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Abstract (193 words)

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 secondary 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 chromatography, 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.
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Analytical Ultracentrifugation, RNA Structure, Size Exclusion Chromatography Multiangle Light
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1.0 Introduction

The tumour suppressor protein p53 is an important transcription factor that regulates a variety of
cellular processes, including cell-cycle control, DNA repair, apoptosis, senescence, and cellular
stress responses through the activation and repression of target genes [1, 2]. Despite playing a
critical role in the DNA damage response, p53’s genome is frequently 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 apoptosis for cancerous cells [5].
Regulation of p53 is generally achieved through post-transcriptional modification, which can
include its phosphorylation, acetylation, methylation, ubiquitination, or SUMOylation with the
result of different types of DNA damage affecting p53’s activation [6, 7]. The p53 pathway itself
is composed of a network of genes, regulatory proteins, and their transcriptional products which
can help respond to intrinsic and extrinsic stress signals [8]. This can include MDM2 which
interacts strongly with p53 and helps regulate its activity through post-transcriptional modification.
MDM2 degrades p53 through the ubiquitin proteasome pathway and prevents the transcription of
tumour suppressor genes leading to apoptosis [9-11]. Other proteins like the acetyltransferase P300
can also enhance the activity of p53 [12]. 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 [13-16].

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 [17-19]. LncRNAs were previously
thought to have no biological function but have been identified to regulate biological processes by
altering gene expression and signal pathways [17]. Consequently, LncRNAs play a role in the
regulation of gene expression and appear poised to affect 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 [20]. LincRNAs are also capped,
spliced, and polyadenylated due to being RNA polymerase Il transcripts [18]. Under stress
conditions including DNA damage, p53 activates the transcription of LincRNA-p21 which
accumulates in the nucleus and associates with the heterogeneous nuclear ribonuclear protein K
(hnRNP-K) [21]. 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
transcription [22, 23]. 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 [24]. LincRNA-p21 is thus required to help direct hnRNP-K to bind
to the promoters of the target repressed genes [23]. Additionally, hnRNP-K was observed to be a
transcriptional coactivator of p53, enabling gene expression in response to DNA damage [22].

An important element identified in the LincRNA-p21 gene is the presence of two isoforms
that contain Alu repeats, which influence the function of the RNA [21]. 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 telomeres. These interspersed repeated
DNA sequences are further divided into two classes: Short interspersed elements (SINES), and
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long interspersed elements (LINES) [25]. Alu SINES themselves are repetitive elements present
in multiple copies of the genomes they reside in and are named because the family of repeats
contains a recognition site for the restriction enzyme Alul [26, 27]. 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. Alu elements are also important because they maintain an
impact on the human genome’s mutability [26]. Alu elements can influence insertion mutations,
recombination between elements, gene conversion, and gene expression, and can ultimately cause
a variety of human diseases including neurofibromatosis, haemophilia, familial
hypercholesterolaemia, breast cancer, insulin-resistant diabetes type Il, and Ewing sarcoma [28-
30]. 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 structural biology seek to identify
LncRNA secondary and tertiary structures, and whether said structures have an impact on their
function [31, 32]. This also includes the application of RNA secondary structure prediction
techniques such as selective 2'-hydroxyl acylation analysed by primer extension (SHAPE) [33].
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 subsequent transcriptional factor interactions [21]. They identified that the two isoforms of
LincRNA-p21 Alu IRs retained integral secondary structures that can fold into independent
domains. These structures were suggested to be conserved in primates and contribute towards the
regulation of cellular localisation of LincRNA-p21 during the cellular stress response.

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 develop their three-dimensional structures [34]. We have
employed analytical ultracentrifugation (AUC) and size exclusion chromatography coupled to
multiangle light scattering (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 information
proposed by Chillon and Pyle, 2016, and SimRNA computational modelling, several three-
dimensional, high-resolution models can be calculated and fitted to SAXS determined structures.
We determined that LincRNA-p21 AluSx1 RNA adopts an asymmetrical, and extended structure
in solution. We describe a workflow utilising SAXS and SIMRNA computational modelling to
produce three-dimensional, high-resolution models devised from two-dimensional structures
determined via SHAPE and other secondary structure probing techniques.
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Figure 1: Organisational Flowchart for 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.

2.1 Sense and Antisense LincRNA-p21 AluSx1 Plasmid Preparation

A flowchart of the procedure is outlined in Figure 1. LincRNA-p21 AluSx1 transcripts for the
sense and antisense (taken from the TP53COR1 gene located on Chr6:36,663,392-36,667,296
(GRCh38/hg38), Chr6:36,631,169-36,635,073 (GRCh37/hgl9)) were designed from the
sequences presented in from Chillén and Pyle [20, 21]. RNA constructs used in this experiment
are represented below:

>LincRNA-p21 AluSx1 Sense RNA Sequence (307nt) | TP53COR1_LIsoE2_AluSx1_P
5’AGCUGGGCGUGGUGGCUCACGCCUGUAAUCCCACCACUUUGGGAGGCCGAGGCA
GGCGGAUCACUUGAGGUCAGGAGUCCAAGACCAGCCUGGCCAACAAGGCGAAACC
CUGUCUCUACUAAAAAUACAAAAACUAGCUGGGCGUAGUGGUGGGCACCUGUAA
UCCCAGCUACUCGGGAGGCUGAGACAGGACAAUCGCUUGGACUCCGGAGGCAGAG
GUUGCAGUGAGCUGGGAUCGUGCCACUACACUCCAGUCUGGGCGACAGAGCAAGA
CUCUGCAUCAAAAAAAAAAAAGAAAGAGUAAUAA-3’

>LincRNA-p21 AluSx1 Antisense RNA Sequence (280nt) | TP53COR1_LIsoE2_AluSx1_P
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5’GCAGAGGAGGAAUGGAAUCAUUCUUUUUUUUUUUAUUGGAGACGGAGUCUCAC
UCUGUUGCUCAGGCUGGAGUGUAGUGGUGCGAACUUGGCUCACUGCAGCCUCCAC
CUCCCAGGCUCAAGCAAUUCUCCUGCCUCAGCCUCCCGAGUAGCUGGGAUUACAG
GUGUCUGCUAUCACACCCAGCUAAAGUUUUUAUAUUUUUAGUAGAAAUGGAGUU
UCACCAUGUUGGACAGGCUGGUCUCGAACUCCUGACCUCAGGUGAUCCACCcCGCC
UCAGCCUC-3’

LincRNA-p21 AluSx1 RNAs will be referred to as sense and antisense AluSx1 RNAs throughout.

The plasmids were synthesised commercially, each sequence was flanked by a T7 RNA
polymerase promoter sequence at the 5’ end and an Xbal restriction endonuclease 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) [35]. LincRNA-p21 sequences
were inserted into Genewiz pUC-57-KAN plasmids (Azenta Life Sciences, USA). Plasmids were
transformed and cultured in E. coli NEBa (NEB, Canada) competent cells and were purified using
NEB Monarch Miniprep Kits (NEB, Canada) as per manufacturer’s protocol.

2.2 In vitro Transcriptions of LincRNA-p21 Sense and Antisense AluSx1
Inverted Repeats and RNA Purification

RNA transcripts were prepared using run-off in vitro transcriptions (IVT) as prepared previously
[36, 37]. Briefly, concentrated plasmid samples were digested by Xbal restriction endonuclease
(NEB, Canada). 1 mL in vitro transcription reactions were performed using laboratory purified in-
house T7 RNA polymerase and commercial RiboLock RNase inhibitor (Thermo Fisher Scientific,
USA) [38]. Linearised plasmids were additionally incubated with 10% DMSO and 0.1% Triton
X-100 to increase RNA transcript yields [39]. Sense and antisense AluSx1 RNA were purified by
SEC using a Superdex 200 Increase GL 10/300 (Global Life Science Solutions USA LLC,
Marlborough, MA, USA) and purification buffer (PB) (10 mM Bis-tris pH 5.0, 100 mM NacCl, 15
mM KCI 15 mM MgCI2, 10% glycerol) with an AKTA pure FPLC (Global Life Science Solutions
USA LLC, Marlborough, MA, USA) [40]. SEC peak fractions were assessed for purity by urea-
polyacrylamide gel -electrophoresis (Urea-PAGE) and sedimentation velocity analytical
ultracentrifugation (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 Sybr™ Safe
(Thermofisher Scientific, Saint-Laurant, QC, Canada) and visualisation. Pure fractions were
pooled and concentrated by ethanol precipitation, with resuspension in HEPES Folding Buffer
(HFB) (50mM HEPES, 150 mM NaCl, 15 mM MgClz, 3% Glycerol, pH 7.4) for SAXS
submission.

2.3 Multiangle Light Scattering (MALS), and Analytical Ultracentrifugation
(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 directly by an in tandem DAWN
Multiangle Light Scatterer (MALS) with Optilab Refractive Index System (Wyatt Technology,
USA) to determine the Mw as per Wyatt Technologies guidelines [41]. Samples were eluted at a
0.5 mL/min flowrate and measured using 18 multiangle detectors, including a UV A2zso and Azso,
and a refractive index (RI) detector. MALS measurements were taken using a helium-neon red
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laser (632.8 nm) at 25°C. For data analysis, the refractive index increment (dn/dc) was adjusted to
0.1721 mL/g for sense and antisense AluSx1 RNA samples [42-44]. Data were analysed using the
ASTRA V9 software package (Wyatt Technology, USA) [45, 46].

Purified sense and antisense AluSx1 RNA were measured by SV-AUC under denaturing
conditions in 6M urea to ascertain purity and composition of the transcript. Both samples were
measured in two-channel centrepieces and spun at 25,000 rpm for 6 hours at 20°C. Denaturing 6M
urea buffer density (1.0899 g/mL) and viscosity (1.3896 cP) were estimated with Ultrascan and
used to convert observed sedimentation and diffusion coefficients to standard conditions (water at
20°C). Data were collected in intensity mode at 260 nm and processed using the UltraScan Ill
Software [47]. SV-AUC data were processed as described in [48]. Briefly, systematic noise
contributions and boundary conditions (meniscus and bottom of the cell position) samples were
processed with the two-dimensional spectrum analysis [49]. Data was further refined by genetic
algorithm analysis to achieve parsimonious regularisation [50]. The final step included a genetic
algorithm-Monte Carlo (GA-MC) analysis, that was performed with 50 iterations to obtain 95%
confidence intervals for the determined parameters (Table 1) [51]. AUC data analysis was
performed on the XSEDE high-performance computing infrastructure using Expanse and Bridges-
2 at the San Diego and Pittsburgh supercomputing centres, respectively. The final model produced
very low residual mean square deviations (RMSD) of 0.00139 at 0.438 OD2so for sense and
0.00177 at 0.71 ODz2so for antisense LincRNA-p21 AluSx1. All fits produced random residuals,
which, together with the low RMSD is evidence for excellent convergence.

2.4 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 Diamond 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 [52]. A specialised flow cell was employed in conjunction with an
inline Agilent 1200 HPLC system (Agilent Technologies, Stockport, UK); sense and antisense
AluSx1 RNA samples were injected onto a Shodex KW403-4F (Showa Denko America 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 being exposed to X-rays with 3 second
exposure time and 600 frames.

Analysis of scattering data was carried out using the ATSAS suite [53]. Using Chromixs,
the buffer contribution was subtracted from the sample peak [54]. A Guinier analyses (g2 vs.
In(1(q))) was performed on each data set to obtain the radius of gyration (Rg) and to determine the
sample’s quality [55]. A dimensionless Kratky plot (qRg vs qRg¢>*1(g)/1(0)) was generated to
evaluate folding of RNA molecules [56]. A paired-distance distribution function (P(r) analysis was
performed using GNOM to obtain real-space Rq and the maximum particle dimension (Dmax) of
the sample [57]. Employing the information derived from the P(r) plot, a total of fifty sense and
antisense AluSx1 RNA models were generated using DAMMIN [58]. These models were then
averaged using DAMAVER and then filtered using DAMFILT to produce a single representative
model of each of the RNAs [58, 59].
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2.5 Sense and Antisense LIincRNAp-21 AluSxl RNA Tertiary Structure
Determination

Using the secondary structure information from Chillon and Pyle, 2016, sense and antisense
AluSx1 tertiary structures were calculated using SImRNA v3.20 [34]. SImMRNA v3.20 is a Monte
Carlo sampler that operates on a coarse-grained model of RNA structure. SImMRNA employs a five-
bead system per nucleotide, as well as an empirically derived knowledge-based potential. A total
of 20 million SImRNA iterations in replica exchange mode were performed for both sense and
antisense AluSx1 RNAs. SImMRNA clustering was then performed within one percent of all
trajectories 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.

2.6 High-Resolution Structural Modelling of LincRNA-p21 AluSx1 Sense and
Antisense

The representative cluster models containing 3080 computationally generated high-resolution
models for both the sense and antisense AluSx1 were separately assessed by HYDROPRO to
generate hydrodynamic properties for each model [60]. Running conditions for HYDROPRO
involved buffer properties for HFB as determined by UltraScan Il1: a viscosity of 1.10068 cP; and
buffer density of 1.014 g/cm?3 [47]. 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
superimposed 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 [59]. Models exhibiting
similar HYDROPRO determined Ry and Dmax were further selected for and formed the top ten
models of interest. The top ten models were energy minimised using an additional step involving
QRNAS, which employed a subset of the AMBER force field to achieve energy minimisation of
the structures generated from coarse-grained three-dimensional modelling [61]. 20,000 QRNAS
MD iterations were performed from the original SImRNA full-atom reconstructed high-resolution
models that best-fit the averaged, filtered low-resolution, three-dimensional structure obtained
from DAMFILT. Subsequently, five best fit models were superimposed on SAXS structures and
represented using PyMOL [59, 62].

3.0 Results

3.1 Purification of LincRNA-p21 Sense and Antisense AluSx1 Inverted Repeats

Both sense and antisense AluSx1 RNAs were purified using 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 excluded from subsequent analysis while the right peak represents 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 generally 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).
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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 light
blue (sense) and dark 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 AKTA 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 (light blue) and anti-sense (dark 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.

3.2 Biophysical Characterisation of LincRNA-p21 Sense and Antisense 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 molar masses, SV-AUC
results can be used to derive partial specific volumes and anisotropies for the RNA measurements.
Since both RNA molecules were measured in the same urea buffer, it is reasonable to assume that
the partial specific volume is similar for both molecules. Sedimentation 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 Figure 2D indicate that
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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 homogeneous full-length transcript of
sense (84% of total concentration) and antisense (75% of total concentration) LincRNA-p21
AluSx1 RNA. Frictional ratios and hydrodynamic 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 Superdex 200 Increase GL
10/300 SEC column which produced 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 theoretical Mw at 99.24 £ 0.01 kDa (Table 1). Mw uniformity throughout
Figure 3B and Figure 3C indicates that both RNAs are monomeric. SEC-MALS results further
confirm the homogeneous composition of sense and antisense AluSx1 RNA determined in SV-
AUC. RNA degradation or shorter transcripts can be excluded since no significant smaller
fragments were detected. Hydrodynamic parameters derived from SEC-MALS, and SV-AUC are
summarised in Table 1.
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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 and antisense AluSx1
RNAs. (B) Demonstrates the absolute molecular weight distribution across the elution peak of sense LincRNA-p21
AluSxl 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.


https://doi.org/10.1101/2021.12.08.471813
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.08.471813; this version posted December 8, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

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

Antisense LincRNA-p21

Sample Sense LincRNA-p21 AluSx1 AlUSXL

Mw Theoretical (kDa) 99.418 89.543

Mw AUC (kDa) * 94.770 92.561

Mw SEC-MALS (kDa)v 99.24 £ 0.01 9452 +£3.71
Sedimentation Coefficient, spo,w (107s)*  5.56 + 0.25 5.53 +0.05
Diffusion Coefficient, Dz, w (107 cm?/s) *  2.95 + 0.59 3.00+0.03
Frictional Ratio, f/fo* 2.71 2.68

R (A)* 72.7 71.3

g.Rq range * 0.43-1.29 0.42-1.25

Ry (A) # 60.87 + 0.85 59.07 + 0.15
1(0) 2 0.01+9.90 x 10°° 0.07 +8.14 x 10
Ry (A) 2 61.71+0.31 58.37 + 0.07
Dmax (A)* 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 Chillén 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 V were determined from SEC-MALS experiments. Data points # were derived from the Guinier
analysis. Data points A were determined using P(r) analysis using the GNOM program. Data points * were derived
from DAMMIN and DAMAVER analysis. Terms: Hydrodynamic Radius (Rn); Radius of Gyration (Rg); Maximum
Particle Dimension (Dmax); Normalised Spatial Discrepancy (NSD).

3.3 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 relevant conditions. Using SEC-SAXS, which can separate different species
according to their size before being applied to the SAXS measuring cell, provides confidence in
the monodispersity of purified samples [63-66]. The resulting datasets were merged and presented
in Figure 4A depicting the scattering intensity relative to angle for sense and antisense AluSx1
RNA. A Guinier analysis (I(q)) vs. (%) represented by Figure 4B displays the LincRNA-p21
AluSx1 RNA samples’ purity [55]. The Guinier analysis determined the Guinier Rg from the low-
q region as being 60.87 + 0.87 A for sense LincRNA-p21 AluSx1 and 59.07 + 0.15 A for antisense
LincRNA-p21 AluSx1. Intensity data from Figure 4A was transformed to produce a dimensionless
Kratky plot (Figure 4C) to determine the LincRNA-p21 AluSx1 RNAs’ conformations in solution
[67]. 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 [68].

Figure 4D represents the (P(r)) plot which was derived from indirect Fourier
transformations to convert the reciprocal-space information of the intensity data in Figure 4A to
real-space electron pair distance distribution data [69]. Using the P(r) plot, sense LincRNA-p21
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AluSx1 presented a real-space Ry of 61.71 + 0.31 A and a Dmax of 185.0 A, while the antisense
LincRNA-p21 AluSx1 presented a real-space Rg of 58.37 + 0.07 A and Dmax of 180.7 A.

DAMMIN was performed to obtain low-resolution structures 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 X? values (~1.148 for sense LincRNA-p21
AluSx1 and ~1.084 for antisense LincRNA-p21 AluSx1l). 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) [62].

We identified two, single representative SAXS envelopes illustrated by Figure 5. The
averaged, single-representative SAXS envelope of sense LincRNA-p21 AluSx1 is generally
extended, adopting a non-spherical, nonglobular surface model (Figure 5A). The SAXS envelope
is additionally asymmetrical in its rotation along its x- and y-axes, exhibiting 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 asymmetrical. Antisense LincRNA-p21 AluSx1 though
has three prominent bulges, two located centrally, while the third distally protrudes outwards from
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Figure 4: Small Angle X-Ray Scattering (SAXS) Characterisation of Sense and Antisense LincRNA-p21 AluSx1
RNA. (A) merged scattering data of sense and antisense AluSx1 RNA depicting the scattering intensity (log 1(g)) vs.
scattering angle (q = 4znsin6/A). (B) Guinier plots allowing for the determination of Ry from the low-angle region data
and representing the homogeneity of samples. (C) Dimensionless Kratky plots (1(q)/1(0)*(q*Rg)2 vs. g*Rg) of sense
and antisense AluSx1 RNA depicting the elongated, tube-like structures because of the non-Gaussian, levelled-plateau
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shape of the curve. (D) Normalised pair distance distribution plots for sense and antisense AluSx1 RNA which permits
the determination of Ry derived from the SAXS dataset and including each molecule’s Dax.
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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 A. 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 A. 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 90° as represented by the inset.

4.2.4 High-Resolution Atomistic Models of LincRNA-p21 AluSx1 Sense
and Antisense Inverted Repeats

Using SIMRNA v3.20, and the secondary structure constraints for both RNAs based on previous
studies, we calculated 10,000 clusters of high-resolution, atomistic models for each RNA [21].
These models were further refined through energy minimisation steps to remove models that did
not satisfy constraints such as defined atom distances, bond lengths and angles. Subsequently, we
obtained 3080 high-resolution models that can be superimposed 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 retained an NSD range of 1.113 to 1.175. We further applied a selection process using the
real-space Ry and Dmax values determined from SAXS for each molecule. We employed the
program HYDROPRO to calculate biophysical properties such as Rqg and Dmax from the 3080 high-
resolution models, as performed previously [70]. Top ten models were further 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 AluSx1l
RNAs that closely fit with the SAXS envelopes generated in Figure 5A. Previous chemically
probed secondary structure predictions identified three major secondary 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
conformations that curl, but rarely extend outwards, towards the central RNA body. The right
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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 junction (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 between the two arms, adopting no specific structure.

Figure 7 similarly presents the high-fidelity, high-resolution structures of antisense
LincRNAp21 AluSx1 which were modelled using previous chemically probed secondary structure
predictions using SIMRNA v3.20 [21]. They exhibit the left and right arms, and the 5’-three-way
junction. 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) consistently wraps around the
left arm. Both the 3’-three-way junction, and the identified 5’-junction are compacted centrally,
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.

>

Figure 6: The SIimRNA 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 90° as indicated by the inset. A flexible, single-stranded linker sequence is represented
centrally (Orange).
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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’-uridy| 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 90° as indicated by the inset. A flexible, single-stranded linker sequence is represented
centrally (Orange).

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
displays 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 envelope. 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 considerable 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 junction 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 agreement, 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 fitting.

14


https://doi.org/10.1101/2021.12.08.471813
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.08.471813; this version posted December 8, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

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.

n, High-Fidelity
SIimRNA 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
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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.

4.0 Discussion

RNA secondary structure is especially important in defining an RNA molecule’s roles and
functions [71, 72]. These structures can be studied using a variety of techniques including
secondary structure probing methods such as SHAPE, NMR, comparative sequence alignment and
analysis, or three-dimensional structure predictions software for conceptualising higher order
complexes [73-76]. Identifying functional structural elements of RNA is especially important
when observing the noncoding elements of the genome, whose significant contribution of
noncoding RNA (ncRNA) play important regulatory roles in complex organisms. LincRNA-p21
is one such important regulatory IncRNA that is directly targeted by p53 in response to DNA
damage. Being a transcriptional repressor in the p53 pathway, understanding LincRNA-p21’s
secondary 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 combining the previously determined secondary structure of the Inverted Repeat
transposable elements determined by Chillon and Pyle with SAXS structure determination and
computational modelling [21]. Figure 1 outlines our multifaceted process for biophysically
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 [77].

We initially started by transcribing sense and antisense AluSx1 RNAs, which were purified
to homogeneity as indicated 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 (Figure 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 indicated in Figure 2C, D,
both sense and antisense AluSx1 RNA adopted a single, major species in solution when denatured
by 6M urea. Any minor species had negligible concentrations and reflected noise contributions.
The SV-AUC experiments showed no evidence for RNA degradation or aggregation. The Mw
values of sense and antisense 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 therefore utilized SEC-MALS to
determine absolute molecular weight in solution [41, 78]. Each RNA eluted as a singular, 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 uniform Mw demonstrated in Figures
3B/C. The sense RNA molecular weight resulted in 99.24 = 0.01, virtually identical to the
theoretical molecular weight of 99.42 kDa. Antisense RNA also resulted in a very similar
molecular weight of 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.
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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 conformations of both
RNAs [58, 79, 80]. Overall, scattering intensities were acceptable even in low-angle regions as
shown in Figure 4A. The linear regression of the sense and antisense AluSx1 samples in Figure
4B portrays the intensities within the defined low-g? range as being linear with the absence of
upward curves, illustrating monodispersity and the absence of attractive or repulsive interactions
between scatterers [68, 81, 82]. Guiner Rg approximation resulted in 60.87 + 0.85 and 59.07 £ 0.15
for sense and antisense AluSx1 RNAs respectively. These Rg approximations are consistent with
an elongated RNA molecule [83, 84]. Furthermore, the relative foldedness of sense and antisense
RNAs can be deduced from the dimensionless Kratky plot in Figure 4C. The Kratky plot depicts
both sense and antisense RNAs as being elongated but relatively folded, like other ncRNA [36,
85]. Additionally, the Guinier Rq and the real-space Rq are close with less than 1.5% difference.

Figure 4D represents both RNA’s distance distribution functions and are non-Gaussian,
further consistent with extended molecules. Globular molecules will generate a Gaussian-like P(r)
distributions which is not demonstrated in Figure 4D further justifying its extended shape [69].
Using the P(r) distribution, molecules can also be described on their overall shape and symmetry
to confirm solution folding acquired from the dimensionless Kratky plot [69]. Generally, globular
molecules will display a bell-shaped curve with a maximum at approximately 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 [36, 86]. This is present for both sense and antisense AluSxl RNA whereby their
respective Dmax/2 do not demonstrably produce an even bell-curved but rather lead into right-
leaning tails reinforcing the overall elongated shape established by Figure 4C. Sense and antisense
adopt maximum distance towards 185.0 A and 180.7 A respectively. Both RNAs result in similar
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 307nt vs 280nt lengths of the sense and antisense sequences as derived from
Chillén and Pyle [21].

SAXS analysis of both the sense and antisense RNAs provided structures with noticeably
consistent features, including 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 concentrations at around 5mM MgCl2 with
maximum compaction at 15mM MgCl2 [21]. These features are observed to overlap with predicted
features seen in the secondary structure analysis by Chillion and Pyle [21]. These features, while
they can be seen in the SAXS structures, were arbitrarily based on structure orientation because
directionality 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 models 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 compute the hydrodynamic properties of sense and antisense AluSx1 rigid macromolecules from
their atomic-level structure [87-90]. HYDROPRO’s calculation comprise the basic hydrodynamic
properties including the translational diffusion coefficient, sedimentation coefficient, intrinsic
viscosity, and relaxation times, and can additionally provide the radius of gyration [60].
Incidentally, HYDROPRO can be used as another orthogonal selection process against
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computationally 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. Consequently, 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 Chillén and Pyle’s secondary structure
determinations. Human LincRNA-p21 is itself a linear, single exon IncRNA which contains IR
Alu repeats such as AluSx1 [21]. Both the sense and antisense AluSx1 RNAs were determined 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 [20]. 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 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 model. When overlaid with the SAXS envelope, considerable
overlap is present between the high-fidelity, high-resolution models. Both the 5’-junction and 3’-
three-way junction 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 (nRNP-K’s one
of three KH RNA/DNA binding domains which is involved in eliciting transcription regulation in
the nucleus [91-93]. Antisense LincRNA-p21 AluSx1 RNA is again represented as a dsRNA
molecule with both the 5’-junction and 3’-three-way junction 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 hnRNP-K
RNA binding domains.

Agreement of solution structure and computational models for sense LincRNA-p21 AluSx1
as evident by high overlaps and tight fitting. However, tangible exclusions are present for antisense
LincRNA-p21 AluSx1 RNA caused by a lack of overlap 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 comprises the core
and majority of the SAXS structure. Nevertheless, both structures detail the presence of the
secondary structures identified previously, and their orientations. 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
conformational 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 differences when averaged. The main shape — one that is elongated, asymmetrical, with
regions that encompass the main left and right arms, and three-way junction — is uniform and
preserved throughout solution scattering and computational fitting techniques. Consequently,
applying a combination of SAXS and computationally generated tertiary structure models
concertedly determined appropriate representations of the LIncRNA-p21 AluSx1 Inverted Repeats.
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5.0 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 computational RNA modelling. 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 regulatory
RNAs involved in apoptosis and tumour suppression in cancer cells can be effectively visualised
to identify functional domains and potential RNA-Protein binding regions.
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