA2 ¢ 464 constructs were previously described (22,46,47).
To generate pEGFP-NCL"", the NCL DNA sequence was
amplified from the HEK293 cDNA template. The DNA
fragment was subsequently cloned into pEGFP-CI vector
using Kpnl and BamHI. To generate the construct of
pET156-NCL-RRM?2/3, the NCL-RRM?2/3 fragment was
amplified and subcloned into pETI15b vector using Ndel
and BamHI. The NCL-RRM?2/3 mutant constructs that
include a double mutant (K427A /K429A), a single mutant
(Y433A), and a triple mutant (K427A/K429A/K437A)
were generated by site-directed mutagenesis and PCR
cloning. The NCL-RRM?2/3 mutant constructs used for
the interaction study were purchased from GenScript
(Supplementary Table S1). The pEGFP-NCLMT con-
struct was generated via a two-step PCR cloning. In
the first-round PCR, the NCL (1-387) and NCL (560—
710) fragments were amplified from pEGFP-NCL"7;
the NCL-RRM?2/3MT fragment with multiple mutations
(K398A, Y402A, K424A, K427A, K429A, and R457A)
was amplified from pETI15b-NCL-RRM2/3MT  In the
second-round PCR, the above fragments were mixed and
used as templates for generating the full-length NCLMT



fragment using primers NCL-1-F and NCL-710-R. The
full-length NCLMT insert was then subcloned into p EGFP-
C1 vector (Clontech) using Kpnl and BamHI. The detailed
sequences of the primers used in this study are listed in
Supplementary Table S2.

Three NCL siRNAs were purchased from Sangon
Biotech. Their sequences are 5-GCAGCCUGUAUUC
UGGAUATT-3, 5-GGACAUUCCAAGACAGUAU
TT-3' and 5-GAGUUGAGUGAUAGAGCUATT-3'.
Non-targeting siRNA (D-001210-01-50) was purchased
from GE Dharmacon, which was used as a control.

Protein expression and purification

Wild-type and mutant proteins of human NCL-RRM?2/3
were purified by similar protocols. Optimal protein ex-
pression condition was obtained from E. coli strain BL21
(DE3). Cells were harvested and lysed by sonication in
buffer containing 25 mM Tris—HCI (pH 8.0), 300 mM NacCl,
20 mM imidazole, 5% glycerol, 1 mM benzamidine and
1 mM phenylmethylsulfonyl fluoride (PMSF). The super-
natant was subjected to Ni**-NTA column and subsequent
eluate was further polished by gel filtration chromatogra-
phy (Superdex-75 16/60 GL, GE Healthcare) and monoQ
GL column (GE Healthcare). The final purified protein was
kept in buffer containing 20 mM HEPES (pH 7.4) and 100
mM KCI. All the buffers used were prepared in DEPC-
treated water.

Electrophoretic mobility shift assay

Electrophoretic mobility shift assays (EMSAs) were con-
ducted as previously described (48,49). SCA2c4642 RNA
was synthesized by the MEGAscript® kit (Ambion) fol-
lowing the manufacturer’s protocol (22). Prior to the
EMSA, SCA2c464> RNA was first denatured at 90°C for
10 min and then refolded at 37°C for 50 min. Wild-type and
mutant NCL-RRM?2/3 proteins were prepared in buffer in-
cluding 20 mM HEPES (pH7.4) and 100 mM KCI. Reac-
tions were assembled in a final volume of 5 pl containing
166 nM SCA2c4642 RNA, 20 mM HEPES (pH 7.4), 100
mM NaCl, 0.5 pl RNaseOUT Recombinant Ribonuclease
Inhibitor (Thermo Fisher Scientific), and different concen-
trations of wild-type and mutants of NCL-RRM2/3. The
reaction mixtures were then incubated at 25°C for 1 h. The
samples were analyzed on 2.3% agarose gels and the results
were visualized and recorded under Gel Doc XR + system.

For an apparent Ky determination of the protein—-RNA
complex, a set of equilibration reaction mixtures were as-
sembled by adding various amount of NCL-RRM2/3 to a
fixed concentration of SCA2 4642 RNA. Different concen-
trations of NCL-RRM?2/3 obtained by serial dilution were
incubated with 92 nM of SCA2 4642 RNA at 25°C for 1 h.
The data were analyzed using GraphPad Prism 8.0 to per-
form non-linear regression.

Circular dichroism spectroscopy

All circular dichroism (CD) measurements were conducted
by using a JASCO J-810 spectrometer with a peltier tem-
perature controller. Wild-type and mutant NCL-RRM2/3
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proteins were prepared in 10 mM sodium phosphate (pH
7.4). Each CD spectrum was recorded at 25°C in the 190-
260 nm range with 1 s response time and 1 nm bandwidth,
and a scanning speed of 50 nm/min. The final spectrum was
the average of three accumulations.

Molecular docking

The docking of NCL-RRM2 to CAG RNA was con-
ducted using the data-driven flexible docking server
HADDOCK 2.2 (50) (https://alcazar.science.uu.nl/services/
HADDOCK?2.2/). The model of NCL-RRM2, prepared
from the NCL-RRM1/2 structure (PDB code: 2KRR),
was input as the protein template whereas our r(CAG)s
RNA structure (PDB code: 7VFT) was served as the RNA
template. To generate the ambiguous interaction restraints
(AIRs) for driving the docking, residues K427 and K429
were defined as active residues of NCL-RRM2 based on
our EMSA results, while A-A base pairs from the central 3-
CAG-repeats of r(CAG)s RNA were input as active residues
based on previous findings that NCL binds specifically to
A-A base pairs (22). Passive residues which are solvent-
accessible surface neighbors to the active ones were defined
by the HADDOCK server automatically. All HADDOCK
attempts were conducted with 1,000 rigid body solutions
and with ten times of rigid body minimization. The best 200
structures were subjected to semi-flexible refinement fol-
lowed by water refinement. The final structures were applied
to cluster analysis using the Fraction of Common Contacts
(FCC) with a cutoff value of 0.75 and a smallest cluster size
of 4.

Cell culture, plasmid transfection and siRNA transfection

SK-N-MC cells (American Type Culture Collection) were
cultured in the Dulbecco’s Modified Eagle Medium con-
taining 10% fetal bovine serum (FBS) and 1% penicillin-
streptomycin in a 37°C incubator with 5% CO,. All plas-
mid transfections were carried out by using Lipofectamine
2000 (Thermo Fisher Scientific). All siRNAs were trans-
fected with Lipofectamine® RNAIMAX (Thermo Fisher
Scientific) transfection reagent.

RNA extraction, reverse transcription PCR and real time
PCR

RNA was isolated from cells by using TRIzol reagent
(Thermo Fisher Scientific) and treated with DNase 1
(Thermo Fisher Scientific) to remove contaminant genomic
DNA before reverse transcription PCR. Purified RNA
(0.5 pg) was used for reverse transcription (ImPromlII Re-
verse Transcription System, Promega). Random hexamer
(Thermo Fisher Scientific) or Oligo(dT) (Thermo Fisher
Scientific) was used during the reverse transcription. Real
time PCR was conducted on a Bio-Rad CFX96 Real Time
PCR system by using TagMan® probes to quantify gene
expression as previously described (22). Probes used in
the assays are listed: Human pre-45s rRNA (Assay ID:
AILJIZM) and Human actin (Assay ID: Hs99999903_m1).
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Protein sample preparation and western blotting

All protein samples were prepared from SK-N-MC cells
by using SDS lysis buffer (100 mM Tris—-HCI, pH 6.8, 2%
SDS, 40% glycerol, 5% B-mercaptoethanol and 0.1% bro-
mophenol blue). Samples were pre-heated at 99°C for 10
min before loaded onto a 12% SDS-PAGE gel. Primary
antibodies used in this study were: anti-nucleolin 3G4B2
(Sigma-Aldrich; 1:1000) for endogenous NCL, anti-GFP
(JL-8, Clontech; 1:2000) for EGFP-NCL, anti-Aktl (B-1,
Santa Cruz; 1:1000) for Aktl, anti-p53 (1C12, Cell Sig-
naling Technology; 1:2000), anti-B-tubulin (E7, Develop-
mental Studies Hybridoma Bank; 1:5000). HRP conjugated
Goat anti-Rabbit IgG (H + L) (11-035-045) and HRP con-
jugated Goat anti-Mouse IgG (H + L) (115-035-062) sec-
ondary antibodies (Jackson ImmunoResearch) were used
at 1:5000. The chemiluminescence signal was developed us-
ing Immobilon Forte Western HRP substrate (Merck Mil-
lipore), and the images were captured and processed using
ChemiDoc™ Touch Imaging System (Bio-Rad).

Protein immunoprecipitation (IP) with subsequent RNA de-
tection

SK-N-MC cells were seeded on 6 cm-dishes with a den-
sity of 1.6 x 10° cells/dish. When reaching 80-90% con-
fluence, cells were transfected with 6 wg of pcDNA3.1(+)-
S1-MJD ¢467¢ and an equal amount of either pEGFP-NCL
or pEGFP control plasmids simultaneously using Lipofec-
tamine 2000 in accordance with the manufacturer’s instruc-
tions. After 48 h post-transfection, cells were collected and
lysed as previously described (51). Ten percents of total cell
lysate was used as input. Binding buffer used in this as-
say contains 50 mM HEPES (pH 7.4), 150 mM NaCl, 5
mM MgCl,, | mM DTT (fresh), 0.5% Triton X-100, sup-
plemented with 0.5% bovine serum albumin (BSA), 100
wg/ml yeast tRNA, 1 mM PMSF, protease inhibitor cock-
tail (Sigma-Aldrich) and RNAsin (Promega). Twenty mi-
croliters of Protein G dynabeads (Thermo Fisher Scientific)
was prepared in 200 w1 buffer containing 50 mM Tris-HCI
(pH 8.0), 200 mM NacCl, 0.5 mM Mg(OAc);, 20 pg/ml hep-
arin, 0.01% NP-40, 5% glycerol, 1 mM DTT (fresh), sup-
plemented with 0.5% BSA, 100 pg/ml yeast tRNA, 1 mM
PMSEF, protease inhibitor cocktail (Sigma-Aldrich) and in-
cubated with 3 g anti-GFP antibody (A01388, GenScript)
or normal rabbit IgG antibody (12-370, Millipore) for 2 h
at room temperature with gentle rotation. Antibody bound
beads were washed three times with buffer and then incu-
bated with the remaining cell lysates at 4°C overnight. The
beads with protein-RNA complex captured were washed
with binding buffer twice followed by washing buffer (bind-
ing buffer containing 300 mM NaCl). For both the input
and suspension, 20% of the samples was saved for protein
analysis by western blot, and the rest was subjected to RNA
extraction by using TRIzol reagent (Thermo Fisher Scien-
tific) followed by reverse transcription PCR and conven-
tional PCR.

Lactate dehydrogenase (LDH) cytotoxicity assay

SK-N-MC cells were seeded on a 24-well plate with a den-
sity of 1.2 x 10° cells/well. Upon reaching 80% conflu-

ency, cells were transfected with 1 wg of pcDNA3.1(+)-
MJIDcy67s and 0.4 wg of either pEGFP-NCL or pEGFP
control constructs simultaneously. After 48 h, LDH enzyme
activity in the cell culture medium was determined by us-
ing the Cytotox 96 non-radioactive cytotoxicity assay kit
(Promega).

Statistical analyses

All data were subjected to one-way ANOVA followed by
post hoc Tukey test. (%), (xx) and (x*x) represent P < 0.05,
P < 0.01 and P < 0.001, respectively, which are considered
statistically significant. NS indicates no significant differ-
ence was observed.

RESULTS
Overall structure of the double helical r(CAG)s RNA

The structures of CNG (N represents one of the four natural
RNA nucleotides) repeats resolved through X-ray crystal-
lography thus far have revealed only duplex conformation,
despite their propensities to adopt multi-branched hairpin
structures as well (34,36-40,52,53). In particular, the CAG
RNA duplex containing two consecutive repeats of CAG
adopts a regular A-form helical structure, whereas the du-
plex containing three repeats adopts an A’-form that com-
prises a wider major groove and a smaller inclination angle
compared with the standard A-form RNA (37,40,54). To
determine which helix form is adopted by longer CAG re-
peats, we solved a 1.45 A resolution crystal structure of a 23-
nt-long RNA oligo containing five repeats of CAG, which is
the longest CAG RNA structure solved to date (Figure 1A).
Our RNA model adopted an anti-parallel double-stranded
helical structure with the two strands related by a 2-fold
crystallographic axis. The surface electrostatic potential of
our CAG RNA structure calculated using the Adaptive
Poisson—Boltzmann Solver (APBS) (55) indicated that the
major groove is predominantly electronegative. The minor
groove contains alternating positive and negative patches
along the helix axis; this finding is similar to that reported
by Kiliszek ez al. (37) (Figure 1B). In the crystal lattice, each
double-stranded helix was packed with another two helices
in an end-to-end manner to form pseudo-infinite CAG he-
lices (Figure 1C).

Our crystal structure closely resembles an A’-form double
helix with wider major groove (Supplementary Table S3).
The sugar puckers in the duplex are biased toward a C3'-
endo conformation, as observed in other RNA structures
(37) (Supplementary Table S4). The average helical rise for
the CAG duplex is 2.98 A, which is larger than the heli-
cal rise of A-form RNA (2. 81 A) the helical rise of 2.98 A
is more favorably matched with the helical rise of A’-form
RNA (3.00 A) (Supplementary Table S3). These observa-
tions indicate that long CAG repeat transcripts preferen-
tially adopt the A’-form over the regular A-form.

The C1'-C1’ distances between the non-canonical paired
residues ranged from 10.8 to 11.6 A, with the center
A12:A12 base pair being the widest (Flgure 1D). These
widths are larger than those in the standard Watson—Crick
base pair (10.5 A on average) (Figure 1D). Such displace-
ment of the glycosidic bond from their Watson—Crick po-
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sitions prevents a steric clash between the two adenosines
and might alter the accessible surface on the minor groove
side, particularly in the case of the A12:A12 base pair,
which represents a transition state between two anti—anti
conformations (39). The C-G and G-C base pairs in our
structure formed standard Watson—Crick interactions. By
contrast, the non-canonical A-A base pairs, except for
the A12:A12 base pair, are stabilized by weak C2H2---N1
hydrogen bonds as reported in previous studies (Figure
1D) (37,39,40). In addition, water molecules also appear to
play some roles in stabilizing the A-A base pair. Again, with
the exception of A12:A12, at least one water molecule helps
to maintain the orientation of adenine ring(s) in the A-A
base pair by mediating hydrogen bonds between the N3 of
the adenine and the O2’ of ribose (Figure 1D).

Similar to the CAG RNA structures reported by Kiliszek
et al., all non-canonical A-A base pairs in our r(CAG)s
RNA structure uniformly adopt the anti-anti conforma-
tion, which has been found to be a favorable arrange-
ment in double-stranded helical structure in silico studies
(39). Compared with the syn—anti conformation observed
in other CAG RNA structures, the anti-anti conformation
appears to position an additional hydrogen bond acceptor
on the minor groove side for the binding of proteins or lig-
ands (37,39,40) (Figure 1E and F; Supplementary Figure
S1). The A-A base pairs appear to adopt diverse conforma-
tions in our structure. We, therefore, superimposed the dif-
ferent adenosines in strand A to compare the conformations
of the base pairs (Figure 1G). The A12 of strand B, which is
considered to adopt a transitional conformation, protrudes
into neither the major nor minor groove side when com-
pared with the other four A bases. Such conformation in-
creases the accessibility of the bases on the minor groove
side and may provide a new binding site for ligands or pro-
teins. Taken together, no dominant mode of the A-A base
pair was observed (Figure 1G).

Model of NCL-RRM2 complexed to r(CAG)s RNA

We previously demonstrated that the RRM2 and RRM3
of NCL, rather than RRM1 and RRM4, are responsible
for the interaction with expanded CAG RNA (22). We also
identified a peptide inhibitor P3, derived from the first RNP
region of NCL-RRM2, that inhibited the interaction be-
tween NCL and expanded CAG RNA and reduced RNA-
induced toxicity both in vitro and in vivo (46). A structure—
activity relationship (SAR) study of the inhibitor revealed
the residues K3, K5, Y9 and K13, which correspond to
the K427, K429, Y433 and K437 of NCL-RRM2, respec-
tively, are key residues responsible for CAG RNA bind-
ing. To examine whether these residues are crucial for RNA
binding in the context of NCL, we mutated K427, K429,
Y433 and K437 in NCL-RRM?2/3 to alanines (Figure 2A).
Ataxin-2 CAG transcripts, which have been shown to in-
teract with an NCL-derived peptide in a length-dependent
manner (47), were applied in the electrophoretic mobility
shift assay (EMSA) to study the effects of the mutations.
The EMSA results revealed that K427 and K429 were cru-
cial for the interaction between NCL-RRM?2/3 and the
SCA2 4642 transcripts (Figure 2A). By contrast, neither the
alanine substitution of Y433 nor the additional mutation of

K437 to alanine in the context of the K427/K429A mutant
significantly reduced RNA-binding activity. On the basis of
these results, we performed data-driven molecular docking
by using the HADDOCK 2.2 server (50) to predict the pos-
sible interface between NCL-RRM?2 and expanded CAG
RNA. The three-dimensional structures of the r(CAG)s
RNA we solved (Figure 1) and the NCL-RRM2 derived
from PDB code 2KRR were used for docking. Since NCL
specifically binds CAG repeats (22), all three A-A base pairs
within the middle section of our CAG RNA structure were
specified for the docking. K427 and K429 were selected as
the active NCL residues to perform HADDOCK docking
runs based on our EMSA results.

On the basis of the findings of cluster analysis performed
using the highest HADDOCK scores, two potential mod-
els that bind to the minor and major grooves, respectively,
were obtained (Figure 2B and C). Among the two mod-
els, the one with NCL-RRM2 that bound to the minor
groove of the double-helical CAG RNA appeared to be
more favorable based on the larger interaction surface area
and more direct interactions between NCL residues and
the CAG RNA (Figure 2B, Supplementary Table S5). To
determine which model represents the true binding mode,
we identified the RNA-binding NCL residues in both mod-
els and performed alanine substitution mutagenesis of each
residue independently (Figure 2B and C). EMSA was per-
formed to analyze the effects of these alanine substitu-
tions on expanded CAG RNA binding (Figure 2D, Ta-
ble 2). Our results revealed that the alanine substitution of
D425, which was predicted to be a key residue interacting
with the A-A base pair directly in the major groove-binding
model, failed to affect CAG RNA binding (Figure 2C and
D). Q406, which appears to interact with the backbone
of the RNA in the major groove-binding model only, also
did not affect the interaction with CAG RNA when mu-
tated to alanine. However, the mutation of R420, another
residue that interacts with the RNA in the major groove-
binding model, inhibited RNA binding (Figure 2D). The
effect of R420 on RNA binding is likely due to the alteration
of the secondary structure of RRM, as revealed through
circular dichroism (CD) spectroscopy (Supplementary
Figure S2).

Contrarily, alanine mutations at N399 and K424, which
were identified from the minor groove-binding model, sig-
nificantly inhibited the NCL:CAG RNA interaction. Mu-
tation of Y402, which binds RNA in both models, also
weakened RNA binding (Figure 2D). To determine whether
Y402 truly binds to the minor groove of CAG RNA, we
generated a double alanine substitution mutant of Y402
and K403, whose side-chain interacts with the RNA in the
minor groove-binding model but not the major groove—
binding model. The results of EMSA indicated that the
interaction between CAG RNA and the double mutant
Y402A /K403A was further decreased, suggesting that both
Y402 and K403 participate in minor groove binding (Fig-
ure 2D). Moreover, mutations of K398, despite to a lower
extent, and R457 to alanine also inhibited RNA binding.
These results indicated that NCL binds to the minor groove
of CAG RNA.

To ensure that changes in the RNA-binding property
are not caused by alterations in the overall protein struc-
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Figure 2. Identification of NCL residues crucial for CAG RNA binding. (A) Representative image of EMSA analysis on the interaction of SCA2 4642
RNA with NCL-RRM?2/3 or different NCL-RRM2/3 mutants that were generated based on the previously identified P3 inhibitor. (B, C) Two docking
models of NCL-RRM2 with r(CAG)s RNA generated by HADDOCK server. Models of NCL-RRM2 binding to the minor groove (B) and major groove
(C) are shown respectively. Residues involved in the protein—-RNA interaction are depicted in sticks. (D) Representative image of EMSA analysis on the
interaction of SCA2 4642 RNA with NCL-RRM2/3 or different NCL-RRM2/3 mutants generated based on the interacting residues identified from the
two docking models. All EMSAs were repeated at least three times with similar results.

Table 2. Summary of the effects of different NCL-RRM?2/3 mutants on
SCA2c4642 RNA binding

Disruption of

NCL-RRM2/3 protein—-RNA
mutants Predicted binding site interaction
K398A Minor groove Yes
N399A Minor groove Yes
Y402A Both Yes
K403A Minor groove Yes
Y402A/K403A Minor groove Yes
Q406A Major groove No
R420A Major groove Yes
K424A Both Yes
D425A Major groove No
R457A Minor groove Yes

ture after mutagenesis, CD spectroscopy was performed to
compare the secondary structural compositions of wild-

type and mutant NCL-RRM2/3 (Supplementary Figure
S2). Our CD spectroscopy results revealed that the over-
all protein structures of most of the NCL-RRM2/3 mu-
tants remained intact. One of the exceptions is the afore-
mentioned residue R420, in which the alanine substitution
resulted in a change in its secondary structure content. This
finding explains the observed inhibitory effect of R420 on
RNA binding despite it being identified from the major
groove-binding model. Another exception is Y433A, which
did not affect the interaction between the RRMs and CAG
RNA and thus was not included in subsequent experiments.
Finally, the mutation of N399, which indirectly mediates
the RRM-RNA interaction, altered the secondary struc-
ture of NCL-RRM?2/3. Hence, this mutation was excluded
from our final mutant construct. Overall, our results indi-
cated that the residues we identified are key determinants
for CAG RNA binding.
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Chain B

K427

Figure 3. Potential interaction between NCL-RRM2:r(CAG)s RNA docking model. (A) Overview of the interaction model of NCL-RRM?2 with r(CAG)s
RNA obtained after performing HADDOCK docking simulations based on the EMSA analysis. NCL-RRM2 solvent-accessible surfaces are colored by
the electrostatic surface potential computed by APBS (55). (B) Three finger-like projections from NCL-RRM2 interact with the minor groove of the RNA
duplex. Residues involved in the protein-RNA interaction are depicted in sticks. (C) Base-pairing diagram of the RNA region that interacts with NCL—
RRM2. Red arrow denotes the interaction between the NCL-RRM?2 residues and the nitrogenous base of the CAG RNA duplex, pink arrows denote the
interactions between NCL-RRM2 and the phosphate backbone; and orange arrows denote the interactions between NCL-RRM2 residues and the ribose
sugars. (D, E) Detailed view on the interaction between amino acids on NCL-RRM?2 and the non-canonical A-A pair at the minor groove of r(CAG)s

RNA.

Mechanism of RNA binding by NCL-RRM2

To refine our NCL-RRM2:CAG RNA complex model, the
experimentally determined key amino acids, namely K398,
Y402, K424, K427, K429 and R457, were selected as the
active residues to repeat the molecular docking. The com-
parison of HADDOCK scores and the analysis of both
NCL-RRM2 complex models again suggested that the mi-
nor groove binding model is more favorable and the result-
ing model likely represents the true complex (Supplemen-
tary Table S5).

Examination of the surface electrostatic potential of
the minor groove-bound complex indicated that the se-

lected active residues clustered together to form a positively
charged surface on NCL-RRM2 that would be favorable
for nucleic acid binding (Figure 3A). By contrast, Y433
and K437 are positioned on strand 3, which is not part
of the interaction interface of the RRM2 domain (Supple-
mentary Figure S3); this explains why both point mutations
did not affect CAG binding. R420, which was found to be
crucial in our EMSA, remains solvent-exposed on strand
B> and does not participate in RNA binding (Supplemen-
tary Figure S3). Since its mutation to alanine altered the
secondary structure of RRM2/3 in our CD studies (Supple-
mentary Figure S2), we speculate that R420 might interact
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with RRM3 to facilitate the formation of NCL:CAG RNA
complex.

The refined model (Figure 3B) revealed that all selected
active residues are distributed on the B;—«a; loop, B—B3
loop and a;—B4 loop of NCL-RRM2. These loops form
three finger-like protrusions that bind to the RNA and en-
gage the sugar—phosphate backbone and base pairs within
the minor groove (Figure 3B). We observed that K403
within the 8;—«; loop interacts with the phosphate back-
bone of C14 in the chain B RNA and forms an ionic pair
with the side-chain of D455 located on the a;—4 loop (Sup-
plementary Figure S4A). Because the mutation of K403 to
alanine enhanced the inhibition of the interaction between
NCL-RRM2/3 and RNA in the context of Y402, we spec-
ulated that in addition to interacting with the RNA, the ob-
served ionic pair of K403-D455 in our model is crucial for
maintaining and stabilizing the three-dimensional structure
or the RNA-binding conformation of NCL-RRM2. To test
this, we mutated D455 to alanine to disrupt its ionic inter-
action with K403, or both K403 and D455 to oppositely
charged side-chains (K403D and D455K) to maintain the
ionic pair yet disrupt the interaction with the RNA back-
bone. The EMSA results demonstrated that D455A inter-
fered the interaction between NCL-RRM2/3 and RNA,
but the K403D/D455K double mutant partially diminished
the effect (Supplementary Figure S4B), indicating that the
ionic interaction between K403 and D455 plays a role in
RNA binding.

The selected active residues in NCL-RRM2 form di-
rect interactions with seven nucleotides located at the mid-
region of the r(CAG)s RNA (Figure 3C). Intriguingly,
Y402, hydrogen bonds to one of the accessible adenine N7
atoms on the minor groove side, is the only residue that ap-
pears to directly interact with the adenine within the A-A
base pair, suggesting it may play a vital role in the specificity

of NCL towards CAG RNA (Figure 3D, Supplementary
Figure S5A). On the other hand, the other active residues
mostly mediate direct interactions with the backbone phos-
phates and riboses of the RNA helix (Figure 3E, Supple-
mentary Figure SSB-D). Taken together, the active residues
help to orient NCL-RRM2 in a favorable position for bind-
ing to CAG RNA through an extensive network of interac-
tions.

Mutation of six key residues of NCL-RRM2/3 abolishes
CAG RNA binding

To further validate our NCL-RRM2:CAG RNA model,
we selected and mutated six aforementioned NCL-RRM2
residues that directly interact with the CAG RNA, namely
K398, Y402, K424, K427, K429 and R457, in the context of
NCL-RRM2/3, to alanines, hereafter referred to as NCL—
RRM2/3MT K403 was excluded due to its potential role in
stabilizing the RNA-binding conformation of RRM2.

The ability of NCL-RRM2/3MT to bind to expanded
CAG RNA was examined. The binding affinity of wild-
type NCL-RRM2/3 (NCL-RRM2/3WT) for SCA2c464
RNA was first determined with an apparent Ky value of
731 £ 80 nM by performing the EMSA (Figure 4A and
B). By contrast, under the same experimental condition,
no shift was observed even when a 6-fold higher amount of
NCL-RRM2/3MT was titrated to SCA2 ¢ 4642 RNA (Figure
4C). This result demonstrated that the mutated residues are
the key determinants for the NCL-RRM2/3:CAG RNA
interaction during the pathogenesis of polyQ diseases.

Binding interface for CAG RINA is not important for the nor-
mal gene expression regulation function of NCL

To confirm the functional importance of the six identified
residues, we mutated them to alanines in the context of
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Figure 5. NCLMT disrupts the binding with expanded CAG RNA but retains the normal gene expression regulation function of NCL. (A) NCLWT protein
interacted with the expanded MJDc467s RNA, while NCLMT protein failed to interact with the RNA. immunoprecipitation (IP) assay was performed
using total cell lysates from SK-N-MC cells co-transfected with pcDNA3.1(+)-S1-MJDc 4675 plasmid and pEGFP vector or pEGFP-NCL constructs to
investigate the binding of NCLWT or NCLMT to expanded CAG RNA. EGFP or EGFP-NCL proteins were immunoprecipitated using anti-GFP antibody
and 20% of the samples were subjected to immunoblotting. RNA was extracted from the rest of the samples and analyzed by RT-PCR. 10% total cell lysate
was used as input. The expression of MJDc 4678 RNA, NCLWT, and NCLMT were detected in the input samples. (B) The protein levels of AKT1 and p53
were diminished upon knockdown of endogenous NCL. Both NCLWT and NCLMT, but not the EGFP protein, restored the expression of AKT1 and p53.
The EGFP, NCLWT and NCLMT proteins were expressed at comparable levels. All experiments were repeated at least three times with similar results.

full-length NCL and investigated whether the interaction
with expanded CAG RNA would be affected in SK-N-MC
cells. An MJDc4g7s-transfected cell model was used be-
cause neurotoxicity in polyQ diseases occurs in a length-
dependent manner (47) and our previous studies have re-
ported that the MJD 4675 construct induces more severe
cell death (22,56). In brief, EGFP-NCL wild-type (NCL"T)
or mutant (NCLMT) was co-expressed with MJDc4675 con-
struct in SK-N-MC cells, respectively. Immunoprecipita-
tion of EGFP or EGFP-NCL proteins followed by RT-
PCR analysis revealed that NCLWT, but not NCLMT, in-
teracted with MJDc467s RNA (Figure 5A). This result
demonstrated that the mutated residues are the key deter-
minants for the NCL:expanded CAG RNA interaction.
Although it is well-established that the interaction be-
tween NCL and expanded CAG RNA sequesters it from
its cognate substrates during the pathogenesis of polyQ dis-
eases, whether expanded CAG RNA competes with other
substrates for the same binding site(s) on NCL remains un-
clear. Hence, we examined whether the mutations of the
CAG RNA-interacting residues affect NCL’s normal cellu-
lar functions in the regulation of the expression of AKT/
(17) and TP53 (57) genes. We first performed the gene
knockdown of NCL in SK-N-MC cells by RNAi using
siRNA that would not interfere with the expression of ex-
ogenous NCL"Tor NCLMT, The knockdown efficiency was
then determined through Western blot (Figure 5B). Consis-
tent with previous findings (17,57), the expression of both
AKTI and p53 were significantly decreased upon NCL si-
lencing. Next, we reconstituted the NCL-knockdown cells
with EGFP-NCLWT and EGFP-NCLMT | respectively. Our
results revealed that the expression of EGFP-NCLMT re-

stored the levels of AKT1 and p53 in the same manner as
NCLWT did in SK-N-MC cells (Figure 5B), indicating that
the mutations of the CAG RNA-interacting residues did
not affect the normal gene expression regulation function
of NCL.

NCLMT is more effective in rescuing expanded CAG RNA-
induced cell death

Our previous study demonstrated that expanded CAG
RNA sequesters NCL from binding with the upstream con-
trol element (UCE) of the rRNA promoter, thereby inhibit-
ing rRNA transcription and subsequently leading to nu-
cleolar stress—dependent cell apoptosis (22). Inhibition of
the direct interaction between NCL and expanded CAG
RNA by using either our competitive inhibitor P3 (46) or
BIND (47) alleviated nucleolar stress in expanded CAG
RNA-expressing cells (22). Because the mutations of six key
residues identified in this study could disrupt the binding
of NCL to expanded CAG RNA, we speculated that the
expression of NCLMT, which still possesses normal cellu-
lar functions, could alleviate nucleolar stress in expanded
CAG RNA-expressing cells by binding to the UCE of the
rRNA promoter to facilitate and restore rRNA synthe-
sis. To verify this speculation, we expressed NCL"7 or
NCLMT in cells transfected with the MJDcyg7s plasmid
and performed RT-PCR to compare the level of pre-45s
rRNA (Figure 6A). Our results indicated that the expres-
sion of expanded CAG RNA downregulated rRNA tran-
scription, as expected. When NCL"7T was co-expressed in
the MJD c4g7s8-expressing cells, its pre-rRNA level was par-
tially recovered. More importantly, the pre-rRNA level was
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Figure 6. Mutant NCLMT effectively restores the expression level of pre-45s rRNA and alleviates cytotoxicity in polyQ disease model. (A) The pre-45s
rRNA expression level was reduced in MJD ¢ 4g7s-expressing SK-N-MC cells. When compared to NCLWT, NCLMT showed enhanced capability in recov-
ering the pre-45s rRNA expression level. The qRT-PCR data from the transfected groups were normalized to that from the untransfected control group.
(B) The MJDc467s-induced cell death was suppressed upon co-overexpression of NCLWT or NCLMT, while NCLMT was more effective in inhibiting the
cell death than NCLWT. The LDH assay was carried out following the manufacturer’s instructions 48 h post-transfection. The results from the transfected
groups were normalized to that from the untransfected control group. n=3; error bars represent standard deviation.

fully restored when NCLMT was co-expressed, suggesting
that the NCLMT not only restored NCL’s cellular function
during rRNA transcription but also functioned more favor-
ably than the wild-type protein.

We next investigated whether the expression of NCL"T
can inhibit CAG RNA-induced cell death. The expression
of MJD 4675 alone led to severe cell death when compared
with the untransfected control (Figure 6B). By contrast,
the co-expression of either NCL"7 or NCLMT significantly
suppressed CAG RNA-induced cell death. With effects sim-
ilar to those observed in the restoration of rRNA synthesis,
NCLMT performed better than its wild-type counterpart in
rescuing cell death.

DISCUSSION

Expansion of CNG repeats in the human genome leads to
the development of various hereditary trinucleotide repeat
expansion diseases (58,59). Studies on the secondary struc-
ture of expanded CNG repeats—containing RNA that have
used various biochemical and biophysical models have sug-
gested that all CNG repeats adopt moderately stable hair-
pin structures (33,60,61). On the other hand, all the existing
crystal structures of the short repeats of different CNG in-
dicate that the RNA forms double-helical duplexes (34,36—
40,52,53). Thermodynamic studies of RNA oligomers con-
taining different numbers of trinucleotide repeats provide
insights into such differences. Broda et al. reported that du-
plexes were formed when RNA oligomers contain only 2—
3 CNG repeats (62). When trinucleotide repeats increased
to 4-5 units, the oligomers formed both duplexes and hair-
pins. However, only hairpins were observed when the length
of oligomers further increased. To solve the crystal struc-

ture of CAG repeats in its hairpin form, we performed crys-
tallographic studies by using RNA oligomers that contain
five or six repeats of CAG. Despite extensive trials, only
oligomers containing five CAG repeats but not six CAG re-
peats were crystallized. Our crystal structure revealed that
the five CAG repeat-containing RNA forms duplexes and
adopts an A’-form RNA double helix (Figure 1). Although
the oligomer does not adopt a hairpin structure, it exhibits
obvious differences when compared with other CNG RNA
structures that contain at least five repeats. For instance, the
non-canonical G-G base pairs preferentially adopt the syn—
anti conformation in CGG transcript (PDB code: 4KQO0)
(Supplementary Figure S6A and C, and Table S3) to fit two
guanines in the helix more snuggly (53,63), while the equally
bulky A-A base pairs in our structure adopt the anti—anti
1 x 1 nucleotide internal loop as the major conformation.
On the other hand, when considering the CUG RNA struc-
ture with six repeats, all uridines adopt an anti conforma-
tion (34) (PDB code: 3GM7, Supplementary Figures S6B
and D, and Table S3). The differences in the identity and
conformation of N alter the H-bond acceptor/donor po-
sitioning and cause significant changes in h-rise and incli-
nation, resulting in distinct groove widths that may con-
fer unique protein/ligand-binding properties to the differ-
ent CNG repeats RNA.

Molecular docking techniques are widely used to study
the structural basis of the interaction between biological
molecules (64-66). The data-driven HADDOCK applied in
this study is one of the best performing docking methods
given its ability to integrate experimental data during the
process. On the basis of the results of our interaction studies
here and those of previous studies, a new model of NCL-
RRM2 in complex with the r(CAG)s RNA duplex was suc-
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cessfully generated to examine the molecular basis of their
interaction. Our docking model showed that the CAG re-
peats RNA utilizes its minor groove to bind to the NCL—
RRM2, providing new structural insights in how the NCL-
RRM2, despite adopting the canonical RRM fold, func-
tions as a double-stranded RNA binding domain (dsRBD)
under the pathological conditions of CAG repeat expansion
diseases. This result is consistent with the binding modes of
other dsRBD, where they mainly interact with the minor
groove side of their double-stranded RNA targets via direct
readout of the minor groove sequence (67). In our model,
NCL-RRM2 mostly interacts with the sugar—phosphate
backbone of the r(CAG)s RNA, and only one residue, Y402
of NCL, directly contacts an adenine within the A-A base
pair. We hypothesize that the A-A base pair might func-
tion by altering the widths of both the major and minor
grooves of CAG repeats to create new sites for the binding
and sequestration of cellular proteins instead of mediating
an extensive network of unique interactions with its bind-
ing partners. However, because our r(CAG)s RNA crystal
structure shows a duplex instead of a hairpin structure, we
could not rule out that the A-A base pairs within expanded
CAG repeats might adopt very different conformations to
provide new protein binding sites that have yet to be uncov-
ered. Although no protein:CAG RNA complex structure is
available for comparison, a search for protein:CNG RNA
complex structures on the PDB database revealed that the
crystal structures of p19, a viral RNA silencing suppressor,
in complex with double-helical UUG(CUG)sCU 20mer or
C(CUQG)¢C 20mer RNAs have previously been solved (PDB
codes: 4JGN and 4JNX). Similar to our model, the pro-
tein binds to the RNAs mainly via electrostatic interactions
and hydrogen bond formation with the negatively charged
phosphate—sugar backbone but not the non-canonical base
pairs (Supplementary Figure S7). No direct interaction was
observed between the side-chains of p19 and the nitroge-
nous bases of the RNA duplex. This finding concurs with
our hypothesis that the non-canonical base pairs might al-
ter the overall RNA structure for protein binding instead
of providing unique site(s) for extensive interactions. Addi-
tional structural studies on protein:CNG RNA complexes
at high resolution are required to validate our hypothesis.

Our previous study reported that NCL RRM2 and
RRM3 are crucial for the interaction with expanded CAG
RNA (22). Although this study did not investigate the
molecular mechanism underlying the RRM3-CAG RNA
interaction, the sequence alignment of all four NCL RRMs
indicated that four out of the six critical residues we iden-
tified in RRM2 are conserved in RRM3. Moreover, the ty-
rosine residue that interacts with the A-A base pair is con-
served in both RRM2 and RRM3, suggesting that RRM3
might bind to CAG RNA in a similar manner (Supple-
mentary Figure S8). Two critical lysine residues, K398 and
K424, in NCL-RRM?2 are replaced by serine and glutamine
residues, respectively, in NCL-RRM3. The presence of two
extra positively charged residues might confer RRM2 a
more crucial role in CAG RNA binding and explain why
mutations in RRM2 alone are adequate to abolish the in-
teraction with CAG RNA.

The results of our docking model and interaction stud-
ies revealed the molecular basis of how RNA-binding pro-

tein containing canonical RRM interacts with trinucleotide
RNA repeats or RNA duplexes in general. In addition, we
identified an NCL mutant that was not sequestered by ex-
panded CAG RNA both in vitro and in vivo and could per-
form normal cellular functions of NCL like gene expres-
sion and rRNA synthesis regulation. More importantly, the
mutant could alleviate nucleolar stress by restoring pre-45s
rRNA level and rescue expanded CAG RNA-induced cell
death more effectively than wild-type NCL. NCL binds to
different cellular substrates including pre-rRNA (11,13); ¢-
MYC promoter (68); pre-mRNA (69); GADD454A mRNA
(RNA encoding for the growth arrest- and DNA damage
inducible- 45« protein [Gadd45a]) (70); AKTI mRNA (17);
and Hdm?2 protein that regulates p53 protein expression
level (57). These interactions are vital for the multifunc-
tional roles of NCL in the regulation of rRNA transcrip-
tion and ribosome assembly, mRNA stability, and trans-
lation. Our works provide evidence that NCL likely binds
these cognate substrates through mechanism(s) different
from that of CAG RNA and mutations at the CAG RNA-
binding interface do not affect its essential cellular func-
tions.

NCL has been shown to be sequestered by hex-
anucleotide RNA repeats during the pathogenesis of
CI90RF72-mediated amyotrophic lateral sclerosis and fron-
totemporal dementia (ALS/FTD) (24-26). It will be of high
interest to investigate whether the RNA-binding mecha-
nism of NCL is conserved and whether our mutant can res-
cue the RNA-toxicity in ALS/FTD. We believe our NCL
mutant has provided a new basis and opportunity for the
development of novel therapy to treat polyQ diseases. Ther-
apeutic strategies that facilitate the expression of the NCL
mutant or its direct cellular delivery might alleviate the nu-
cleolar stress induced by the expanded CAG RNA. Such
strategies will have the advantage of escaping sequestration
by the disease-causing RNA.
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