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ABSTRACT

The human C9orf72 hexanucleotide (GGGGCC) repeat expansion (HRE) is a
common genetic cause of both amyotrophic lateral sclerosis (ALS) and frontotemporal
dementia (FTD). Past studies indicated RNA foci formed by C90rf72 HRE are strongly
related to the diseases in different aspects. One of the known features of RNA foci was to
sequester RNA-binding proteins (RBPs). Several RBPs were found to colocalize with the
RNA foci found in neuron cells of c9ALS patients. Among them, hnRNP H1, a splicing
factor with a preference for binding G-rich sequences, has been found to be predominant
in ALS/FTD patients with C90rf72 HRE. Although the common cause of these diseases
has been identified, the underlying pathogenic mechanisms are yet unclear. Not to
mention the function of hnRNP H1 in ALS/FTD.

To peek into the structural features of r(G4Cz)n and the role of hnRNP HI in the
diseases, optical tweezers were applied in this research to monitor the real-time
conformational change of RNA and its interaction with hnRNP H1. Through the unique
single-molecule manipulations and measurements, we could determine the dynamic
conformations of the RNA. Furthermore, hnRNP H1-N1, a truncation mutant of hnRNP
H1, was added to determine its effect on the conformation of GGGGCC tandem repeats.
Our results indicate that the short repeat of GGGGCC RNA was unable to form
intramolecular G quadruplexes but still exhibited structural variations.

In the presence of the protein, the GGGGCC RNA could be remodeled to new
conformations, suggesting that hnRNP H1-N1’s binding has a structural specificity.
Moreover, the protein-targeted structure tends to be destabilized by hnRNP H1-N1. The
emergence of the protein-induced structure provides a great insight into the function of

hnRNP H1. We will tackle these issues in future experiments.
v
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CHAPTER 1 INTRODUCTION

1.1 ALS and FTD

Amyotrophic lateral sclerosis (ALS) is a multisystem neurodegenerative disorder
that causes the loss of function in motor neurons. ALS causes muscle weakness. The
affected body parts expand through the progress of disease. Though the main symptom
of ALS is motor neuron dysfunction, cognitive impairments were developed in around
half of the patients. Some of the patients (=13%) also have frontal temporal dementia
(FTD) (Hardiman et al., 2017). Among >30 genes associated with ALS, the
hexanucleotide repeat expansion (HRE) in chromosome 9 open reading frame 72
(C90rf72) is responsible for around 20% of familial ALS patients (DeJesus-Hernandez et
al., 2011). ALS patients with C90rf72 HRE are likely to develop cognitive impairments
as well (Masrori & Van Damme, 2020). According to past genome-wide association study
(GWADS) results, the GGGGCC HRE in C9rf72 is likely to be the most common genetic

cause of ALS-FTD (Jiang et al., 2016).
1.2 Introduction to C90rf72 HRE

CY9orf72 HRE, with expanded GGGGCC tandem repeats in the first intron of
C9orf72, has been proven to be the most common genetic cause of ALS/FTD (DelJesus-
Hernandez et al., 2011). Like other nucleotide repeat expansion disorders, ALS/FTD
develops when the repeat number is beyond a threshold (DeJesus-Hernandez et al., 2011).
This HRE has been found to form foci in vitro and in vivo; previous studies showed that
C90rf72 RNAs are able to form various secondary structures, leading to gel-like foci with
different numbers of repeats (Figure 1)(Jain & Vale, 2017). Pathogenic mechanisms of

C9orf72 HRE can be classified into the following groups: loss-of-function of the gene,



RNA toxicity and toxicity of dipeptide repeat proteins. RNA foci account for both loss-
of-function of the gene and RNA toxicity, as the foci down-regulate the transcription
levels of C90rf72. Also, RNA binding proteins will be sequestered to the foci, leading to
abnormality in function (Prudencio et al., 2015). Both sense and antisense of C9orf72

HRE may undergo repeat-associated non-AUG (RAN) translation and produce 5
dipeptide repeat (DPR) proteins: poly-GA, poly-GR, poly-GP, poly-PA and poly-PR.

Poly-GR is found to correlate with neurodegeneration in ALS disease (Dong et al., 2024).
1.3 RNA structures formed by C90rf72 HRE

The pathogenic mechanisms mentioned above involve the capability of r(G4C>), in
forming diverse secondary structures. According to previous studies, C90rf72 HRE can
form the following structures: RNA hairpin, G-quadruplex, [-motifs and R-loops.

RNA hairpins are found in various repeat numbers, in this research, the 4-repeat sense
and antisense RNA we use was also predicted to form hairpins (Figure 2). Aside from
canonically paired hairpin, guanine bases in this HRE are hydrogen-bonded through
Hoogsteen pairing and form a planar square or tetrad structure. These structures together
formed a G-quadruplex. G-quadruplex (GQ) is found to form in intermolecular or
intramolecular ways, also, it may be parallel or antiparallel (Figure 3)(Kumar et al., 2016).
RNA foci commonly seen in patients of ALS/FTD have been proved to be made by G-
quadruplexes from 1(G4C>)n both in vitro and in vivo (Figure 4) (Raguseo et al., 2023).

For antisense strand of C9orf72 HRE, the C-rich RNA forms secondary structure
similar to G-quadruplex named I-motif. It is composed of two parallel duplexes in head
to tail orientation, the strands are held together by hemiprotonated C-C+ pairs (Kumar et

al., 2016).



C9orf72 HRE is also able to form R-loops in vitro. R-loops are DNA/RNA hybrid
structures composed of three strands: template DNA, complemented transcribed RNA,
and single-stranded DNA that is replaced by RNA and can form G-quadruplexes. This
structure will lead to disruption of transcription and cause the accumulation of aborted
transcripts (Kumar et al., 2016).

1.4 hnRNP H1

As mentioned in 1.1, one of the pathogenic mechanisms of C90rf72 HRE is to
sequester RBPs; in past experiments, heterogeneous nuclear ribonucleoprotein (hnRNP)
H1 is a splicing factor found to be predominant in patients of C9orf72 caused ALS/FTD
(Conlon et al., 2016). The known function of hnRNP H1 is to regulate alternative splicing
of RNA (Gautrey et al., 2015), also it is likely a helicase that may change RNA
conformation while binding.

As shown in Figure 5, hnRNP H1 is composed of 5 domains: RNA recognition motif
(RRM)1, RRM2, low complexity (LC) 1, RRM3 and LC2. Unlike most hnRNPs, hnRNP
H1 was found to bind consecutive guanine bases, which were capable of forming G-
quadruplexes (Geuens et al., 2016). These RRMs are also known as quasi-RRM (qRRM)s
and were found to interact with G rich sequence by ‘encaging’ the sequence in a
structurally similar protein, hnRNP F (Dominguez et al., 2010). LC1 controls the
alternative splicing function and is also essential for interaction with other RBPs, whereas
LC2 may function as a transcriptional activation domain (Kim & Kwon, 2021). Among
the three RRMs, RRM1 and RRM2 were found to majorly interact with G-rich structures
in past research (Conlon et al., 2016; Kutluay et al., 2019).

1.5 Single-molecule techniques

Optical tweezers, a technique used to study the dynamic of single biomolecules, was
3



proposed by Arthur Ashikin in 1970 (Ashkin, 1970). After that, the first experiment
utilizing optical tweezers to trap small biomolecules (bacterium and virus) was
demonstrated in 1987 (Ashkin et al., 1987). By using a highly focused laser beam,
scientists can manipulate small particles (usually a micro-sized polystyrene bead) in
extremely small force (pico-Newton, pN). The principle of how optical tweezers trap the
particle involves the balance of two types of forces produced by laser traps: scattering
forces and gradient force. Scattering forces push the target along the direction of the
propagation of laser, whereas gradient forces pull the target along the opposite direction
(Moffitt et al., 2008). While these forces are matched at a specific position, the target will
be trapped therein. Thus, we can freely control the target position through the movement
of the laser trap.

Compared to traditional molecular biology approaches, optical tweezers provide
access to measure a real-time change of a single molecule. While traditional methods
usually combine a group of molecules and determine their property at the same time.
Though the average properties of the whole group of molecules are obtained through
experiments, the behavior of a single molecule at the right time is ignored. Through
optical tweezers, the real-time conformation changes of RNA molecules can be
determined.

1.6 Aims

Figuring out the mechanism of how C90rf72 HRE causes ALS/FTD is crucial in the
research in ALS/FTD. As mentioned in previous sections, we have now known that this
HRE can cause various pathological effects in the cell through different ways, including
DNA, RNA and proteins. RNA toxicity is one of these pathological effects, which is

caused by the accumulation of the HRE transcript [r(G4C>)n] and its interaction with

4



RNA-binding proteins (RBPs); the protein binding to r(G4C2), will be sequestered and
lose its function (Prudencio et al., 2015). Among more than a hundred RBPs found to
interact with 1(G4C>)n, we have focused on hnRNP H1 and its interaction with RNA. As
a potential splicing factor, hnRNP H1 may possess a helicase activity to bind to the target
RNA and change its conformation. In this regard, optical tweezers provide a unique and
convenient way to explore RNA-protein interactions and structural dynamics at the

single-molecule level.



CHAPTER 2 EXPERIMENTAL PROCEDURES

2.1 RNA preparation

2.1.1 Plasmids
Plasmids are prepared by ligation of different inserts with vectors pVE60hp and

pT7SP6vec for both tweezer and bulk experiments, respectively (Wen et al., 2008; 4=

4%, 2023). The following table shows oligos used for plasmid constructs.

Name Sequences (5’ to 3°)

G2C4-4x-F TATGTAGGCCCCGGCCCCGGCCCCGGCCCCAT
G2C4-4x-R GTACATGGGGCCGGGGCCGGGGCCGGGGCCTACA
G4C2-4x-F TATGTAGGGGCCGGGGCCGGGGCCGGGGCCAT
G4C2-4x-R GTACATGGCCCCGGCCCCGGCCCCGGCCCCTACA
GCswap-F TATGTAGGGGCGGGCGCCGGGGCGGGCGCCAT
GCswap-R GTACATGGCGCCCGCCCCGGCGCCCGCCCCTACA
T7SP6-4x-F AATTCGGGGCCGGGGCCGGGGCCGGGGCCT
T7SP6-4x-R GTACAGGCCCCGGLCeecaaeeeccaaeeecca
GCswap-NH-F AATTCGGGGCGGGCGCCGGGGCGGGCGCCT
GCswap-NH-R GTACAGGCGCCCGLCCeecaaraeecaeeccea

Bacterial strain

XL-10-Gold® Ultracompetent Cells, Agilent (Stratagene, Cat. 200315):
Tet'A(mcrA)183A (mcrCB-hsdSMR-mrr)173 endAl supE44 thi-1 recAl gyrA96 relAl lac
Hte [F" proAB lacl"ZAM15 Tnl0 (Tet") Amy Cam']

Annealing of insert

By T4 PNK (NEB, #M02018S), the 5’ end of DNA oligos are phosphorylated.

6



Reagent Volume (uL) Final conc.

10X T4 ligase buffer 5 Ix
Forward oligomers 1 2 uM
Reverse oligomers 1 2 uM
T4 PNK (10 U/uL) 1 -
Total volume Fill ddH>O to 50 pL

Cycle: 37°C, 30 min >> 80°C, 5 min>> 20°C (slowly in an hour)

Ligation and transform

Make the following mixture and incubate at 25°C for 5 min.

Reagent Volume (uL) Final conc.
2X Ligation Mix (Takara, 5 1x

#6023)
Insert 1 8 nM
Vector 1 2.8 nM
Total volume Fill ddH20 to 10 pL

The reaction (1.5 pL) was transformed to XL-10 competent cells. The transformed
cells were streaked on a Lysogeny broth (LB) plate with 100 pg /mL of ampicillin and
then cultured at 37°C for 16 h. One single colony was selected and inoculated in 5 mL of
TB broth with 100 pg/mL of ampicillin, which was incubated at 37°C, 250 rpm for 16 h.
Vector (without the insert) was used as a negative control for transformation and bacterial

culture.



Plasmid Vector
p(G4C2)4-tweezers* pVE60hp
P(G2C4)4-tweezers pVE60hp
pGCswap-tweezers™ pVE60hp
pT7SP6-4x** pT7SP6vec
pT7SP6-GCswap pT7SP6vec

All plasmids are stored at -20°C plasmid bank.

*Plasmids constructed by # £ %, **Plasmid constructed by 1 '}ﬁﬂﬁi

2.1.2 In vitro transcription

Presto™ Mini Plasmid Kit (Geneaid, PDH100) was used to isolate and purify
plasmid from XL-10 cells. Plasmids were then digested by enzyme BssSI-v2 (NEB,
#R0680S) (for optical tweezers experiments) or BsrGI-HF (NEB, #R3575S) (for
smFRET experiments) at 37°C for 4 h, and then purified by PCR Advanced PCR Clean
Up System kit. Linearized plasmid was in vitro transcribed by HiScribe™ T7 Quick High
Yield RNA Synthesis Kit (for optical tweezers experiments) or HiScribe™ SP6 RNA
Synthesis Kit (for smFRET experiments) at 37°C for 4 h. The RNA was then purified by

MEGAclear™ Transcription Clean-Up Kit and stored at -20°C.
2.2 RNA preparation for optical tweezers experiments

2.2.1 Primers for handle

Name Sequences (5’ to 3°)

5’handle-F CTGAGGCTTAAGCGAGGGCGT

5’handle-R CATATGTATATCTCCTTCTTAAAGTTAAACAAA
3’handle-F GTACAGAACGCAATGCGTCTGGGCGCT




3’handle-R

Biotin-CACGAGGGAGCTTCCCAGGGGGAAACG

2.2.2 DNA handle preparation

PCR for handle

Handles were amplified by PCR with primers designed for the handle, the mixture

for PCR reaction and setting of thermo cycler is listed below:

Reagent Volume (uL) Final conc.
10X Taq Buffer 50 Ix

10nM dNTP 12.5 0.25 mM
5ng/uL template 5 5ng/100uL
100 uM forward primer 5 1 uM

100 uM forward primer 5 1 uM

2.5 U/uL Taq 5 2.5 U/100pL

Total volume

Fill ddH>O to 500 uL

Distribute the PCR mix to 7 PCR tubes for 70uL per tube.

Thermo cycle setting for 5” handle: 94°C (30 s) — [94°C (30 s) — 63°C (30 s) — 68°C

(90 s)] repeated for 30 cycles — 68°C (7 min) — 10°C (hold).

Thermo cycle setting for 3” handle: 94°C (30 s) — [94°C (30 s) — 59°C (30 s) —68°C

(90 s)] repeat for 30 cycles — 68°C (7 min) — 10°C (hold).

Purification of PCR product

The PCR products were purified by column and ethanol precipitation. Column

purification using QIAquick PCR Purification Kit is carried out first. Before column

purification, pool all the reactions in one tube and follow the protocols in the kit.

For ethanol precipitation, add 1/10 volume of 3 M NaOAc and 2.5 volume of 100%



EtOH, mix well by gently inverting the tube ~ 10 times. Incubate in -20°C freezer for >
1 h. After incubation, centrifuge at 13,000 g, 4°C for 20 min and carefully remove the
supernatant. To wash the pellet, add 1mL of 70% EtOH, and centrifuge at 4°C for 5 min.
Remove the supernatant carefully and air dry the pellet for 5-10 min. Add 30uL of ddH,O
to resuspend the pellet, measure UV with Nanodrop and stock at -20°C.

DIG labeling for 5S’handle

Digoxigenin (DIG) was labeled to the 3’ end of the 5” handle by an exchange reaction.

Prepare a 25 pL reaction mixture in a PCR tube on ice:

Reagent Volume (uL) Final conc.
NEBuffer 2.1 2.5 Ix

5' handle 1.5 1 uM
DIG-11-dUTP (1 mM) 2.5 0.1 mM
T4 DNA polymerase (3 U/ul) 1.7 0.2 U/ul
Total volume Fill ddH20 to 25 uL.

Incubate at 25°C for 15 min. The final product was purified by PCR Advanced PCR Clean
Up System kit and eluted with 30 ul elution buffer. Stored at -20°C.
2.2.3 Annealing of DNA handles and RNA

Annealing buffer

Reagent Final conc.
Formamide 86.80%
EDTA (pHS.0) I mM
PIPES-KOH (pH 6.3) 43 mM
NaCl 0.43 M

10



The purified 5° DIG-handle, 3’ handle and RNA were mixed and annealed in the
following

thermos cycle setting:

Reagent Final amount
RNA 4 pmol
3’handle 4 pmol
DIG-5’handle 2 pmol
Annealing buffer 80%

Incubation: 85°C (1 min) — 62°C (90 min) — 52°C (90 min) — slowly cool down to
10°C in 10 min — 10°C (hold).
The annealed product was then diluted to indicated concentrations using 80% of

annealing buffer as dilution buffer and stock at -20°C.

2.3 hnRNP H1 purification

2.3.1 Modification of hnRNP H1

Previously, our lab tried to extract full length hnRNP H1, however, the extracted
protein aggregates and was not able to utilize in further experiments. To solve this
problem, we have decided to present a truncation to hnRNP H1 and cut the two LC
domains and RRM3, which is the C terminus of the protein. According to past research,
LC1 mainly functions in liquid-liquid phase separation (LLPS) of the protein. Through
LLPS, hnRNP H1 can interact with other proteins, and may cause aggregation of the
protein. Past research has shown that there was no aggregation of protein after C terminus

was cleaved (Kim & Kwon, 2021).
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2.3.2 Plasmid of truncated mutant

The truncated mutant will be constructed by applying PCR to plasmid containing
wild type sequence. By designing primers at both ends of N terminus (RRM1 and RRM?2),
new insert is made. To express protein, insert will be ligated to vector as same as plasmid
(with His-tag), of wild type and further transformed to bacterial strands for protein
expression. The truncated mutant will be named hnRNP H1-N1 in further description.

PCR for insert of hnRNP H1-N1

Plasmid used for mutant was constructed by =% i+ 4 _in 2022 and stocked at -80°C.

Primers for PCR reaction was designed wusing NCBI Primer-BLAST

(https://www.ncbi.nlm.nih.eov/tools/primer-blast/index.cgi).

Name Sequences (5’ to 3”)
H1-N1-For CAGGGATCCATGATGTTGGGCACGGAA
HI-N1-Rev GGTGCTCGAGTTAAACTTCAGCTCTACTGCTCTTAAA

QS5 High-Fidelity DNA polymerase (NEB, #M0491S) was used for PCR of hnRNP

H1-NT1 insert for proofreading. The reagent of PCR reaction was added as the following

chart:
Reagent Volume (uL) Final conc.
5X Q5 reaction buffer 10 1x
10nM dNTP 1 0.2 mM
16ng/uL template 1 16ng/50uL
100 uM forward primer 2.5 0.5 uM
100 uM forward primer 25 0.5 uM
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Q5 polymerase 0.5

Total volume Fill ddH20 to 50 uL
Setting of thermo cycle: 94°C (30 s) — [98°C (10 s) — 63°C (30 s) — 72°C (30 s)]
repeated for 30 cycles — 72°C (2 min) — 4°C (hold).
PCR products were purified by PCR Advanced PCR Clean Up System kit. Insert
was further digested with enzyme BamHI-HF (NEB, #R3136S) and Xhol (NEB,
#R0146S) at 37°C for 4 h.

Bacterial culture

XL-10 will also be used in construct of hnRNP H1-N1 plasmid, the ligation step was
same as mentioned in 2.1.1. The plasmid containing insert sequences was further
transformed into XL-10 competent cells. The transformed cells were streaked on a LB
plate with 50 pg/mL of kanamycin and then cultured at 37°C for 16 h. After overnight
incubation, one single colony was selected and inoculated in 5 mL of LB broth with 50
pg /mL of kanamycin, which was incubated at 37°C, 225 rpm for 16 h. Vector will be
used as negative control for transformation and bacterial culture. Presto™ Mini Plasmid
Kit was used to isolate and purify plasmid from XL-10 cells for sequencing and further
usage.

2.3.3 Protein purification

Buffer for protein extraction

All the buffers were degassed and B-Me (final 6 mM) was added before usage.
Buffer A (for binding, wash, and elution)

Reagent Volume (mL) Final conc.

1 M Tris-HCIL, pH 7.2 2.5 10 mM
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1 M imidazole-HCI, pH 7.5 1.5 25 mM
5 M NaCl 2.5 500 mM
Total volume Fill ddH>0 to 1000 mL

Buffer B (for elution)
Reagent Volume (mL) Final conc.
1 M Tris-HCI, pH 7.2 5 10 mM
1 M imidazole-HCI, pH 7.5 250 500 mM
5 M NaCl 50 500 mM
Total volume Fill ddH20 to 500 mL

proTEYV buffer (for proTEV reaction)
Reagent Volume (mL) Final conc.
1 M Tris-HCL, pH 7.2 15 50 mM
0.5M EDTA, pH 8.0 0.3 0.5 mM
50% glycerol 90 15%
1 MDTT 0.3 1 mM
Total volume Fill ddH>O to 300 mL

Buffer S (for Superdex 200)
Reagent Volume (mL) Final conc.
1 M Tris-HCI, pH 7.2 5 10 mM
5 M NaCl 20 200 mM

Total volume

Bacterial strain

Fill ddH>0 to 500 mL
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BL21-CodonPlus (DE3)-RIPL Competent cells, Agilent (Stratagene, Cat. 230280):
F— ompT hsdS(B — mB — ) dem+ Tetr gal (DE3) endA Hte [argU proL Cam® ] [argU
ileY leuW Step/Spec® |

Bacterial culture and harvest

Plasmid extract from XL-10 cell mentioned in last section will be transformed into
BL21 competent cell for protein expression. BL-21 cells containing hnRNP H1-N1 were
streaked on a LB-kanamycin plate (50 pg/mL kanamycin) and incubated at 37°C for 16
h. Two colonies were picked and inoculated in 5 mL of LB-kanamycin and incubated at
37°C, 250 rpm for 16 h. After 16 h of culture, the bacteria were diluted by LB-kanamycin
1:500 and incubated at 37°C, 250 rpm. When ODeoo reached 0.5, 0.1 mM IPTG was added
to the cultured bacteria and kept incubated for 3 hours. The cultured bacteria were cooled
down by swirling the flask in an ice-water bath. The bacteria were harvested by
centrifugation at 5500 rpm, 4°C for 15 min. The pellet was resuspended in buffer A and
centrifuged at 5500 rpm, 4°C for 15 min, the supernatant was removed. Measure the
weight of the pellet and wrap the tube with aluminum foil, freeze in liquid nitrogen, and
store the cell pellet at -80°C.

Cell lysis

Resuspend the pellet by 10X weight of buffer A and add 100 pl Protease Inhibitor
Cocktail (Sigma, P8849-1ML). Bacteria were lysed by French press with 3 passes (4°C,
20 kpsi). The bacteria lysate was obtained by centrifugation at 4°C, 13000 rpm, 30 min
for four times. After centrifugation, the supernatant was filtered through 0.22 pm filter,
thawed the sample on ice.

Fast protein liquid chromatography (FPLC)

To separate hnRNP H1-N1, supernatant from cell lysis was further purified by FPLC

15



with 2 columns: Histrap FF Crude and Superdex 200 10/300 GL. Histrap FF Crude was
the first column used in this purification, samples were flowed through this column for
twice. For the first Histrap, samples were flowed through the column, meanwhile hnRNP
H1-N1 (with His-tag) will bind to the column. The column was then washed by buffer A.
After binding, protein was eluted by buffer B and collected into different fractions (1.5
mL/tube). The fractions were confirmed by 15% SDS-PAGE to make sure which fractions
should be collected. The pooled elution fractions were concentrated and replace the buffer
with proTEV buffer by 10K Amicon Ultra-15 device (Merck #UFC901024) by

centrifugation at 4000 g, 4°C.

To cut the tag from protein, ProTEV Plus (Promega, # V610A) was added to the
sample with 30uL per 1000uL of sample. Incubate at 30°C (water bath) for 3 hours and
fill buffer A to 20mL for second Histrap (same procedure as the first time). The fractions

were confirmed by 15% SDS-PAGE to make sure which fractions should be collected.

For improved protein quality, Superdex 200 is applied to separate proteins with
molecular weight. Fractions collected from the second Histrap were pooled together and
concentrated by 10K Amicon Ultra-15 device. The concentrated samples were then
injected into FPLC, and buffer S were used for elution, add glycerol to the sample (final
conc. 10%) for storage in -80°C. Before storage, liquid nitrogen was used for fast cooling.

Bradford assay

To determine the concentration of purified hnRNP H1-N1, different concentrations
of BSAs were used as a standard. Diluted Bio-Rad protein assay dye was added to
different dilution factors of sample. After 5 min of incubation, each sample was quantified

by Nano Photometer by measuring its ODses.
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2.4 Optical tweezers

2.4.1 Experiments set up

Buffers for optical tweezers experiments

All buffers were filtered before usage. Note that DTT was added only when the

experiments were done in the presence of protein.

T20
Reagent Volume (uL) Final conc.
1 M Tris-HCI, pH 8.0 1000 20 mM
Total volume Fill ddH20 to 50 mL

TK100
Reagent Volume (uL) Final conc.
1 M Tris-HCI, pH 8.0 1000 20 mM
2 M KCl 2500 100 mM
1 MDTT 50 1 mM
Total volume Fill ddH20 to 50 mL

TMgl10
Reagent Volume (uL) Final conc.
1 M Tris-HCI, pH 8.0 1000 20 mM
1 M MgCl, 500 10 mM
1 MDTT 50 1 mM
Total volume Fill ddH20 to 50 mL

Sample preparation
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For optical tweezers experiments, two beads were prepared: 2 ul of streptavidin (SA)
beads (SPHERO™, SVP-20-5) was added to 1 mL of T20; 1ul of RNA sample (1 nM),
and 2pl of anti-DIG (AD) beads (SPHERO™, DIGP-20-2) were mix with 17ul of T20
and incubate in 4°C. After 10 min, 980 pl of T20 was added to the mixture of AD beads
and RNA.
minTweezers

The single molecule instrument used in this research is miniTweezers, single trap
optical tweezers for single molecule experiments. For calibration, ddH>O was added
between objective lens and chamber, thus, buffers for experiments (TK100 or TMg10,
depending on the purpose of experiments) were flowed into the chamber to wash each
channel. The schematic diagram of the chamber and laser traps were shown in Figure 6
(Wen et al., 2008). Before the experiments, laser traps must be aligned and power for each
beam was adjusted to a PSDs sum of nearly 12000. AD and SA beads were injected to
both upper and lower channels respectively. Finally, the beads would be trapped to
micropipette and laser trap respectively.

For ramping experiments, slowly move the AD bead near the SA bead and pull away
until the biotin interacted with streptavidin, then the trace could be seen while the AD
bead was being pulled. The program setting for force ramping: force: 2-X pN (depending
on the testing subject); pull speed: 100 nm/s; and refolding time: 10s. As for constant
force experiments, a sudden drop of force was applied once the unwinding trace was
observed while ramping. The force of constant force was determined and adjusted
considering the unwinding force. To determine if the protein binding effect the tether itself
and caused bias to data, the force oscillation of AD bead was measured after the tether

between two beads broke.

18



2.4.2 Data analysis

OT console written with Matlab was used for analyzing data recorded in
miniTweezers experiments, unwinding trace, force, size of unwounded structure would
be obtained through analyzing. Thus, the distribution of force and size will be fit with
worm-like chain (WLC) model to calibrate the actual distance of the structure (Marantan
& Mahadevan, 2018). Factors that determine the size of WLC curve are the offset value
(nm), which is dependent on the end-to-end distance of the structure, and the size of
structure (nt). The offset value normally used in this research is 2nm, the end-to-end
distance of an RNA hairpin.

2.5 EMSA for hnRNP H1-N1

EMSA experiments were performed to determine the interaction between hnRNP
H1-NT1 and RNA besides single-molecule experiments. A sequence of hnRNP H1-N1 with
different concentrations (1X, 2X, 4X...) were added to fixed concentration of RNAs and
incubated for 30 minutes in 37°C water bath. Buffers used for EMSA were 10X buffers
for optical tweezers experiments written in 2.4.1. 8% native PAGE was applied for gel
electrophoresis: 100mV, 55 min, with 100 mV 20 min pre-running. To be mentioned that

while using Mg?" in reaction, EDTA in gel running buffer was removed.
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CHAPTER 3 RESULTS

3.1 RNA preparation for optical tweezers experiments

Four-repeat sense strand, 1(G4Cz)s, of C90rf72 HRE were mainly studied in this

research. The RNA was synthesized by 1§ & % . For the control experiments, the

antisense 1(G2Cs)4 and GCswap mentioned in 2.1.1 were used. Figure 7 shows the

electrophoresis images of RNA and DNA handles.
3.2 Purification of hnRNP H1-N1

To purify hnRNP H1-N1, transformed BL-21 cells were first cultured and lysed
through French press. The lysates were first purified by Histrap FF Crude column. hnRNP
H1-N1 was eluted through a concentration gradient of imidazole (25-500 mM). The TEV
tag of the protein was cleaved, and the sample was passed through the Histrap column
again. Elution fractions were verified by 15% SDS-PAGE. The size of hnRNP H1-N1 is
approximately 21 KDa which can be seen on the electrophoresis result (Figure 8).
Fractions 14~19 eluted from the second Histrap column were collected, concentrated, and
dialyzed for the next step of purification.

To further improve the purity, the Superdex 200 column was used to separate
proteins per size. Fractions from Superdex 200 were verified by 15% SDS-PAGE (Figure
9) The samples were stored at -80°C for further use.

3.3 Structures of r(G4Cz)4

The schematic setup of miniTweezers is as mentioned in 2.4.1 (Figure 2). The
1(G4C2)4 construct was initially bound with an AD bead and moved through laser beams.
The AD bead was then moved to the SA bead until the other end of the tether binds to the
SA bead. Once transitions are observed, ramping programs will begin, and data will be
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recorded. The expected structures formed by r(G4C2)s are GQ and a hairpin with 22 nt
(without first two Gs, Figure 2)

For r(G4C2)4, two kinds of ions were used for miniTweezers experiments. TK100
and TMg10 as described in 2.4.1.

3.3.1 r(G4C2)4 in K*

In past research, potassium ion was stated to promote and stabilize GQ structures in
both RNA and DNA (Koirala et al., 2011). TK100, a buffer with 100mM K", was first
applied in this study. The ramping obtained shows in Figure 10, RNAs tend to show a
hopping state while the structure unfolds around 10 to 15 pN. From traces collected in
experiments, similar patterns were observed. The structure size of r(Gs4Cz)s was
indeterminable due to the hopping with poor single-to-noise ratios.

3.3.2 r(G4C2)4 in Mg?*

Since experiments weren’t successful in the monovalent cation, Mg?" was applied.
Although high concentrations of Mg?* seem to destabilize GQ structures, a relatively low
concentration of Mg?" was found to promote GQ in single molecule fluorescence
resonance energy transfer (FRET) experiments, thus TMgl0 with 10mM Mg>" was
applied (Balaratnam & Basu, 2015; Lee et al., 2016).

Ramping experiments

Unlike in TK100, several stable transitions that fall around 18-24 pN were observed
in TMg10. The transitions can be divided into three species: R, RH and HR (figure 11a).
R stands for a clear and single rip; RH is a rip followed by a small hopping whereas HR
is hopping happens first and then a rip. By exporting data to an F-X distribution plot, the
force and extension of RNA seems to be separated into two groups. By using the

extensible WLC model, the clusters fit to an 18 nucleotide (nt) structure and a 20 nt
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structure (Figure 11b). In a total of 33 molecules and 944 traces, the structures with 18 nt
and 20 nt account for 35.1% (331 traces) and 64.9% (613 traces) respectively. The
predicted 22 nt hairpin and GQ did not fit into these two clusters.

In further predictions, these structures may be hairpin using 3 repeats of GGGGCC
(18 nt) (Figure 12b). While the 20 nt structure was missing 4 nt from the full length, we
tried to remove the first 4 guanines in the sequence and apply the prediction again, the
most stable structure predicted by RNAfold was a 20 nt double hairpin (Figure 12a).

The cluster of 18 nt structures unwound between 15-25 pN with an average of 19.9
pN, whereas the cluster of 20 nt structures unwound between 18-26 pN with an average
of 21.8 pN. These data show that r(G4C>)4 prefers to form in the 20 nt structure with
higher population and stability.

Constant force experiments

Constant force experiments were performed under 18-21 pN to measure structure
size and folding/unfolding of r(G4C:)s. The structure of r(G4C2)4 seems to undergo
repetitive folding and unfolding while the force is held at 19 or 20 pN. Therefore, the
trace obtained was hopping (Figure 13). The traces then went through a Gaussian fitting
to calculate the size of structure. Two different structure sizes were obtained through
gaussian fitting: 18.25 and 19.49 nt (Figure 13), like the worm-like chain fitting to the FX
plot shown in Figure 11b.

3.4 Structures of r(G2C4)s and GCswap

For control experiments, antisense RNA of C90rf72 HRE was chosen as it can’t form
GQ and should only form in the predicted 22 nt hairpin structure. For control experiments,
only TMg10 was used since the transition of wild type (WT) four repeat GGGGCC was

indistinguishable in TK100.
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3.4.1 r(G2C4)4 in Mg?*

The ramping data obtained in 1(G2Cs)s were very diverse in structure size and
transition pattern (Figure 14). However, in many molecules recorded, the traces tend to
disappear after a few cycles; the rest of the molecules form multimolecular structures.
3.4.2 GCswap in Mg**

As antisense seems to be unsuitable for control experiment, here a new construct of
swapping two GC pairs in r(G4C2)s was made. As the GC swapped, this RNA sequence
was predicted to form a 22 nt hairpin only (Figure 15a).

Ramping traces

Approximately all of transitions found in ramping data of GCswap in Mg>" were a
clear single rip, a few of which were a rip with slightly hopping (Figure 15b). While
analyzing F-X plot, only one cluster was found, all the traces were fit to 22 nt worm-like
chain (Figure 15c). In total of 12 molecules and 281 traces, the unfolding force was
mainly found among 22-26 pN, with several points in 18-22 pN. The average unfolding
force of GCswap RNA is 23.96 pN.

Constant force

Constant force experiments were performed under 19-23 pN to measure structure
size and folding/unfolding of GCswap. The structure of GCswap seems to repeat folding
and unfolding while the force is held at 20-23 pN depending on molecules (Figure 16).
The traces obtained were then went through a Gaussian fitting to calculate the size of
structure. The structure calculated through Gaussian fitting was 21.59 nt (Figure 16),

slightly smaller than the worm-like chain fitting to FX plot.

3.5 Interactions between hnRNP H1-N1 and r(G4C3)4
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As transitions of WT four repeat C90rf72 HRE were obtained, hnRNP H1-N1 was
applied to miniTweezers experiments, 10nM of protein were diluted from stock using
experimental buffer: TMg10. The concentration of protein was tested several times, while
the concentration was high, traces observed often belong to multimolecular structures;
while the concentration was below 10 nM, the efficiency of binding was not enough to
collect sufficient data.

Ramping data

While protein was flowed into chamber of minTweezers, the tether of RNA seems
to become unstable and break in relatively high force (around 30 pN). Thus, the high force
cutoff in the program of ramping was changed to 27-30 pN depending on each molecule.

Similar to traces without protein, traces recorded in hnRNP HI-N1 experiments were
also classified into the following groups: R, RH and HR (Figure 17a). Different from
RNA only, some of R and HR seems to be slightly bigger than R recorded in 1(G4C>)4
without protein. By F-X plot, three groups of force and extensions were clustered (Figure
17b). After fitting to worm like chain model, 18 nt and 20 nt clusters in 3.3.2 were also
presented in data with protein. Besides the two groups that were the same as RNA only,
an additional group was found and fit with 22 nt worm like chain. In total of 15 molecules
and 284 traces, 18 nt cluster accounts for 21.5% (104 traces); 20 nt cluster accounts for
28.5% (138 traces); 22 nt cluster accounts for 50% (242 traces). The average unfolding
force in 18 nt cluster and 20 nt cluster were 19.78 pN and 20.98 pN, respectively. In the
22 nt group, the average unfolding force was 20.93 pN. Compared with data from RNA
only, the percentage of different groups changed significantly (17c). However, the 20 nt
cluster has a smaller p-value, suppose the protein binding may be targeting the 20 pN

structure mainly and change its conformation to 22 nt structure.
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By overlapping F-X plot in 3.3.2, the two structures seen in r(G4C>)s without protein
were likely the 18 nt cluster and 20 nt cluster here (Figure 18). In addition to that, the 22
nt cluster suggests that the binding of hnRNP H1-N1 may change the conformation of
RNA to the predicted 22 nt hairpin mentioned in 3.3 (Figure 2).

Constant force

Constant force experiments were performed under 17-21 pN to measure structure
size and folding/ unfolding of r(G4C>)s while hnRNP H1-N1 was presented, also we tried
to determine the actual conformational change caused by protein binding. Several traces
under 17-21 pN were recorded and fit with gaussian to determine the structure size
(Figure 19). The structure size found after fitting was mostly similar to RNA without
protein (18.64 nt and 19.82 nt). The binding step of the protein and the 22 nt cluster were

undeterminable through the analysis of constant force experiment.
3.6 Interactions between hnRNP H1-N1 and GCswap RNA

To see if the 22 nt structure presented in the presence of hnRNP H1-N1 can also be
found in GCswap experiments while protein exists, 10 nM of hnRNP H1-N1 was also
applied in GCswap experiments. Results in 3.4 implied that GCswap can only form 22 nt
hairpin in ramping experiments and constant force experiments.

Ramping data

Overall, transitions observed were similar to GCswap without hnRNP H1-N1. R in
3.4 was also observed in the presence of protein, however, the percentages of trace with
small hopping seem to rise a little (Figure 20a). A total of 15 molecules, 366 traces, the
unfolding force of GCswap in protein experiments falls between 19-26 pN, with an

average of 23.3 pN (Figure 20b).
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Compared with data in 3.4, the average unfolding force and the result of worm-like
chain fitting seems to be mostly identical. By pooling data from 3.4 and here together in
F-X plot, the traces with or without protein almost overlapped (Figure 20c¢).

Constant force

Same as constant force experiments in GCswap without hnRNP H1-N1, force was
held at 19-23 pN to measure whether the structure size and folding/ unfolding of GCswap
was affected by protein binding. Same with ramping experiments, the gaussian fitting
result of molecules under 22 pN in GCswap with hnRNP H1-N1 was 21.12 (Figure 21),
a little smaller than the result in 3.4. This result seems to indicate that hnRNP H1-N1
either can’t change the conformation of GCswap or unable to bind the hairpin formed by

GCswap.
3.7 EMSA analysis of hnRNP H1 and r(G4C:)+-NH

To further explore the binding of hnRNP H1-N1, EMSA was applied using RNA

made for snFRET experiments by % '}é‘l‘ 23

3.7.1 EMSA experiments in Mg2?*

EMSA experiments were performed in buffer containing Mg?* as single-molecule
experiments have spotted binding traces. RNA used in the experiments was 1(G4C2)4
without handles, the final concentration for RNA was 1uM. RNA was incubated with
different concentrations of hnRNP H1-N1 in 37°C for 30 minutes and run in 8% native
PAGE. Protein concentration used in experiments were 1x, 2x, 4x, 8x, 12x and 16x. RNA
was applied to check the pattern of RNA in absence of hnRNP H1-N1.

The result of the EMSA shown three main bands for r(G4Cz)4-NH, which were
supposed to be multimer, dimer and monomer from upper to lower according to past

research (Geng et al., 2024) (Figure 22a). By analysis of the result, it seems like hnRNP
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HI-NI binds to dimer band the most. The band of dimer declines while a small band
appears near multimer band as the protein concentration rises. The multimer band
remained unchanged and the monomer was likely to shift into a smear. Thus, the dimer
band was chosen for the region of interest (ROI, red frame in Figure 22a) for analyzing
with Image J. The result of Image J analysis of intensity stated that the RNA started to
shift when protein concentration was 4 pM (64% remain) and declined to around 30%
when protein concentration reached 12 uM.

3.7.2 EMSA experiments in K*

EMSA experiments were performed in buffer containing K to see if the pattern has
changed since monovalent cations was said to enhance GQ (Koirala et al., 2011). For
TK100, the concentration of the protein has changed because the binding of protein was
undeterminable in 1 uM of hnRNP H1-N1. The result was mostly the same as result in
TMgl10. The only difference was the binding percentage of protein. The ROI intensity
declined to 25% as the protein concentration reached 8 uM and remained at around 20%
in 16 uM and 32 pM. These results seem to indicate that GQ since the lane of RNA only

as the data in both ions were nearly the same.
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CHAPTER 4 DISCUSSION

4.1 Do noises in trace affect the tether of RNA structure?

While the protein was applied to the single molecule system, noise in ramping traces
were observed (Figure 17a). As a structure slightly larger than what we found in
experiments of 1(G4Cz)s only was shown in 3.5, this noise was suspected to cause bias
and result in this 22 nt structure. To make sure that the noise didn’t cause any bias, we
recorded the force oscillation after the tether of RNA was broken to monitor if the bead
itself was affected by protein sticking to the surface. By doing Gaussian fitting to the
force recorded and compare the standard deviation of those with protein and without
protein.

Through several comparisons (Figure 23), the standard deviation seems to be nearly
the same: 0.3723 (no protein) and 0.3759 (with protein) for the samples shown. Through
this measurement, we could exclude the effect of protein to bead and cause bias to data
analysis, since the difference in the force while there is no tether was so small. A possible
cause of the noise might be the binding protein to the DNA handle of RNA samples. Since
the handles were both long compared to RNA constructs used, once protein stuck on the

handle, there might be a small but continuous noise to the tether.
4.2 Structure preference of hnRNP H1-N1

As stated in 1.4, hnRNP H1 should be able to bind G-rich sequence (G-tract) with
the quasi-RRMs in protein (Dominguez et al., 2010). Though RRM3 was cleaved for
hnRNP H1-N1 in this research, the main RRMs that interact with G-tract were supposed
to be RRM1 and RRM2 (Conlon et al., 2016). Thus, binding patterns in experiments of

both r(G4C2)4 and GCswap should be observed since both constructs satisfied the “G rich”
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criteria of hnRNP H1 to binds. However, the binding was only observed in r(G4+Cz2)4 in
single molecule experiments. This indicated that the protein might be unable to bind to
the hairpin formed by GCswap RNA.

Interestingly, the EMSA result of r(G4C2)4 indicated that among structures formed
by r(G4C2)s, the binding of hnRNP H1-N1 still has some preference (Figure 22). Three
main bands were observed in the naive PAGE of r(G4C2)4, however, only one of them
seems to shift while the protein concentration rises. The upper band remains unchanged,
the lower one seems to degrade to smear, only the middle band tends to shift with the
concentration change, the phenomenon was same in both TMg10 and TK100. The binding
affinity of hanRNP H1-N1 was higher in K* compared to same concentration under Mg?",
supposed that hnRNP H1-N1 tends to bind GQs, as K" was found to stabilize GQs in the
past research (Balaratnam & Basu, 2015).

The statistical test result of 1(G4C2)s structure clusters changes in the presence of
hnRNP HI-N1 shown that 20 nt double hairpin seems to decline the most after the protein
was applied into the system. The p-value of the 18 nt and 20 nt group from the chi square
were 1.76x1077 and 1.53x107%, respectively (Figure 17c). From the statistical tests, we
can state that the decline of 20 nt group was more than 18 nt group, which further implies
that the conformation change caused by hnRNP H1-N1 mainly target the 20 nt double
hairpin.

Interestingly, the unfolding trace of double hairpin usually appears as two rips, but
the transition observed in our experiments was a single rip. According to past research,
there might be kissing interaction between two loops of the double hairpin, which leads
to the combination of two transitions into one (Li et al., 2006). The kissing effect may

also be the reason why hnRNP H1-N1 target this double hairpin.
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4.3 EMSA analysis state that hnRNP H1-N1 may exhibit non-specific
binding

To further explore the binding preference of hnRNP H1-N1, GCswap without handle
sequence was made for EMSA analysis. However, a mistake in the transcription step left
DNA template left in final product. Thus, bands which were likely DNA fragments were
detected in EMSA result (Figure 24). The bottom bands in EMSA analysis of GCswap
were also found to shift toward smear as the bottom bands in both condition of EMSA
analysis for r(G4C>)s-NH. This phenomenon may be caused by non-specific binding of
hnRNP HI-N1. Protein may exhibit non-specific binding depending on pi value, the
relationship between pi value and reaction buffer decides the charge of protein, while the
pi value was relatively high, the protein will be positively charged and interact with

negatively charged RNA in a charge mediated manner (da Silva et al., 2018). By online

tool: ExPASy Compute pl/Mw Tool (https://web.expasy.org/cgi-

bin/compute _pi/pi_tool.cgi), we have acknowledged the pl value of hnRNP H1-N1 was

5.89. This indicated that the protein was negatively charged. Hence, there might be other
reasons for the non-specific interaction between hnRNP H1-N1 and RNA. Other possible
reasons might be the concentration of protein and the polarity of protein.

4.4 Helicase activity of hnRNP H1-N1

As mentioned in 1.4, hnRNP H1 may possess the activity of helicase. Usually, the
binding step of a helicase could be visualized through optical tweezers (Spies, 2014).
Unfortunately, the binding of hnRNP HI-N1 seems to happen in a sudden and

disassociated away after changing the conformation of RNA. In this case, analyzing the
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mean unfolding force of structures in different conditions can help define the helicase
activity of hnRNP H1.

After the t-test, the calculated p-value for the two clusters (18 nt and 20 nt) were
0.188 and 3.05x1078, respectively (Figure 25). The result of the t-test indicated that only
the decline of unfolding force in 20 nt structure was significant (Figure 25b), echoing to
the inference in 4.2. To conclude, the binding of hnRNP H1-N1 destabilizes the 20 nt
double hairpin, and this might be the evidence that hnRNP H1 possess the activity of

helicase.

4.5 Possible candidates for the additional group found in experiments

of r(G4C2)4 in the presence of hnRNP H1-N1

4.5.1 22 nt hairpin

GCswap was used for control and the result indicated that it only forms one 22 nt
hairpin, however, the F-X plot of GCswap did not perfectly match the additional group
appears in presence of hnRNP HI-N1 (Figure 26). While analyzing the F-X plot and
processing the fitting of WLC model, the new structure appears in the presence of protein
cannot perfectly fit to 22 nt WLC curve (Figure 17b). Despite the fitting result, the
overlapping of two clusters in Figure 26 and the indicates that these two clusters were not
really that different, the reason why WLC curve did perfectly fit to the cluster may be the
noise in experiments. On the other hand, considering the unfolding force of two structure,
22 nt hairpin predicted to form by r(G4C2)s was more stable than GCswap; initial AG = -
13.20 kcal/mol (r(G4C2)s) comparing to Initial AG = -11.40 kcal/mol (GCswap). By
contrast to the result where GCswap seems to be relatively stable according to unfolding
force.

4.5.2 G-quadruplex
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Since the fitting result suggested that the cluster found in experiments of hnRNP H1-
N1 might not be the 22 nt hairpin predicted. As the considering the fitting of WLC model
requires an offset value depending on the end-to-end distance of the structure, we tried to
find out if there’s any suitable value. Also, though GQs weren’t observed in single-
molecule experiments without protein, we thought it still got a chance to form in protein
experiments as hnRNP HI1-N1 have a chance to unwind the structure and cause
rearrangement to fold into GQ since the fitting result indicates that the structure was
slightly bigger than a 22 nt hairpin.

By consulting past research, offset value and structure size used for WLC fitting for
RNA GQ was 1.0nm and 22 nt (parallel), calculated from 3D structure on Protein Data
Bank (PDB, accession number 8X0S) (Geng et al., 2024). This value was calculated
considering the distance of first G to last G. After applying this data to the fitting, we
found that the curve was totally apart from the cluster (Figure 27). To mention that the
structure for the reference was under the condition of K*, the offset value was not the
actual value of a GQ in Mg?*. Moreover, to check the offset value we obtained by
measuring on PDB, other hairpins on PDB were also measured (accession number 1HS2,
1JWC), none of which matched the offset value that were usually used in optical tweezer
experiments when structures were hairpin. The offset value used in regular fitting were
derived from the Watson—Crick base pairing with X-ray structure, measuring conducted
on PDB were all smaller, suppose the actual value should be larger than what we found
through PDB. Thus, there were still chances of the existence of GQ.

However, past research conducted on Ewing sarcomas has stated that the binding of

hnRNP H1 to EWSR1-exon 8 G-rich sequences destabilizes GQs, moreover, qRRM1 and
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2 were found to disturb the stability of G quadruplex (Vo et al., 2022). The fitting result

and finding in another disease made the chance of this new structure to be GQ low.
4.6 Future perspectives

In this study, several targets were found, we found evidence of hnRNP H1-N1 as a
helicase and the binding preference of hnRNP H1-N1. Also, a structure that has a chance
to be GQ monomer was found. For future perspective, how to verify these findings and
further study into the relationship between hnRNP H1 and ALS/FTD should be the main
topic.

First, to determine the helicase activity of hnRNP H1, suppose an RNA with longer
repeat number can provide a trace that is more significant while protein binds. As the
RNA foci in the neuron cell of ALS patients are also repeat number dependent, increase
the number of GGGGCC repeat may also help in finding the relationship of protein and
ALS/FTD (Lee et al., 2013). Since high repeat number may be hard to manage in optical
tweezer and 10 repeats of GGGGCC was found to form aggregate, increase the repeat
number to 10 seems reasonable (Raguseo et al., 2023).

To determine if the additional group of structure in protein experiments, several
controls might be useful. TERRA has been discovered to form RNA GQs in past optical
experiments, and the G-tract in TERRA may also allow hnRNP H1 to bind, it seems to be
a suitable control for future experiments (Yangyuoru et al., 2013). In addition to TERRA,
modifying the sequence to r(G4T2), may also help, as past research had proved it was
capable of forming unimolecular GQs by NMM staining and gel electrophoresis

(Raguseo et al., 2023).
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Figure 1. RNA GGGGCC repeats form foci

RNA G4C; tandem repeats may form foci, depending on the number of repeats. Foci
can be detected from 5x repeats or longer. By contrast, 23x of CCCCGG cannot form any
detectable foci. Adapted from Jain & Vale, 2017, permission acquired from Springer

Nature.
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Figure 2. Hairpin formed by r(G4C2)4

22 nt hairpin formed by r(G4C>)4, predicted using: https://www.unafold.org/
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(a) G-quartet formed by 4 Gs, G-quartet can stack together and form G quadruplex.
(b) Diftferent GQs. Adapted from Kumar et al., 2016, permission acquired from Springer
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Figure 4. Foci of RNA G-quadruplex detected in iPSC

From iPSC generated using C9ALS patient’s neuron cells, RNA foci were detected
and NMM (GQ specific dye) was used to detect GQ. The result indicated that RNA foci
in the neuron cell of a ALS patients were composed of GQs. (a) Image of iPSC stained
with different dyes. Statistics of NMM foci in the cell (b) and in the nucleus (c¢). Adapted

from Raguseo et al., 2023, open access.
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Figure 5. Domains of hnRNP H1

Different domains are colored and labeled. The white box between domains are

spacer regions. Adapted from Conlon et al., 2016, open access.
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Figure 6. Schematic diagram of the miniTweezers setup

MiniTweezers, the instrument of optical tweezers used in this research, contain a
pair of 845 nm lasers that form a laser trap in the chamber. This trap allows us to control
a polystyrene bead that is coated with anti-digoxigenin antibody. The RNA sample
containing the 5’ and 3’ flanking regions are annealed with complementary DNA
sequences (termed handles), which are labeled with a digoxigenin and a biotin tags on
each end, respectively. The digoxigenin end could bind with the anti-digoxigenin
antibody-coated bead. On the other hand, the biotin end could bind with another bead that
is coated with streptavidin. The bead with streptavidin is held at the tip of a micropipette
by negative pressure (Wen et al., 2008)
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Figure 7. Gel electrophoresis of r(G2C4)4 and handles

(a) In vitro transcription of r(G2Cs)4. The length of RNA was 1720 nt. Samples were
run in 1% agarose gel stained with SYBR green dye. #1: without purification, the lower
smear may be DNA templates. #2: Elution of of the transcription product. Data from
2023/03/16. (b)&(c) Purified 5° (732bp) and 3’ (942bp) handle. Samples were run in 1%

agarose gel. Data from 2023/03/20& 2023/04/20 repectively.
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Figure 8. Purification hnRNP H1-N1 through Histrap FF Crude column

(a) Samples after ProTEV cleavage were purified through the Histrap column again.
Fractions around the peak were applied to 15% SDS-PAGE to check if the protein was
cleaved. (b) The eluted fractions were examined by 15% SDS-PAGE. The cleaved protein
should be 21 kDa. The 7" fraction from the wash step was also applied to check. Data

from 2024/08/07.
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Figure 9. Purification hnRNP H1-N1 through Superdex 200 column

(a) Samples after second Histrap were purified through Superdex 200 column,
fractions among the peak were applied to 15% SDS-PAGE to check if the protein was
cleaved. (b) The eluted fractions were examined by 15% SDS-PAGE. The first lane was

samples after second Histrap, it was also applied to check the protein. Data from

2024/08/08.
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Figure 10. Ramping traces of r(G4+C2)4 inTK100

Traces in TK100 often show small hopping between 10-15 pN. Two traces were

chose to represent the data obtained in TK100 experiments. Data from 2024/11/19.
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Figure 11. Ramping traces and F-X plot of r(G4C2)4 inTMg10

(a) Different traces observed in ramping experiments. Both traces with hopping (HR
and RH) appera in 15-20 pN, while R appears in 20-25 pN. The traces were from
experiments in 2024/11/26. (b) F-X plot of all of ramping data in TMg10, after clustering,
the traces were devided into 18 nt and 20 nt groups. These groups are respectively fitted

to extensible WLC model.
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Figure 12. Possible structures of r(G4C2)4 inTMg10

(a) 20 nt double hairpin; (b) 18 nt hairpin using 3 of the repeats.
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Figure 13. Constant force traces of r(G4Cz)s inTMg10

For the trace of constant force, the upper state is the unfolded state, while the lower
is the folded state. (a) Trace under 20 pN. The transition size between two states can be
estimated by fitting the trace with two Gaussians. (b) Trace under 19 pN. Both traces were

from 2024/11/12.
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Figure 14. Ramping traces of r(G2C4)4 inTMg10
Traces observed in ramping experiments of 1(G2Cs)4 in TMg10. Most of the traces

show either no transitions (left) or small hoppings (right). Data from 2024/11/22.
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Figure 15. Structures of GCswap RNA, ramping traces and F-X plot of GCswap
inTMg10

(a) 22 nt hairpin, predicted by RNAfold. (b) A representative trace observed in
ramping experiments of GCswap in TMg10. Most traces show a single rip. (c¢) F-X plot
of GCswap. Only one cluster was identified. All the traces were fit to a 22 nt worm-like

chain model. Data of (b) was from 2024/12/31.
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Figure 16. Constant force traces of GCswap inTMg10
For the trace of constant force, the upper state is the unfolded state, while the lower
is the folded state. Trace was obtained by holding the structure under 22 pN, the Gaussian

fitting for the two states of trace indicated the size of the transition between states. Data

from 2024/12/20.
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Figure 17. Ramping traces and F-X plot of r(G4C2)4 inTMg10 with hnRNP H1-N1
(a) Different traces observed in ramping experiments, all traces were found in 18-24
pN. Two R were shown because of the size difference. The traces were from experiments
in 2024/11/12; (b) F-X plot of all of ramping data, after clustering, the traces were devided
into 18 nt, 20 nt and 22 nt groups. These groups are further fitted to extensible WLC
model; (c) Statistical analyse of changes in structure size after normalization, all of the
data has p<0.001 after chi square test, while 20 nt has a smaller p value than 18 nt. The

error bar shown in figure indicated the standard error of all the data were between £10%.
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Figure 18. F-X plot of r(G4C2)4 from with/without hnRNP H1-N1

Data from both conditions were pooled together, as 18 nt and 20 nt mostly overlaps.
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Figure 19. Constant force traces of r(G4Cz)s inTMg10
For the trace of constant force, the upper state is unfolding state, while the lower is
folded state. (a) Trace under 19 pN, the Gaussian fitting for the to states of trace indicated

the size of the transition between states. Data from 2024/11/26. (b) Trace under 20 pN.

from 2024/11/12.
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Figure 20. Ramping traces and F-X plot of GCswap inTMg10 with/without hnRNP
H1-N1

(a) Different traces observed in ramping experiments, all traces were found in 18-27
pN. The traces were from experiments in 2024/12/20. (b) F-X plot of all of ramping data.
(c) Data from both conditions were pooled together, the distribution of force and

extension mostly overlaps.
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Figure 21. Constant force traces of r(G4Cz)s inTMg10
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For the trace of constant force, the upper state is unfolding state, while the lower is

folded state. Trace was obtained by holding under 22 pN, the Gaussian fitting for the to

states of trace indicated the size of the transition between states. Data from 2024/12/31.
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Figure 22. EMSA analysis of r(G4C2)s-NH in different ion conditions

(a) EMSA of r(G4C2)4-NH in TMg10 with 8% native PAGE. (b) EMSA of r(G4C2)4-
NH in TK100 with 8% native PAGE. The red box indicates the ROI that was analyzed by
Image J. Data were from (a) 2024/12/15 and (b) 2025/01/06. (c) and (d), line charts

indicated the change of ROls.
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Figure 23. Gaussian fitting for the determination for the effect of noise

(a) Fluctuations of the AD bead recorded while potein was not in the system. The
trace was fit with one Gaussian to calculate standard deviation. (b) Fluctuations of AD
bead recorded while potein was in the system, the trace was then fit with one Gaussian to

calculate standard deviation. Both traces were from 2024/12/03.

61



1uM GCswap-NH

hnRNP H1-N1 (uM) - 2 4 8 16 32
. N — ———

DNA fragment__, — — — C—

Monomer ——» . . . ‘ “

Figure 24. EMSA analysis of GCswap in Mg?*
EMSA of GCswap-NH in TMg10 with 8% native PAGE. The red box indicates the
ROI that was analyzed by Image J. Data was from 2025/01/11. * DNA fragments appear

because DNase I was not added to the reaction mix after transcription.
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Figure 25. Box plot of unfolding force in 18 nt and 20 nt groups

(a) The unfolding force of 18 nt groups in different conditions. P-value obtained
through the t-test was 0.188, indicate that thechange was none-significant (ns). (b) The
unfolding force of 20 nt groups in different conditions. P-value obtained through the t-

test was 3.05x1078, indicate that thechange was very significant (**%).
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Figure 26. F-X plot of GCswap and r(G4C2)4 inTMg10 with hnRNP H1-N1
F-X plot of GCswap and r(G4C2)4, only the 22 nt cluster from r(G4Cz)4 was shown.

Both data were from protein experiments, red dots stands for r(G4Cz)4, whereas cyan dot

stands for GCswap.
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Figure 27 Different fitting of WLC model to the new structure found in the
presence of hnRNP H1-N1

F-X plot of 1(G4C2)4 with WLC applying statistics of parallel GQ fitted.
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