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ABSTRACT

Human Long Intergenic Noncoding RNA-p21
(LincRNA-p21) is a regulatory noncoding RNA that
plays an important role in promoting apoptosis.
LincRNA-p21 is also critical in down-regulating
many p53 target genes through its interaction with
a p53 repressive complex. The interaction between
LincRNA-p21 and the repressive complex is likely
dependent on the RNA tertiary structure. Previous
studies have determined the two-dimensional sec-
ondary structures of the sense and antisense human
LincRNA-p21 AluSx1 IRs using SHAPE. However,
there were no insights into its three-dimensional
structure. Therefore, we in vitro transcribed the
sense and antisense regions of LincRNA-p21
AluSx1 Inverted Repeats (IRs) and performed
analytical ultracentrifugation, size exclusion chro-
matography, light scattering, and small angle X-ray
scattering (SAXS) studies. Based on these studies,
we determined low-resolution, three-dimensional
structures of sense and antisense LincRNA-p21.
By adapting previously known two-dimensional
information, we calculated their sense and antisense
high-resolution models and determined that they
agree with the low-resolution structures determined
using SAXS. Thus, our integrated approach provides
insights into the structure of LincRNA-p21 Alu IRs.
Our study also offers a viable pipeline for combining
the secondary structure information with biophysical

and computational studies to obtain high-resolution
atomistic models for long noncoding RNAs.

INTRODUCTION

The tumour suppressor protein p53 is an important tran-
scription factor that regulates a variety of cellular processes,
including cell-cycle control, DNA repair, apoptosis, senes-
cence, and cellular stress responses through the activation
and repression of target genes (1,2). Despite playing a criti-
cal role in the DNA damage response, p53’s genome is fre-
quently mutated in cancer cells, exposing a vulnerability in
cell cycle regulation (3,4). Nevertheless, when DNA damage
occurs, p53 upregulates the expression of genes involved in
the cell cycle arrest and DNA repair processes, which leads
to cell survival, but also facilitates the initiation of apopto-
sis for cancerous cells (5). The p53 pathway itself is com-
posed of a network of genes, regulatory proteins, and their
transcriptional products which can help respond to intrin-
sic and extrinsic stress signals (6). These networks enable
the regulation of p53 and can be additionally modulated by
long noncoding RNAs (LncRNAs) which have been shown
to act in a regulatory role within the p53 pathway. Often,
the transcription of LncRNA genes are the targets of p53
itself (7–10).

LncRNAs are noncoding RNA molecules devoid of an
open reading frame and are generally around 200–100,000
nucleotides (nts). They also do not retain any significant
protein-coding capabilities and are therefore generally not
expressed (11–13). LncRNAs were previously thought to
have no biological function but have been identified to reg-
ulate biological processes by altering gene expression and
signal pathways (11). Consequently, LncRNAs play a role
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in the regulation of gene expression and appear poised to af-
fect the progression of cancers. Long intergenic noncoding
RNA-p21 (LincRNA-p21) is found to be a transcriptional
repressor in the p53 pathway, playing a role in triggering
cellular apoptosis (14). LincRNAs are also capped, spliced,
and polyadenylated due to being RNA polymerase II tran-
scripts (12). Under stress conditions including DNA dam-
age, p53 activates the transcription of LincRNA-p21 which
accumulates in the nucleus and associates with the heteroge-
neous nuclear ribonuclear protein K (hnRNP-K) (15). The
hnRNP-K contains RNA recognition motifs Arg-Gly-Gly
repeats or hnRNP-K homology (KH) domains and whose
role is important for nucleic acid metabolism and transcrip-
tion (16,17). The hnRNP-K is integral in the induction of
apoptosis since it will combine with the p53 promoted and
transcribed LincRNA-p21 which will then act to repress
p53 target genes resulting in apoptosis (18). LincRNA-p21
is thus required to help direct hnRNP-K to bind to the
promoters of the target repressed genes (17). Additionally,
hnRNP-K was observed to be a transcriptional coactivator
of p53, enabling gene expression in response to DNA dam-
age (16).

Human LincRNA-p21 exhibits two isoforms which fur-
ther contains the presence of Alu repeats that which in-
fluence the function of the RNA (15). Alu elements are
particularly important because they are highly conserved
among primates and fold to produce independent domains.
These repeated DNA sequences comprise upwards of 60%
of the human genome and can be divided into several classes
including micro-satellites (repeat sequences greater than 7
bp), mini satellites (basic repeats of 7 bp or less), or telom-
eres. These interspersed repeated DNA sequences are fur-
ther divided into two classes: Short interspersed elements
(SINES), and long interspersed elements (LINES) (19). Alu
SINES themselves are repetitive elements present in multi-
ple copies of the genomes they reside in and are named be-
cause the family of repeats contains a recognition site for the
restriction enzyme AluI (20,21). Full-length Alu elements
are roughly 300 bp long and are frequently located in the 3′-
untranslated regions of genes and their intergenic genomic
regions and continue to be the most abundant mobile or
transposable element in the entirety of the human genome.
Determining the structural-dependent role of LincRNA-
p21 Alu elements will have an impact on elucidating their
overall function and responsibilities within the cell.

Many studies using molecular and computational struc-
tural biology seek to identify LncRNA secondary and ter-
tiary structures, and whether said structures have an im-
pact on their function (22,23). This also includes the appli-
cation of RNA secondary structure prediction techniques
such as selective 2′-hydroxyl acylation analysed by primer
extension (SHAPE) (24). Doing so is important because it
conceptualises structures present on LincRNA-p21 and can
elucidate potential specific interactions within the p53 and
hnRNP-K pathways. Previous studies have investigated the
secondary structure of LincRNA-p21 Alu Inverted Repeats
(IRs) and identifying important functional regions that are
involved in LincRNA-p21 nuclear localisation and its sub-
sequent transcriptional factor interactions (15). They iden-
tified that the two isoforms of LincRNA-p21 contained Alu
IRs that retained integral secondary structures that can fold

into independent domains. These structures were suggested
to be conserved in primates and contribute towards the reg-
ulation of cellular localisation of LincRNA-p21 during the
cellular stress response. LincRNA structure determination
has been challenged by several limitations, including the ab-
sence of unique LincRNA secondary structure databases,
the inherent complexity in RNA folding, preparation of
sufficient amounts of homogenous RNAs, the inability of
large RNAs to crystalize, and computational approaches
to converge the secondary structure information to tertiary
structures (23). RNA structures involving localised or long-
range interactions such as stem-loops or pseudoknots, re-
spectively, have challenged computational prediction meth-
ods (25). The development of ab initio, sequence-based
secondary structures is equally difficult due to the insuf-
ficient secondary structure information and sequences for
comparative analysis. Computational methods can also be
resource-demanding and have a tendency of becoming un-
reliable with longer sequences (26). Consequently, there are
no experimental, high-resolution, three-dimensional struc-
tures of full-length LincRNA motifs which make their rep-
resentation and investigation difficult (23).

Incidentally, the intent of this study is to investigate
the overall structure of the sense and antisense LincRNA-
p21 AluSx1 Inverted Repeats by employing small angle X-
ray scattering (SAXS) and computational modelling to de-
velop their three-dimensional structures (27). We have em-
ployed analytical ultracentrifugation (AUC) and size exclu-
sion chromatography coupled to multiangle light scatter-
ing (SEC-MALS) instruments to biophysically characterise
transcribed and purified AluSx1 RNAs. AUC experiments
revealed that AluSx1 RNAs were present as monomeric,
full-length transcripts under denaturing conditions, while
SEC-MALS characterised their Molecular Weight (MW).
By combining chemically probed secondary structure infor-
mation proposed by Chillón and Pyle, 2016, and SimRNA
computational modelling, several three-dimensional, high-
resolution models can be calculated and fitted to SAXS de-
termined structures. We determined that human LincRNA-
p21 isoform LIsoE2’s AluSx1 RNA adopts an asymmet-
rical, and extended structure in near-physiological buffer
conditions. The importance being that no previous three-
dimensional structure determination has been performed
on LincRNA-p21 AluSx1 IRs which can improve on the un-
derstanding of its interactions with hnRNP-K. We describe
a workflow utilising SAXS and SimRNA computational
modelling to produce three-dimensional, high-resolution
models devised from two-dimensional structures deter-
mined via SHAPE and other secondary structure probing
techniques.

METHODS

Sense and antisense LincRNA-p21 AluSx1 plasmid prepara-
tion

A flowchart of the procedure is outlined in Figure
1. LincRNA-p21 AluSx1 transcripts for the sense
and antisense (taken from the TP53COR1 gene lo-
cated on Chr6:36,663,392–36,667,296 (GRCh38/hg38),
Chr6:36,631,169–36,635,073 (GRCh37/hg19)) were de-
signed from the hLincRNA-p21 LIsoE2 isoform sequences
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Figure 1. Organisational Flowchart fossr the Purification and Characterisation of Sense and Antisense LincRNA-p21 AluSx1 RNA. The determination
of LincRNA three-dimensional, low-resolution structures overlaid by high-resolution, atomistic models was conducted in three phases: RNA preparation
and biophysical studies to determine sample homogeneity and sample properties; low-resolution structure determination by SAXS; and high-resolution
modelling using SimRNA, with constraints imposed by HYDROPRO. All methods are further described below.

presented in from Chillón and Pyle (14,15). AluSx1 IRs
are bidirectionally transcribed from the total TP53COR1
gene, producing sense and antisense designated transcripts
(15). Thus, RNA constructs used in this experiment are
represented below:

>LincRNA-p21 AluSx1 Sense RNA Sequence (307nt) |
TP53COR1 LIsoE2 AluSx1 P

5′-AGCUGGGCGUGGUGGCUCACGCCUGUAA
UCCCACCACUUUGGGAGGCCGAGGCAGGCG
GAUCACUUGAGGUCAGGAGUCCAAGACCAGCC
UGGCCAACAAGGCGAAACCCUGUCUCUACUAA
AAAUACAAAAACUAGCUGGGCGUAGUGGUG
GGCACCUGUAAUCCCAGCUACUCGGGAGGCUG
AGACAGGACAAUCGCUUGGACUCCGGAGGCAG
AGGUUGCAGUGAGCUGGGAUCGUGCCACUA
CACUCCAGUCUGGGCGACAGAGCAAGACUCUG
CAUCAAAAAAAAAAAAGAAAGAGUAAUAA-3′

>LincRNA-p21 AluSx1 Antisense RNA Sequence
(280nt) | TP53COR1 LIsoE2 AluSx1 P

5′-GCAGAGGAGGAAUGGAAUCAUUCUUUUU
UUUUUUAUUGGAGACGGAGUCUCACUCUGU
UGCUCAGGCUGGAGUGUAGUGGUGCGAACU
UGGCUCACUGCAGCCUCCACCUCCCAGGCUCA
AGCAAUUCUCCUGCCUCAGCCUCCCGAGUAGC
UGGGAUUACAGGUGUCUGCUAUCACACCCAGC
UAAAGUUUUUAUAUUUUUAGUAGAAAUGGA
GUUUCACCAUGUUGGACAGGCUGGUCUCGA
ACUCCUGACCUCAGGUGAUCCACCCGCCUCAG
CCUC-3′

This human LincRNA-p21 isoform LIsoE2 AluSx1
RNAs will be referred to as sense and antisense AluSx1
RNAs throughout.

The plasmids were synthesised commercially, each se-
quence was flanked by a T7 RNA polymerase promoter
sequence at the 5′-end and an XbaI restriction endonu-
clease cut-site sequence at the 3′-end. To increase RNA
yield, two additional Gs were added to the 3′-end of the
T7 promoter region which is reflected in the theoretical MW
(Table 1) (28). LincRNA-p21 sequences were inserted into
Genewiz pUC-57-KAN plasmids (Azenta Life Sciences,
USA). Plasmids were transformed and cultured in E. coli
NEB� (NEB, Canada) competent cells and were purified
using NEB Monarch Miniprep Kits (NEB, Canada) as per
manufacturer’s protocol.

In vitro transcriptions of LincRNA-p21 sense and antisense
AluSx1 inverted repeats and RNA purification

RNA transcripts were prepared using run-off in vitro tran-
scriptions (IVT) as prepared previously (29,30). Briefly,
concentrated plasmid samples were digested by XbaI re-
striction endonuclease (NEB, Canada). 1 mL in vitro tran-
scription reactions were performed using laboratory pu-
rified in-house T7 RNA polymerase and commercial Ri-
boLock RNase inhibitor (Thermo Fisher Scientific, USA)
(31). Linearised plasmids were additionally incubated with
10% DMSO and 0.1% Triton X-100 to increase RNA
transcript yields (32). Sense and antisense AluSx1 RNA
were purified by SEC using a Superdex 200 Increase GL
10/300 (Global Life Science Solutions USA LLC, Marl-
borough, MA, USA) and purification buffer (PB) (10
mM Bis-tris pH 5.0, 100 mM NaCl, 15 mM KCl 15
mM MgCl2, 10% glycerol) with an ÄKTA pure FPLC
(Global Life Science Solutions USA LLC, Marlborough,
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MA, USA) (33). SEC peak fractions were assessed for
purity by urea-polyacrylamide gel electrophoresis (Urea-
PAGE) and sedimentation velocity analytical ultracentrifu-
gation (SV-AUC) in 6M urea. Urea-PAGE (10%) was run
at room temperature, 300V, for 40 min in 1x TBE (Tris-
Borate-EDTA) buffer, followed by staining with SybrTM

Safe (Thermofisher Scientific, Saint-Laurant, QC, Canada)
and visualisation. Pure fractions were pooled and con-
centrated by ethanol precipitation, with resuspension in
HEPES Folding Buffer (HFB) (50mM HEPES, 150 mM
NaCl, 15 mM MgCl2, 3% Glycerol, pH 7.4) for SAXS
submission.

Multiangle light scattering (MALS), and analytical ultracen-
trifugation (AUC) studies of LincRNA-p21 AluSx1 sense and
antisense inverted repeats

SEC purified LincRNA-p21 AluSx1 RNAs were subjected
to an additional SEC purification by a Superdex 200
Increase 10/300 GL column in HFB and analysed di-
rectly by an in tandem DAWN Multiangle Light Scat-
terer (MALS) with Optilab Refractive Index System (Wy-
att Technology, USA) to determine the MW as per Wy-
att Technologies guidelines (34). Samples were eluted at
a 0.5 mL/min flowrate and measured using 18 multian-
gle detectors, including a UV A260 and A280, and a re-
fractive index (RI) detector. MALS measurements were
taken using a helium-neon red laser (632.8 nm) at 25ºC.
For data analysis, the refractive index increment (dn/dc)
was adjusted to 0.1721 mL/g for sense and antisense
AluSx1 RNA samples (35–37). Data were analysed using
the ASTRA v9 software package (Wyatt Technology, USA)
(38,39).

Purified sense and antisense AluSx1 RNA were measured
by SV-AUC under denaturing conditions in 6M urea to as-
certain purity and composition of the transcript. Both sam-
ples were measured in two-channel centrepieces and spun at
25,000 rpm for 6 hours at 20ºC. Denaturing 6M urea buffer
density (1.0899 g/mL) and viscosity (1.3896 cP) were esti-
mated with Ultrascan and used to convert observed sedi-
mentation and diffusion coefficients to standard conditions
(water at 20ºC). Data were collected in intensity mode at
260 nm and processed using the UltraScan III Software
(40). SV-AUC data were processed as described in (41).
Briefly, systematic noise contributions and boundary con-
ditions (meniscus and bottom of the cell position) samples
were processed with the two-dimensional spectrum analysis
(42). Data was further refined by genetic algorithm analysis
to achieve parsimonious regularisation (43). The final step
included a genetic algorithm-Monte Carlo (GA-MC) anal-
ysis, that was performed with 50 iterations to obtain 95%
confidence intervals for the determined parameters (Table
1) (44). AUC data analysis was performed on the XSEDE
high-performance computing infrastructure using Expanse
and Bridges-2 at the San Diego and Pittsburgh supercom-
puting centres, respectively. The final model produced very
low residual mean square deviations (RMSD) of 0.00139 at
0.438 OD260 for sense and 0.00177 at 0.71 OD260 for an-
tisense LincRNA-p21 AluSx1. All fits produced random
residuals, which, together with the low RMSD is evidence
for excellent convergence.

Small angle X-Ray scattering (SAXS) analysis of LincRNA-
p21 AluSx1 sense and antisense

SAXS data for sense and antisense AluSx1 RNA samples
were collected at 2.5 mg/mL. Samples were run at Dia-
mond Light Source Ltd. synchrotron (Didcot, Oxfordshire,
UK) on the B21 SAXS beamline, with a high-performance
liquid chromatography (HPLC) system attached upstream
to ensure sample monodispersity (45). A specialised flow
cell was employed in conjunction with an inline Agi-
lent 1200 HPLC system (Agilent Technologies, Stockport,
UK); sense and antisense AluSx1 RNA samples were in-
jected onto a Shodex KW403-4F (Showa Denko Amer-
ica Inc., New York, NY, USA) size exclusion column pre-
equilibrated with HFB. The flow rate of the column was
maintained at 0.160 mL/minute with eluted samples be-
ing exposed to X-rays with 3 second exposure time and 600
frames.

Analysis of scattering data was carried out using the AT-
SAS suite (46). Using Chromixs, the buffer contribution
was subtracted from the sample peak (47). A Guinier anal-
yses (q2 vs. ln(I(q))) was performed on each data set to
obtain the radius of gyration (Rg) and to determine the
sample’s quality (48). A dimensionless Kratky plot (qRg

vs qRg
2*I(q)/I(0)) was generated to evaluate folding of

RNA molecules (49). A paired-distance distribution func-
tion (P(r) analysis was performed using GNOM to obtain
real-space Rg and the maximum particle dimension (Dmax)
of the sample (50,51). Employing the information derived
from the P(r) plot, a total of fifty sense and antisense AluSx1
RNA models were generated using DAMMIN (52). These
models were then averaged using DAMAVER and then fil-
tered using DAMFILT to produce a single representative
model of each of the RNAs (52,53).

Sense and antisense LincRNAp-21 AluSx1 RNA tertiary
structure determination

Using the secondary structure information from Chillón
and Pyle, 2016, sense and antisense AluSx1 tertiary struc-
tures were calculated using SimRNA v3.20 (27). SimRNA
v3.20 is a Monte Carlo sampler that operates on a coarse-
grained model of RNA structure. SimRNA employs a five-
bead system per nucleotide, as well as an empirically de-
rived knowledge-based potential. A total of 20 million Sim-
RNA iterations in replica exchange mode were performed
for both sense and antisense AluSx1 RNAs. SimRNA clus-
tering was then performed within one percent of all trajec-
tories with the lowest energy. A RMSD cut-off of five was
applied to filter 3080 clusters of similar structures for both
sense and antisense AluSx1 RNAs.

High-resolution structural modelling of LincRNA-p21
AluSx1 sense and antisense

The representative cluster models containing 3080 compu-
tationally generated high-resolution models for both the
sense and antisense AluSx1 were separately assessed by HY-
DROPRO to generate hydrodynamic properties for each
model (54). Running conditions for HYDROPRO involved
buffer properties for HFB as determined by UltraScan III:
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a viscosity of 1.10068 cP; and buffer density of 1.014 g/cm3

(40). The theoretical MW of 99.418 kDa and 89.543 kDa
were applied to the HYDROPRO parameters of sense and
antisense AluSx1 RNA, respectively. Models were super-
imposed onto the SAXS DAMFILT structures and fitted
using DAMSUP. Models exhibiting an NSD (normalized
spatial discrepancy) value of 1.00 to 1.15 which indicates
close fitting were further selected to represent the high-
resolution, atomistic RNA model (53). Models exhibiting
similar HYDROPRO determined Rg and Dmax were fur-
ther selected for and formed the top ten models of inter-
est. The top ten models were energy minimised using an
additional step involving QRNAS, which employed a sub-
set of the AMBER force field to achieve energy minimisa-
tion of the structures generated from coarse-grained three-
dimensional modelling (55). 20,000 QRNAS MD iterations
were performed from the original SimRNA full-atom re-
constructed high-resolution models that best-fit the aver-
aged, filtered low-resolution, three-dimensional structure
obtained from DAMFILT. Subsequently, five best fit mod-
els were superimposed on SAXS structures and represented
using PyMOL (53,56).

RESULTS

Purification of LincRNA-p21 sense and antisense AluSx1 in-
verted repeats

Both sense and antisense AluSx1 RNAs were purified us-
ing SEC, eluting principally around ∼10.0 – 12.5 mL at a
flowrate of 0.5 mL/min on the Superdex 200 Increase GL
10/300 (Figure 2A). The left peak indicates plasmid ex-
cluded from subsequent analysis while the right peak rep-
resents the RNA of interest. Figure 2B depicts the 10%
Urea PAGE gel for the RNA fractions indicating that both
RNAs migrated closely with similar length and, around
the ∼300bp marker. Sense LincRNA-p21 AluSx1 gener-
ally produced closely eluting bands (around ∼300bp). SV-
AUC experiments were conducted using the single fractions
collected at 11.0 mL and 11.5 mL for sense and antisense
AluSx1 RNA respectively (indicated by the right shoulder,
blue inset, Figure 2A).

Biophysical characterisation of LincRNA-p21 sense and an-
tisense AluSx1 inverted repeats

Sedimentation and diffusion coefficients and their 95%
confidence intervals resulting from the GA-MC analyses
are listed in Table 1. Together with sequence based mo-
lar masses, SV-AUC results can be used to derive partial
specific volumes and anisotropies for the RNA measure-
ments. Since both RNA molecules were measured in the
same urea buffer, it is reasonable to assume that the par-
tial specific volume is similar for both molecules. Sedimen-
tation experiments were performed in 6M urea to denature
the molecule and disrupt hydrogen bonding within double-
stranded RNA regions of the molecule. Results shown in
Figure 2C and D indicate that both samples contain one
major species with similar sedimentation coefficients, and
molar masses in agreement with molar masses predicted
from sequence when using a partial specific volume of 0.516
mL/g. This result is consistent with a monomeric and ho-
mogeneous full-length transcript of sense (84% of total

Table 1. Solution Properties of Sense and Antisense LincRNA-p21
AluSx1

Sample

Sense
LincRNA-p21

AluSx1

Antisense
LincRNA-p21

AluSx1

Mw Theoretical (kDa) 99.418 89.543
Mw AUC (kDa)+ 94.770 92.561
Mw SEC-MALS (kDa)∇ 99.24 ± 0.01 94.52 ± 3.71
Sedimentation Coefficient,
s20, w (10−13 s)+

5.56 ± 0.25 5.53 ± 0.05

Diffusion Coefficient,
D20, w (10–7 cm2/s)+

2.95 ± 0.59 3.00 ± 0.03

Frictional Ratio, f/f0
+ 2.71 2.68

Rh (Å)+ 72.7 71.3
q.Rg range # 0.43–1.29 0.42–1.25
Rg (Å) # 60.87 ± 0.85 59.07 ± 0.15
I(0) � 0.01 ± 9.90 × 10−5 0.07 ± 8.14 × 10−5

Rg (Å) � 61.71 ± 0.31 58.37 ± 0.07
Dmax (Å)� 185.0 180.7
X2 * ∼1.148 ∼1.084
NSD * 1.080 ± 0.024 1.005 ± 0.022

The MW of the sense and antisense LincRNA-p21 Alu Repeat RNA were
calculated using the nucleotide sequences provided by Chillón and Pyle,
2016. + Molar masses and frictional ratios determined by AUC assume
a partial specific volume of 0.516 mL/g and refer to conditions where the
RNA is denatured by 6M urea. + are within 95% confidence intervals. Data
points ∇ were determined from SEC-MALS experiments. Data points #
were derived from the Guinier analysis. Data points � were determined
using P(r) analysis using the GNOM program. Data points * were derived
from DAMMIN and DAMAVER analysis. Terms: Hydrodynamic Ra-
dius (Rh); Radius of Gyration (Rg); Maximum Particle Dimension (Dmax);
Normalised Spatial Discrepancy (NSD).

concentration) and antisense (75% of total concentration)
LincRNA-p21 AluSx1 RNA. Frictional ratios and hydro-
dynamic radii derived for both molecules indicate a high
anisotropy for both molecules, consistent with an unfolded
and extended molecule.

SEC-MALS analysis was conducted to determine the
MW of the sense and antisense AluSx1 RNA SAXS.
LincRNA-p21 AluSx1 RNAs were purified again on a Su-
perdex 200 Increase GL 10/300 SEC column which pro-
duced peaks eluting between 11 – 12.5 mL (Figure 3A). MW
values of sense and antisense AluSx1 reported from SEC-
MALS are slightly higher than the molar masses calculated
from their sequences except for sense LincRNA-p21 AluSx1
which exhibited less than 0.2% difference from the theo-
retical MW at 99.24 ± 0.01 kDa (Table 1). MW uniformity
throughout Figure 3B and C indicates that both RNAs are
monomeric. SEC-MALS results further confirm the homo-
geneous composition of sense and antisense AluSx1 RNA
determined in SV-AUC. RNA degradation or shorter tran-
scripts can be excluded since no significant smaller frag-
ments were detected. Hydrodynamic parameters derived
from SEC-MALS, and SV-AUC are summarised in Table 1.

Low-Resolution structural studies of LincRNA-p21 sense and
antisense AluSx1 inverted repeats

SAXS is a powerful method that can represent the overall
solution shape of biomolecules under physiologically rele-
vant conditions. Using SEC-SAXS, which can separate dif-
ferent species according to their size before being applied
to the SAXS measuring cell, provides confidence in the
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Figure 2. Purification of Sense and Antisense in vitro Transcribed LincRNA-p21 AluSx1 RNA. (A) depicts the size exclusion chromatogram of the sense
and antisense AluSx1 RNA elution profile using the Superdex 200 Increase GL 10/300 column. SEC-MALS and SV-AUC experiments were performed
with the fractions highlighted in red (sense) and blue (antisense). (B) shows the 10% urea PAGE gel used to ascertain the sense and antisense LincRNA-p21
RNA purity extracted using 0.5 mL fractions (volumes in red) using an ÄKTA Pure FPLC through a Superdex 200 Increase GL 10/300 SEC column.
Fractions collected at 11.0 mL and 11.5 mL for sense and antisense AluSx1 purifications were consolidated and used for SAXS and SV-AUC experiments.
A Quick-Load® Purple 100 bp DNA Ladder (NEB, Canada) was used for the 10% urea PAGE gels in lanes 1 and 7 of each gel. (C) dC/ds sedimentation
coefficient distributions for sense (Red) and anti-sense (Blue) under 6M urea denaturing conditions. (D) same as (C), except transformed to molar mass
distributions assuming a partial specific volume of 0.516 mL/g.

monodispersity of purified samples (57–60). The resulting
datasets were merged and presented in Figure 4A depicting
the scattering intensity relative to angle for sense and anti-
sense AluSx1 RNA. A Guinier analysis (l(q)) vs. (q2)) rep-
resented by Figure 4B displays the LincRNA-p21 AluSx1
RNA samples’ purity (48). The Guinier analysis determined
the Guinier Rg from the low-q region as being 60.87 ± 0.87
Å for sense LincRNA-p21 AluSx1 and 59.07 ± 0.15 Å for
antisense LincRNA-p21 AluSx1. Intensity data from Fig-
ure 4A was transformed to produce a dimensionless Kratky
plot (Figure 4C) to determine the LincRNA-p21 AluSx1
RNAs’ conformations in solution (61). The dimensionless
Kratky plot for both the sense and antisense AluSx1 shows
a levelled-plateau which suggests them as being folded and
extended in solution (62).

Figure 4D represents the (P(r)) plot which was de-
rived from indirect Fourier transformations to convert the
reciprocal-space information of the intensity data in Fig-

ure 4A to real-space electron pair distance distribution data
(63). Using the P(r) plot, sense LincRNA-p21 AluSx1 pre-
sented a real-space Rg of 61.71 ± 0.31 Å and a Dmax of 185.0
Å, while the antisense LincRNA-p21 AluSx1 presented a
real-space Rg of 58.37 ± 0.07 Å and Dmax of 180.7 Å.
DAMMIN was performed to obtain low-resolution struc-
tures for the sense and antisense AluSx1 RNA. Fifty models
were calculated for each sense and antisense AluSx1 RNAs
which demonstrated favourable agreement as indicated by
the X2 values (∼1.148 for sense LincRNA-p21 AluSx1 and
∼1.084 for antisense LincRNA-p21 AluSx1). DAMFILT
and DAMAVER were performed to filter and averaged the
models. The NSDs were estimated to be 1.080 ± 0.024 and
1.005 ± 0.022 for sense and antisense respectively (Table 1)
(56).

We identified two, single representative SAXS envelopes
illustrated by Figure 5. The averaged, single-representative
SAXS envelope of sense LincRNA-p21 AluSx1 is gener-
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Figure 3. Molecular Weight Determination of Sense and Antisense LincRNA-p21 AluSx1 RNA using SEC-MALS. (A) Portrays the elution curve from
the Superdex 200 Increase GL 10/300 SEC of sense (Red) and antisense (Blue) AluSx1 RNAs. (B) Demonstrates the absolute molecular weight distribution
across the elution peak of sense LincRNA-p21 AluSx1 RNA’s elution profile, and light scattering (blue), UV (red), and RI (purple) scattering. (C) Portrays
the absolute molecular weight distribution across the elution peak the results fitting of antisense LincRNA-p21 AluSx1 RNA’s elution profile, and light
scattering (Blue), UV (Red), and RI (Purple) scattering.

Figure 4. Small Angle X-Ray Scattering (SAXS) Characterisation of Sense (red) and Antisense (blue) LincRNA-p21 AluSx1 RNA. (A) merged scattering
data of sense and antisense AluSx1 RNA depicting the scattering intensity (log I(q)) vs. scattering angle (q = 4�sin�/�). (B) Guinier plots allowing for
the determination of Rg from the low-angle region data and representing the homogeneity of samples. (C) Dimensionless Kratky plots (I(q)/I(0)*(q*Rg)2
vs. q*Rg) of sense and antisense AluSx1 RNA depicting the elongated, tube-like structures because of the non-Gaussian, levelled-plateau shape of the
curve. (D) Normalised pair distance distribution plots for sense and antisense AluSx1 RNA which permits the determination of Rg derived from the SAXS
dataset and including each molecule’s Dmax.
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Figure 5. Low-Resolution Structures of Sense (A, Grey) and Antisense (B, Pale Cyan) LincRNA-p21 AluSx1 Inverted Repeats Determined using SAXS.
(A) The averaged DAMAVER SAXS low-resolution structure of sense LincRNA-p21 AluSx1 RNA, taking on an elongated, asymmetrical, and extended
structure with maximum length of 185.0 Å. Key features include a left and right Bulge. (B) The averaged DAMAVER SAXS low-resolution structure
of antisense LincRNA-p21 AluSx1 RNA, adopting an elongated, asymmetrical, and extended structure with maximum length of 180.7 Å. Key features
include a left bulge, central bulge, and a right protrusion. Dimensions are represented by the Dmax obtained from the P(r) analysis. Models are rotated
along their x-axis by 90º as represented by the inset.

ally extended, adopting a non-spherical, nonglobular sur-
face model (Figure 5A). The SAXS envelope is additionally
asymmetrical in its rotation along its x- and y-axes, exhibit-
ing two prominent bulges that are primarily located on its
ends. Figure 5B shows the antisense LincRNA-p21 AluSx1
SAXS envelope which is similarly elongated and asymmet-
rical. Antisense LincRNA-p21 AluSx1 though has three
prominent bulges, two located centrally, while the third dis-
tally protrudes outwards from the centre.

High-resolution atomistic models of LincRNA-p21 AluSx1
sense and antisense inverted repeats

Using SimRNA v3.20, and the secondary structure con-
straints for both RNAs based on previous studies, we cal-
culated 10,000 clusters of high-resolution, atomistic mod-
els for each RNA (15). These models were further re-
fined through energy minimisation steps to remove mod-
els that did not satisfy constraints such as defined atom
distances, bond lengths and angles. Subsequently, we ob-
tained 3080 high-resolution models that can be superim-
posed on the DAMFILT SAXS envelopes using DAMSUP.
Sense LincRNA-p21 AluSx1 models when superimposed
produced ten models that had an NSD range from 1.053 to
1.094, while for the antisense RNA, the top ten models re-
tained an NSD range of 1.113 to 1.175. We further applied
a selection process using the real-space Rg and Dmax values
determined from SAXS for each molecule. We employed the
program HYDROPRO to calculate biophysical properties
such as Rg and Dmax from the 3080 high-resolution mod-
els, as performed previously (64). Top ten models were fur-
ther reduced to five using the HYDROPRO properties to
achieve models that were in close approximations to SAXS
determined Rg and Dmax.

Both the top five high-resolution, high-fidelity sense and
antisense AluSx1 models are represented by Figures 6 and

7 respectively. Figure 6 depicts the sense LincRNA-p21
AluSx1 RNAs that closely fit with the SAXS envelopes
generated in Figure 5A. Previous chemically probed sec-
ondary structure predictions identified three major sec-
ondary structures: a left and right arm, and a 3′-three-way
junction which have been modelled using SimRNA and
represented in Figure 6. High-fidelity sense LincRNA-p21
AluSx1 characteristically exhibits the right arm (Magenta)
that curls into the central RNA body while the left arm
(Blue) extends outwards. Multiple models depict variance in
the right arm’s position, appearing to adopt multiple con-
formations that curl, but rarely extend outwards, towards
the central RNA body. The right arm’s stem-loop on its
head is additionally compacted and has either bridged with
the main RNA body against the 3′-three-way junction or
curls outwards. We have identified a consistent 3′-adenyl tail
(Cyan) that consistently wraps around the right arm’s base
or the connection with the 3′-three-way junctions (Yellow).
A 5′-junction (Green) is also a present feature identified but
not named by the previous study, but consistently appears
to project outwards, perpendicularly from the RNA’s x-axis
(Figure 6). A flexible, and generally unnamed region – the
single-stranded linker (Orange), is presented centrally be-
tween the two arms, adopting no specific structure. An an-
imated representation of Figure 6B is attached in Supple-
mentary Movie S1.

Figure 7 similarly presents the high-fidelity, high-
resolution structures of antisense LincRNAp21 AluSx1
which were modelled using previous chemically probed sec-
ondary structure predictions using SimRNA v3.20 (15).
They exhibit the left and right arms, and the 5′-three-way
junctions. Both the left (Blue) and right (Magenta) arms
of antisense LincRNA-p21 AluSx1 project laterally in line
with the x-axis. The identified 5′-uridyl tail (Cyan) consis-
tently wraps around the left arm. Both the 3′-three-way
junctions, and the identified 5′-junction are compacted cen-
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Figure 6. The SimRNA High-Resolution, High-Fidelity Models of Sense LincRNA-p21 AluSx1 RNA. Figure 6 presents the high-resolution, high-fidelity
sense models that have good fitting with their SAXS envelope as demonstrated by low NSD values. (A) represents model 514; (B) represents model 1036; (C)
represents model 1476; (D) represents model 1677; and (E) represents model 1794 which exhibit chemically probed secondary structures: left arm (Blue); 5′-
junction (Green); three-way junction (Yellow), right arm (Magenta), and the 3′-adenyl tail (Cyan). Terminal nucleotides are displayed as: 5′nt (Red, Sphere
Modelled) and 3′nt (Lime Green, Sphere Modelled). Models are rotated along their x-axis by 90º as indicated by the inset. A flexible, single-stranded linker
sequence is represented centrally (Orange).

trally, with regions that project perpendicularly from the
RNA body’s x-axis. The right arm of antisense LincRNA-
p21 AluSx1 does not retain the characteristic stem-loop
head that sense LincRNA-p21 AluSx1 has. An animated
representation of Figure 7C is attached in Supplementary
Movie S2.

After performing DAMSUP, the high-fidelity, high-
resolution models were visually inspected in terms of their
alignment with the low-resolution SAXS envelope from
DAMFILT and were represented in Figures 8 and 9 for
sense and antisense AluSx1 RNA respectively. Figure 8 dis-
plays a general agreement with the sense SAXS envelope
overlaid by their high-fidelity, high resolution SimRNA
models. Both the left and right arms when superimposed
fit neatly within the protruding two bulges of the SAXS en-
velope. Minor disagreement occurs for the right arm’s stem-
loop head which appears to be excluded from the SAXS
structure, which is similar for the tip of the Left arm. Both
the 5′-junction and 3′-three-way junction exhibits consider-
able overlap with the SAXS low-resolution structure when
superimposed. Figure 9 shows a general agreement with
the antisense SimRNA models with their respective SAXS
low-resolution structures. The left arm, 5′-junction, and 3′-
three-way junctions are secondary structures that exhibit
the highest relative overlap with the SAXS envelope and
occur within the central bulge and right-most protrusion.
The right arm (Magenta) depicts relatively lower agree-

ment, with its tip and core regions exposed and externalised
from the SAXS envelope. This is primarily confined to the
left bulge, however, which indicates a lack of adequate fit-
ting. Two animated representations of one of the sense (Fig-
ure 8B) and antisense (Figure 9C) models are attached in
Supplementary Movie S3 and S4 respectively for demon-
strating the lowest NSD values 1.073 and 1.156 respectively
of the five selected models.

DISCUSSION

RNA secondary structure is especially important in defin-
ing an RNA molecule’s roles and functions (65,66).
These structures can be studied using a variety of tech-
niques including secondary structure probing methods such
as SHAPE, Nuclear Magnetic Resonance (NMR) spec-
troscopy, comparative sequence alignment and analysis, or
three-dimensional structure predictions software for con-
ceptualising higher order complexes (67–71). Identifying
functional structural elements of RNA is especially im-
portant when observing the noncoding elements of the
genome, whose significant contribution of noncoding RNA
(ncRNA) play important regulatory roles in complex or-
ganisms. LincRNA-p21 is one such important regulatory
lncRNA that is directly targeted by p53 in response to DNA
damage (14). Being a transcriptional repressor in the p53
pathway, the process of understanding LincRNA-p21’s sec-
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Figure 7. The SimRNA High-Resolution, High-Fidelity Models of Antisense LincRNA-p21 AluSx1 RNA. Figure 7 presents the high-resolution, high-
fidelity sense models that have good fitting with their SAXS envelope as demonstrated by low NSD values. (A) represents model 66; (B) represents model
974; (C) represents model 1013; (D) represents model 1074; and (E) represents model 1417 which exhibit chemically probed secondary structures: left
arm (Blue); 5′-junction (Green); three-way junction (Yellow), right arm (Magenta), and the 5′-uridyl tail (Cyan). Terminal nucleotides are displayed as:
5′nt (Red, Sphere Modelled) and 3′nt (Lime Green, Sphere Modelled). Models are rotated along their x-axis by 90º as indicated by the inset. A flexible,
single-stranded linker sequence is represented centrally (Orange).

ondary structure is a first step evaluation towards how it
binds to and modulates hnRNP-K localisation which is a
process that ultimately triggers apoptosis in DNA damaged
or cancerous cells.

The primary intent of our work is to obtain the high-
resolution details of LincRNA-p21 AluSx1 RNA by com-
bining the previously determined secondary structure of
the Inverted Repeat transposable elements determined by
Chillón and Pyle with SAXS structure determination and
computational modelling (15). The previous study observed
that the two isoforms of hLincRNA-p21 contain IR Alu el-
ements, with the sense AluSx1 located at positions 2589–
2895 and the antisense AluSx1 located at positions 1351–
1651 of the TP53COR1 gene (15). Since these RNAs are
transcribed bidirectionally, observation of the secondary
structure details of both the sense and antisense AluSx1 was
studied. Figure 1 outlines our multifaceted process for bio-
physically characterising molecules using SEC-SAXS, SEC-
MALS, SV-AUC, and SimRNA from chemically probed
secondary structure determinations. SEC-MALS and AUC
act as orthogonal quality control and validation techniques
when combined with PAGE (72).

We initially started by transcribing sense and antisense
AluSx1 RNAs, which were purified to homogeneity as indi-
cated by Figure 2A. Both RNA displays multi-modal peaks
with a primary peak representative of the monomeric RNA
species. Fractions along the primary peak were taken and

analysed by 6M urea PAGE, which showed relatively pure
and pronounced RNA bands around 300 bp indicating that
most of the species is the primary RNA of interest (Fig-
ure 2B). Subsequent urea PAGEs were performed, and each
resulted in an inconclusive answer to RNA homogeneity.
We therefore turned to SV-AUC to determine if the RNA
samples were heterogenous as indicated by urea-PAGE, or
homogenous enough for further characterisation. As indi-
cated in Figure 2C, D, both sense and antisense AluSx1
RNA adopted a single, major species in solution when de-
natured by 6M urea. Any minor species had negligible con-
centrations indicated by the minor noise contributions. The
SV-AUC experiments showed no evidence for RNA degra-
dation or aggregation. The MW values of sense and anti-
sense AluSx1 RNAs determined by AUC were less than 5%
different (Table 1). AUC experiments were carried out in
the presence of 6M urea as a denaturant, so we needed to
assess each RNA in non-denaturing conditions. We there-
fore utilised SEC-MALS to determine absolute molecular
weight in solution (34,73). Each RNA eluted as a singu-
lar, tight, and gaussian distribution elution profile evident
in Figure 3A. Comparatively to AUC results, the RNA
also exists monomerically in HFB as indicated by their uni-
form MW demonstrated in Figures 3B/C. The sense RNA
molecular weight resulted in 99.24 ± 0.01, virtually identi-
cal to the theoretical molecular weight of 99.42 kDa. An-
tisense RNA also resulted in a similar molecular weight of
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Figure 8. Superimposed Overlays of Sense SAXS Envelopes with their High-Resolution, High-Fidelity SimRNA Models. Figure 8 represents the combined
overlays of the sense LincRNA-p21 AluSx1 RNA envelope with their top high-resolution, SimRNA models: (A) 514; (B) 1036; (C) 1476; (D) 1677; and (E)
1794. Overall, SAXS envelopes indicate a general agreement with computationally generated structures, showing high overlap of the extended molecule
with the major secondary structures identified using chemical probing techniques.

94.52 ± 3.71 to the theoretical value of 89.54 kDa. These
results suggest the RNA was acceptable to undergo SEC-
SAXS and three-dimensional structure determination since
SAXS requires highly homogenous samples.

SAXS is an ideal technique to determine low-resolution,
three-dimensional structures of molecules in their native
state and was used to investigate the solution conforma-
tions of both RNAs (52,74,75). SAXS data is derived from
the elastic scattering and detection of high-energy photons
from the electrons of an irradiated sample which can be used
to examine the sample’s electron density and overall struc-
ture (74). The process of SAXS involves a solubilised sample
exposed to a collimated monochromatic X-ray beam which
scatters as it comes in contact with the sample’s molecules
in question (75). The resulting scattered X-rays can be mea-
sured based upon their intensity and altered angle verses
incident and scattered beams. The solvent is measured in-
dependently to be subtracted as background noise and to
remove interfering signals. Data analysis follows ab initio
shape determination which takes the scattering pattern and
represents them by finite volume elements (beads). Monte-
Carlo type algorithms are employed to fit the experimental
data at first using random configurations. DAMMIN and
DAMMIF are ab initio programs that can be utilised to de-
velop compact and interconnected bead models that illus-
trate the overall structure of the RNA in question (52,76).
SAXS sampling is relatively easy and merely includes the
purification of a sample (using SEC or filtering) and its sub-

sequent exposure to an X-ray source. Such samples have the
benefit of being observed in their near-physiological condi-
tions without having to undergo artificial adjustments such
as complex labelling, crystallisation, or cryogenic freezing.
SAXS, however, has some limitations, namely its lower res-
olution compared to Cryo-Electron Microscopy or X-ray
Crystallography causing ambiguity in discerning structural
elements from scattering profiles (77). Additionally, X-rays
can damage samples but can be minimised with buffer pro-
tectants like glycerol (78).

Overall, scattering intensities were acceptable even in
low-angle regions as shown in Figure 4A. The linear regres-
sion of the sense and antisense AluSx1 samples in Figure
4B portrays the intensities within the defined low-q2 range
as being linear with the absence of upward curves, illustrat-
ing monodispersity and the absence of attractive or repul-
sive interactions between scatterers (62,79,80). Guiner Rg
approximation resulted in 60.87 ± 0.85 and 59.07 ± 0.15 Å
for sense and antisense AluSx1 RNAs, respectively. These
Rg approximations are consistent with an elongated RNA
molecule (81,82). Furthermore, the relative foldedness of
sense and antisense RNAs can be deduced from the di-
mensionless Kratky plot in Figure 4C. The Kratky plot de-
picts both sense and antisense RNAs as being elongated
but relatively folded, like other ncRNA (29,83). Addition-
ally, the Guinier Rg and the real-space Rg are close with less
than 1.5% difference. Figure 4D represents both RNA’s dis-
tance distribution functions and are non-Gaussian, further

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/advance-article/doi/10.1093/nar/gkac414/6593123 by guest on 26 M

ay 2022



12 Nucleic Acids Research, 2022

Figure 9. Superimposed Overlays of Antisense SAXS Envelopes with their High-Resolution, High-Fidelity SimRNA Models. Figure 9 represents the
combined overlays of the antisense LincRNA-p21 AluSx1 RNA envelope with their top high-resolution, SimRNA models: (A) 66; (B) 974; (C) 1013; (D)
1074; and (E) 1417. Overall, SAXS envelopes indicate a general agreement with computationally generated structures, showing high overlap of the extended
molecule with the major secondary structures identified using chemical probing techniques. However, there is a slight overhang present with the right arm
(Magenta) which has an area excluded from overlapping with the SAXS envelope.

consistent with extended molecules. Globular molecules
will generate a Gaussian-like P(r) distributions which is
not demonstrated in Figure 4D further justifying its ex-
tended shape (63). Using the P(r) distribution, molecules
can also be described on their overall shape and symme-
try to confirm solution folding acquired from the dimen-
sionless Kratky plot (63). Generally, globular molecules
will display a bell-shaped curve with a maximum at ap-
proximately Dmax/2 while elongated molecules retain non-
Gaussian, asymmetrical distributions with a maximum at
smaller distances which appear as shoulders. For elongated
molecules, this distribution will correspond to the radius
of the cross section which will generally be illustrated by
a tailing of the profile at larger distances (29,84). This is
present for both sense and antisense AluSx1 RNA whereby
their respective Dmax/2 do not demonstrably produce an
even bell-curved but rather lead into right-leaning tails re-
inforcing the overall elongated shape established by Figure
4C. Sense and antisense adopt maximum distance towards
185.0 Å and 180.7 Å, respectively. Both RNAs result in sim-
ilar Dmax measurements which is expected of two RNA of
similar lengths, with the sense RNA being larger than the
antisense RNA. These size difference can be attributed both
to the RNAs’ folding properties, and the 307 nt vs 280 nt
lengths of the sense and antisense sequences as derived from
Chillón and Pyle (15).

SAXS analysis of both the sense and antisense RNAs
provided structures with noticeably consistent features, in-
cluding a left and right bulge for the sense RNA and a left
and central bulge, and right protrusion for the antisense
RNA (Figure 5). Use of the standard HFB was important
since human LincRNA-p21 folds at near physiological con-
centrations at around 5 mM MgCl2 with maximum com-
paction at 15 mM MgCl2 (15). These features are observed
to overlap with predicted features seen in the secondary
structure analysis by Chillion and Pyle (15). These features,
while they can be seen in the SAXS structures, were arbi-
trarily based on structure orientation because directional-
ity cannot be determined from these models. Therefore, we
needed to not only computationally derive higher resolution
models for clarity, but also directionality.

When analysing the high-resolution computational mod-
els derived from the secondary structure determinations, a
straitened selection process was needed to screen for models
that match the experimentally determined low-resolution
structures. Therefore, HYDROPRO was employed to com-
pute the hydrodynamic properties of sense and antisense
AluSx1 rigid macromolecules from their atomic-level struc-
ture (85–88). HYDROPRO’s calculation comprise the basic
hydrodynamic properties including the translational diffu-
sion coefficient, sedimentation coefficient, intrinsic viscos-
ity, and relaxation times, and can additionally provide the
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radius of gyration (54). Incidentally, HYDROPRO can be
used as another orthogonal selection process against com-
putationally generated models that don’t fit the solutions
scattering data. It was employed to minimise the ∼3080
models which could subsequently be fit using DAMSUP
based on the solution scattering range of Dmax and Rg. Con-
sequently, observing HYDROPRO merely as a fitting tool
narrowed the selection of potential models to five.

As detailed in Figures 6 and 7, sense and antisense
AluSx1 RNA folds into a double-stranded RNA molecule
that appear to be consistent with Chillón and Pyle’s sec-
ondary structure determinations. No previous attempts at
secondary structure determination of AluSx1 has been per-
formed before Chillón and Pyle, although alternative tech-
niques such as in vivo click (ic) SHAPE has been suggested
as a technique to study the secondary structure of LncR-
NAs natively outside of the in vitro techniques applied (89–
91). Human LincRNA-p21 is itself a linear, single exon
lncRNA which contains IR Alu repeats such as AluSx1
(15). Both the sense and antisense AluSx1 RNAs were de-
termined to comprise a left and right Arm with both arms
connected by a single-stranded region. The 5′ domain of
each arm is characterised by a central three-way junction
while the 3′ domain is characterised by a long stem-loop.
These subsequently form independent structural domains
which contribute to a variety of core functions such as
human LincRNA-p21’s nuclear localisation following cell
stress and DNA damage events (14). They suggested that
the 5′-end of LincRNA-p21 interacts with hnRNP-K which
could also regulate its nuclear localisation in conjunction
with its AluSx1 inverted repeat elements.

Our combined high- and low-resolution, three-
dimensional structure of sense LincRNA-p21 AluSx1
RNA (Figure 8) exhibits what appears to be two dsRNA
arms that fold helically into the otherwise elongated,
but radially compact or cylindrical model (Supplementary
Movies S1 and S3). When overlaid with the SAXS envelope,
considerable overlap is present between the high-fidelity,
high-resolution models (Supplementary Movies S2 and
S4). Both the 5′-junction and 3′-three-way junctions are
tightly localised in the centre of the RNA body, while the
left and right arms branch outwards. This likely forms a
binding pocket or coordination site for hnRNP-K’s one of
three KH RNA/DNA binding domains which are involved
in eliciting transcription regulation in the nucleus (92–94).
These domains are responsible for nucleic acid binding
and regulation of multiple biological processes including
interaction with LincRNA-p21 for cancer suppression
(94–97). The third KH domain of hnRNP-K KH3 has
been shown to bind to nucleic acids as an isolated domain,
although, exhibiting lower affinity than the full-length
protein (98). These previous studies have observed that
the KH3 domains bind to TCCC or CCCC-rich as well
as CCTC C/T-rich motifs (98,99). Two TCCC motifs
are present in the sense LincRNA-p21 AluSx1 RNA in
both the 5′-junction and 3′-three-way junctions. Antisense
LincRNA-p21 AluSx1 RNA is represented as a dsRNA
molecule with both the 5′-junction and 3′-three-way junc-
tions being compressed around the central bulge of the
SAXS envelope (Figure 9). The RNA molecule itself is
mostly extended with the left and right arms projecting

outward which likely contributes towards interacting
with the hnRNP-K RNA binding domains. Specifically,
sequences enriched with Alu repeats that contained three
stretches of at least six pyrimidines (C/T) and matching the
consensus sequence RCCTCCC (R = A/G) derived from
a SINE-derived nuclear RNA LOcalisation (SIRLOIN)
element is found to interact with hnRNP-K to increase
lncRNA nuclear enrichment (93,100). Three are apparent
within the antisense AluSx1, with two on each junction and
one on the left arm suggesting potential interaction sites
with hnRNP-K’s three KH RNA-binding domains. This
has been shown to be reliant on triplets of C/T regions
(101). The previous study has identified that hnRNP-K
binds to the sense, not the antisense, of LincRNA-p21
and has identified a 780 nts region on the 5′-end of the
LincRNA-p21 that is required for its interaction with
hnRNP-K (14). Additional studies also involved deletions
of Alu IRs from LincRNA-p21 which have identified
that full or partial deletions caused a 2∼fold decrease in
the localisation of LincRNA-p21-hnRNP-K complexes
(15). This was statistically significant, although hnRNP-K
localisation in the nucleus still occurred to a lesser extent
which is hypothesised to be the result of the LincRNA-
p21’s 5′-end interacting with hnRNP-K (15). Employing
our three-dimensional structures as a starting framework,
future studies can investigate the effects of deleting the
arms or introducing point mutations which can also include
additional computational techniques such as molecular
docking software to visualise the LincRNA-p21-hnRNP-K
interaction (102). While these mutations and deletions
may not change the structure dramatically, our structure
clearly demonstrates the presence of RCCTCC consensus
sequences that provide easy access to hnRNP-K interac-
tion. Mutating said sequence might affect the interfaces as
targets for structure-function interactions with hnRNP-K.

The flexibility and tendency towards being unfolded for
single-stranded regions creates difficulty in visualising an
RNA structure absolutely which would require additional
SAXS optimisation methods to represent (108,109). De-
spite this, SAXS still remains the primary choice for vi-
sualising lncRNA, which can be further supplemented by
atomic force microscopy (AFM) since they are too flexi-
ble for X-ray crystallography (110). Consequently, the im-
pact of ssRNA regions being flexible is limited to the 5′-
adenyl/3′-uridyl tails and central linker, with the former
generally wrapping around its most proximate arm. Despite
this, Figures 6 and 7 show multiple high-resolution models
which were available within the constraints set by the solu-
tion scattering data. Observing Supplementary Movie S5,
portraying the superimposed sense AluSx1 models, we iden-
tified that the five models generally overlapped at the left
arm, the 5′-junctions, and 3′-three-way junctions exhibiting
minor conformational differences that manifested largely at
flex points in the left arm. Major differences occurred in
the right arm whose inward folding deviated between each
individual models. This lowered confidence into an abso-
lute, single-representative model for the sense AluSx1 struc-
ture. Supplementary Movie S6 similarly shows the super-
imposed antisense AluSx1 models, however, they exhibited
clear visible overlap and uniformity throughout the four
major secondary structure elements. This indicates mini-
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Figure 10. Superimposed Overlays of Alu Crystal Fragments with High-Resolution LincRNA-p21 Sense and Antisense Models. Left panels depict the
overall structures and their overlays; right panels present the same but magnified view. (A) represents the crystal structure of archaeal (P. horikoshii) Alu
RNA (Red, 4UYK) bound to the Signal Recognition Particle (SRP, 9 kDa) protein (Pink) and overlaid with the high-resolution 1036 model of sense
LincRNAp-21 AluSx1 (Blue) (103) (see Supplementary Movie S7). (B) presents the crystal structure of Alu RNA derived from B. subtilis (Red, 4WFL),
overlaid with the high-resolution 1036 model of sense LincRNA-p21 AluSx1 (Blue) (104) (see Supplementary Movie S8). (C) shows the overlap of the
high-resolution LincRNA-p21 AluSx1 1036 model (Blue) with the high-resolution structure of human Alu RNA fragment (Red, 5AOX) bound to the
SRP protein (Pink) (105) (see Supplementary Movie S9). (D) presents the high-resolution antisense LincRNA-p21 AluSx1 1013 model (Red) overlaid with
the crystal structure of canine 7S RNA (Blue, 4UE5) bound to SRP protein (Green) (106) (see Supplementary Movie S10). Each Alu crystal fragment
generally depicts strong alignment and conservation of secondary structure with the sense LincRNA-p21 AluSx1 model. RNAalign models were visualised
by UCSF Chimera (107).

mal conformational differences, with the models being rel-
atively indistinguishable from each other suggesting that
all five models are equally likely given their close Rg and
Dmax parameters to the solution scattering data. Agreement
of solution structure and computational models for sense
LincRNA-p21 AluSx1 is evident by high overlaps and tight
fitting. However, tangible exclusions are present for anti-
sense LincRNA-p21 AluSx1 RNA caused by a lack of over-
lap with the right arm and the tip of the left arm. This can
potentially be attributed to the difference in length between
the solution scattering sequence (280 nts) and the secondary
structure prediction sequence (301 nts). The difference can
be explained by construct synthesis whose sequence lacked
41 nts at the 3′-end but encompassed the remaining 80% of
the secondary structure sequence predicted which still com-
prises the core and majority of the SAXS structure. Never-
theless, both structures detail the presence of the previously
identified secondary structures and their orientations. De-

spite this, the best fitting models that uniquely overlapped
with their solution scattering three-dimensional structures
are Figures 8B and 9C for sense and antisense AluSx1 due
to their low NSD values. Altogether, the models are not an
ideal, true fits which would constitute a zero-NSD value and
is largely the result of systematic differences (56,111). The
discernible difference in antisense AluSx1 is accounted by
the deleted 3′-end while overall differences can be accounted
to SAXS bead to atom approximations within SUPCOMB
itself.

Previous studies on truncated domains of Alu elements
show a substantial conserved structure despite varying se-
quence composition and origin (112). Bearing this in mind
we decided to compare our structure with already reported
structures of other Alu elements. We selected crystal struc-
tures 5AOX (112), 4UYK (103) and 4WFL (104) and
aligned with the representative structure 1036 for sense
LincRNA-p21 AluSx1 using the program RNAalign (Fig-
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ure 10, Supplementary Movies S7–S10) (113). This pro-
gram aligns two RNA molecules based on their three-
dimensional structure and not sequence. An ideal RMSD
of 1 isn’t possible given the lack of a complete crystal struc-
ture, however, the stretches of RNA present from the crystal
structures strongly align with the sense 1036 model iden-
tified to have low NSD scores with respect to their SAXS
envelope. A primary observation made during the overlay
process was that all Alu elements had a Y-shaped struc-
ture, comprised of three helices centred around a junc-
tion. Additionally, two of the three RNA structures (4UYK
and 5AOX) are in complex with the RNA binding protein,
Signal Recognition Particle (SRP), and it can be clearly
observed that the binding of an interacting protein takes
place in the grooves generated between helices of RNA
(Figure 10A and C, Supplementary Movies S7 and S9).
These observations gave us confidence that the structure of
LincRNA-p21 sense identified through SAXS and in silico
techniques was similar to independently transcribed Alu el-
ements. A similar analysis was done for the high-resolution
LincRNA-p21 antisense 1013 model, where we compared
it with the PDB structure 4UE5 (Figure 10D, Supplemen-
tary Movie S10). In this case, we observed that only the
partial antisense LincRNA-p21 AluSx1 structure resembles
the reported structures in Figure 9. We could conclude that
using our technique one can reliably reconstruct the high-
resolution, three-dimensional structure of LincRNA by em-
ploying SHAPE secondary structure information, SAXS
data, and SimRNA (Figure 1).

Applying both solution scattering techniques and coarse-
grained computational modelling reveals that LincRNA-
p21 Alu Inverted Repeats do not adopt completely stable,
single-representative structures due in part to the confor-
mational flexibility present in their respective DAMMIN
and SimRNA models. Both the sense and antisense AluSx1
RNAs adopt multiple conformations, however, they closely
approximate into a generally similar, single-representative
structure with mild conformational and structural differ-
ences when averaged. The main shape – one that is elon-
gated, asymmetrical, with regions that encompass the main
left and right arms, and three-way junction – is uniform
and preserved throughout solution scattering and com-
putational fitting techniques. The wholescale and com-
plete LincRNA-p21 three-dimensional structure determi-
nation from SAXS isn’t entirely necessary, since combin-
ing SAXS structures from fragments and piecing them to-
gether using the divide and conquer approach has shown
conservation in overall structure as indicated in previ-
ous protein and RNA studies (109,114–116). Biological
structure-function relationships have been determined from
this starting methodology (117–120). Consequently, apply-
ing a combination of SAXS and computationally generated
tertiary structure models concertedly determined appropri-
ate representations of the LincRNA-p21 AluSx1 Inverted
Repeats.

CONCLUSION

We have demonstrated that chemical probing techniques
involved in RNA secondary structure predictions such as
SHAPE can be combined using a multifaceted biophysical

approach involving SAXS, AUC, SEC-MALS, and com-
putational RNA modelling. Although generally averaged,
the three-dimensional structures of sense and antisense
LincRNA-p21 AluSx1 IRs provided from Supplementary
Movie S3 and S4 respectively represent a current under-
standing of their overall structure. Naturally, higher resolu-
tion structure details can be achieved using NMR and sin-
gle particle Cryo-Electron Microscopy methods, employing
similar computational techniques to acquire as low as 3.7 Å
resolution on very small (∼100 nt) RNA (71,121,122). This
would be to expand on structure correlation between crystal
or solution scattering methods and computational ones to
overcome the heterogeneous and flexible nature of RNAs.
Nevertheless, three-dimensional models are important in
confirming secondary structure motifs that are predicted
through probing techniques. By expanding the structure to
include three-dimensional native state folding, essential reg-
ulatory RNAs involved in apoptosis and tumour suppres-
sion in cancer cells can be effectively visualised to identify
functional domains and potential RNA-Protein binding re-
gions.
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82. Cantero-Camacho,Á., Fan,L., Wang,Y.X. and Gallego,J. (2017)
Three-dimensional structure of the 3′X-tail of hepatitis c virus RNA
in monomeric and dimeric states. RNA, 23, 1465–1476.

83. Nelson,C.R., Mrozowich,T., Park,S.M., D’Souza,S., Henrickson,A.,
Vigar,J.R.J., Wieden,H.J., Owens,R.J., Demeler,B. and Patel,T.R.
(2020) Human DDX17 unwinds rift valley fever virus non-coding
RNAs. Int. J. Mol. Sci., 22, 54.

84. Choi,K.H. and Morais,M. (2014) Use of small-angle X-ray
scattering to investigate the structure and function of dengue virus
NS3 and NS5. Methods in Molecular Biology (Clifton, N.J.), 1138,
241–252.

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/advance-article/doi/10.1093/nar/gkac414/6593123 by guest on 26 M

ay 2022



18 Nucleic Acids Research, 2022

85. Carrasco,B. and Garcı́a de la Torre,J. (1999) Hydrodynamic
properties of rigid particles: comparison of different modeling and
computational procedures. Biophys J., 76, 3044–3057.
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Kabacińska,M., Szpotkowski,K. and Ciesiołka,J. (2021)
Poly(C)-binding protein 2 regulates the p53 expression via
interactions with the 5′-Terminal region of p53 mRNA. Int. J. Mol.
Sci., 22, 13306.

121. Kappel,K., Zhang,K., Su,Z., Watkins,A.M., Kladwang,W., Li,S.,
Pintilie,G., Topkar,V.V., Rangan,R., Zheludev,I.N. et al. (2020)
Accelerated cryo-EM-guided determination of three-dimensional
RNA-only structures. Nat. Methods, 17, 699–707.

122. Zhang,K., Li,S., Kappel,K., Pintilie,G., Su,Z., Mou,T.C.,
Schmid,M.F., Das,R. and Chiu,W. (2019) Cryo-EM structure of a
40 kDa SAM-IV riboswitch RNA at 3.7 Å resolution. Nat.
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