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Abstract

Cytosine-rich sequences can form 4-stranded structures called i-motifs. i-Motifs
are formed by two duplexes intercalated in an antiparallel direction and held
together through the hemi- protonated cytosine-cytosine base pairs, and they are
stabilized by acidic conditions, which promote C-C base pairing via hemi-
protonation of the N3. i-Motif structure can form in both molecules of DNA and
RNA, but RNA i-motifs are less stable than their DNA counterparts. This
dissertation describes the study of the stability of RNA i-motifs including
characterizing 10 cytosine-rich sequences with variable tract length in [CnU3]3Un at
two different pH: 5.5 and pH 7.4. A plant sequence AT5G08230.1 RNA identified
in Arabidopsis thaliana was characterized at pH 5.8 by mimicking crowding with
PEG 8,000, and drought conditions using KCI. From our knowledge, there are no
examples of functional i-motif structures in plants, but they are of particular interest
with respect to potential i-motif formation knowing that plants often thrive in acidic
conditions where i-motifs are stable. By using some biophysical techniques like
Ultraviolet (UV), Circular Dichroism (CD), and thermal difference spectra (TDS),
we found all our cytosine-rich sequences were shown to be stable at pH 5.5,
except C1Us and sequences with 5 or more cytosines per tract length fold into
stable i-motif structure. Also, we have found the stability of the folded structures
increases as the number of cytosines per tract. UV spectroscopy has showed an
increase in the melting and annealing temperature for all C-rich sequences when
the number of cytosines per tract increase. On the other hand, at pH 7.4 RNA i-
motif structure was not observed. We have observed that AT5G08230.1 RNA can
form i-motif at pH 5.8 where plants normally thrive, and have confirmed the RNA i-
motif can be stabilized at 4°C using PEG 8,000 (40%) and KCI (100 mM and 800
mM).
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Chapter 1: Introduction

1.0 Introduction

The existence of diverse secondary structures have been identified like duplexes
including B form, A and Z form, and triplexes and quadruplex (1). G-quadruplex
are the most studied of these, and they are 4- stranded structures formed from
guanine-rich DNA sequences forming a guanine tetrad through Hoogsteen
hydrogen bonding and their presence in vitro has been demonstrated for some
decades (2, 3), the presence of g-quadruplexes in the human genome have been
demonstrated (4, 5), have been found in repetitive DNA regions like telomeres (6,
7), and in the promoter region of eukaryotic genes (8, 9). The i-motif structure is
another four-stranded structure which is formed from cytosine-rich sequences
(10), and the stability depends on important factors like pH (10, 11), sequence (11,
12), cytosine tract length (11, 13), loop length (14, 15) and temperature (11, 16).
Previous studies about DNA i-motifs had assumed that they were only able to form
under slightly acidic conditions (10, 17) but recent studies have shown that DNA i-
motifs are able to form at neutral pH (13) and slightly alkaline conditions pH 7.4 at
4°C (16). i-Motif have been observed in the promoter regions of a considerable
number of oncogenes (17-19), its role on regulation of transcription and
modulation of gene expression have been observed (20). It is important to mention
recent studies about the influence of i-motif on DNA replication suggesting i-motif
obstructs this process and repair causing as a consequence genomic instability
(21). Moreover, the evidence of i-motif structure in vivo was just demonstrated in
the nuclei of human cells confirming their pH dependency, and evidencing its
formation in the regulatory regions of the human genome (22). The RNA i-motif
structure has not been widely studied, and the literature around this theme is very
limited. RNA i-motifs are known to be less stable than their DNA counterparts (23,
24). Moreover, to the best of our knowledge, until now, there are no examples of
functional i-motif structures in plants but they are of particular interest with respect
to potential i-motif knowing that plants often thrive in acidic conditions, 76% of
arable soils are acidic (25). According to Bradshaw et. al. plants should tolerate
wider changes in the habitat conditions than animals because they cannot to avoid
the cause of stress (26), and plants have to develop mechanism due to changes in
environmental conditions like salinity, drought, temperature as a result plants show

wider range of pH, temperature and salinity tolerance (27).
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All of these factors can affect i-motif structure (28). Martiniere et. al. have observed
the intracellular pH in the endomembrane system lumen in plants have shown pH
gradients from acidification at pH 6.1 to alkaline pH 6.6 and 7.1 in both tobacco
(Nicotiana tabacum) and Arabidopsis thaliana (29). Drought and salinity are some
of the main causes of reduction of plant growth around the world. Plants cells
under conditions of drought or in high salinity soils avoid cellular dehydration by
increasing their ionic concentrations (particularly potassium cations) dramatically
(30, 31). There are few studies about the role of external pH on plants gene
expression, one of them made in Arabidopsis thaliana have confirmed that pH is
one of the most important factor regulating gene expression in plants (32).
Understanding plant physiology will help protect crops from drought, cell damage
and stress. We have postulated a potential role in RNA i-motifs structures which
could have switch-like functions activated by conditions to help plants to cope with
stress. Bearing this in mind, we propose a project that would aim to investigate the
RNA i-motif structure and function in ten cytosine-rich sequences and in a plant
sequence to characterize and to determine i-motif stability, and the response to
different environmental conditions such as temperature, pH and molecular

crowders.
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1.1 DNA

The three-dimensional structure of DNA proposed by Watson and Crick is formed
by two twisted strands of nucleotides bases joined through hydrogen bonds
forming a double helix shape (33) (Figure 1.1). The structure of the molecule of
DNA has primary, secondary and tertiary structure. While the primary structure of
the molecule of DNA corresponds to arrangement of the nucleotides joined by
phosphodiester bonds (34, 35), the secondary structure defines the spatial
configuration of double helix of Watson and Crick (33), and the tertiary structure
corresponds to the arrangement of the DNA structure in the chromosomes in the
nuclei (35).The double helical spatial arrangement of DNA emerged from the
properties of its chain of polynucleotides where the bases pair with their respective
complementary counterparts in an antiparallel fashion. The sugar pentose in DNA
is the deoxyribose sugar attached to a phosphate group that based on a repeated
fashion formed the backbone of the DNA molecule (36). A phosphate group is
attached to the sugar ring in the position 5' carbon instead of the —OH. Then, the
nitrogen bases are attached to the 1' carbon of the sugar ring (37). The bases of
the DNA adenine (A) and guanine (G) are purines containing a double ring
structure, and cytosine (C) and thymine (T) are pyrimidines containing a single ring
structure (33). A nucleotide is formed by the sugar pentose, the group phosphate
and a nitrogen base. A DNA strand is formed by a long chain of nucleotides or
polynucleotides joined together. In the molecule of DNA, adenine (A) pairs with
thymine (T) forming 2 hydrogen bonds, and guanine (G) pairs with cytosine (C)
forming 3 hydrogen bonds (33). These effective hydrogen bonds are holding the
two chains together (33, 38). The DNA chains run in antiparallel or opposite
direction (33, 39). One of the chains of DNA runs 5' to 3' and the other from 3'to 5’
labelled from top to end. The 3" and 5' notation come from position of the carbon
atom of the sugar pentose in this case deoxyribose (D). Then, the 5’ end is the end
that has a phosphate group (P) attached to the 5 'carbon. And the 3' end is the
end that has a phosphate group attached to the 3' carbon or a —OH group if that is

the very end of the chain.
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This 5' to 3' or read it “5-prime to 3-prime” notation is very important in genetic
code and genes, and genetic code is always written from 5' to 3' direction (37)
(Figure 1.2). The sequence of bases in DNA carries the genetic code and
particularly and very important sequences are genes. While Eukaryotes keep their
DNA in the nucleus, prokaryotes like bacteria have their genetic material DNA,
RNA and proteins without showing any organized internal structure inside their
plasma membrane (40).

H 7
5 4 N—H----O\6 5 Nﬁs
\ 3 o
6 N----H—N>:4\3/N‘
__./4 Deoxyribose
N—Q\2 2>’N
: / 3
Deoxyribose O----H-N
H

/

Deoxyribose
y _J2 2}—N1

@) \Deoxyribose

A T

Figure 1.1. Watson and Crick base pairing: cytosine (C), guanine (G), Adenine (A)
and Thymine (T).
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Hydrogen bonds

Hydrogen bonds

Figure 1.2 DNA structure showing the antiparallel direction of the chains (41).

Figure modified and adapted by the author of this thesis.
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Figure 1.3 B-form DNA double helical structure PDB ID: 1BNA (42).
1.2 RNA

RNA is the information-transfer intermediary between DNA and proteins. Early
investigations found that genetic information could not transfer directly from DNA
that is located in the nucleus to proteins for the synthesis in the cytoplasm in
eukaryotic cell (43). Although RNA occurs most widely in single-stranded form
(44), as a consequence is more flexible, and also is capable of folding itself to form
double stranded areas with its complementary base-pairing from a single and
three nucleotide bulges to a hairpin loop (Figure 1.6). RNA is synthesized from the
molecule of DNA mediated by the enzyme RNA polymerase through a process
called transcription (45). Therefore, the molecule of RNA is similar to the DNA
molecule, but they are some differences in the chemical structure. RNA contains
the same nitrogenous bases as in DNA, adenine (A), guanine (G) cytosine (C), but
the thymine (T) is replaced by the base uracil (U) (44, 46). The bases thymine and

uracil have very similar chemical structure, but thymine (T) in the DNA has a
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methyl group (CH3) in the position 5 of the ring and uracil (U) in the RNA does not,
and uracil can form the same hydrogen bonds with adenine like thymine in DNA
(Figure 1.1 and 1.4). Ribose is the sugar in the backbone of RNA or ribonucleic
acid while deoxyribose is the sugar in the DNA or deoxyribonucleic acid.
Deoxyribose is a ribose that has lost an oxygen atom in the 2' carbon of the sugar
base (34) (Figure 1.5).

8
5 4 <
\ 3 ) ) 9
6 (1 Ne---H-N 1 N,
N1—<2 N=N 4 Ribose
\ 3

H
C G
7 H,
N N—H----O
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Figure 1.4.RNA base pairing: cytosine (C), guanine (G), Adenine (A) and uracil
(V).
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OH OH OH H

Ribose Deoxyribose

Figure 1.5 Comparing the ribose in the RNA and the deoxyribose in the DNA

showing the absence of OH in the carbon 2'.

Figure 1.6 RNA structure PDB ID: 4GXY (47).
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1.2.1 Central Dogma to Molecular Biology

The central dogma to molecular biology is that genetic information flows from DNA
to DNA during replication, from DNA to RNA during transcription, and from RNA to
proteins in translation (44, 48). The processes of Replication, Transcription and

translation regulate this storage of information and the process of information. This

process is used for all living cells eukaryotes (multicellular organisms), prokaryotes

(bacteria) and viruses (49) (Figure 1.7).

Figure 1.7 Central dogma of gene expression on molecular biology

10
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DNA replication is the process of copying the DNA molecule and require the action
of many proteins. This process starts when the DNA is unzipped in two single
strands, then, each of the single strands is copied and become half of a new DNA
double structure. DNA replication is a semi-conservative process because half of
the original DNA and genetic code is conserved in each of the daughter molecules
(50). The synthesis of the new complementary strands involves the mediation of
the enzyme DNA polymerase which extend the DNA chain only in the 5'to 3’
direction (51).

Transcription is the process where the genetic information of DNA strand is
transferred to the molecule of RNA under control of the enzyme RNA polymerase
(52). This process produces messenger RNA (mMRNA) which will carry on the
genetic code out of the nucleus to the cytoplasm for synthesize of proteins (43).
The genetic code is carried only in one of the strands of DNA or the coding strand
(43). The coding strand is read from 5' to 3' direction. The template strand is
complementary to the coding strand, so if the coding strand has a cytosine (C), the
template strand has the guanine (G) base pair to match (43). In RNA is the same
situation except the uracil (U) is used instead of thymine (T). The transcription
process starts when the RNA polymerase finds the start of the gene on the coding
strand of DNA or “promoter sequences” that are closer to the 5' end (43).
(Figurel.8 a). Once the RNA polymerase has attached to the DNA, it starts
unzipping DNA separating the two strands apart, the coding and template strands,
over the length of around 10 bases (Figure 1.8 b). The enzyme starts making RNA
by adding new nucleotides at the RNA chain in the direction 3'. Then, the RNA
polymerase moves to the DNA and starts zipping it behind closing the space
making the RNA new chain become detached from the template strand (43)
(Figurel.8 c). Now, messenger RNA (mMRNA) was produced and it will be involved
directly in the synthesis of proteins (44). Studies about gene expression commonly
measure the production of messenger RNA. Most mechanism that control gene

expression control transcription or the synthesis of mMRNA (53).
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Figure 1.8 Transcription process (41) a) RNA polymerase finding the promoter
seguence b) RNA polymerase unzipping DNA strands ¢) New RNA chain
detaching from template strand. Figures modified and adapted by the author of

this thesis.
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Translation is the process of converting the genetic code of the messenger RNA
(mRNA) into a protein chain, and this process takes place in the cytoplasm. The
messenger RNA has some sequences of bases or code. An mRNA sequence is
decoded in sets of three nucleotides known as codon. In this process of translating
the code to build proteins the code has to be carried to the messenger RNA
(mRNA) for the transfer RNA (tRNA), all of this is controlled by ribosomes (smaller
and large), and other type of RNA ribosomal RNA or rRNA (54). The rules how the
nucleotide sequence of a gene is translated into an amino acid sequence of a
protein under mRNA are called the genetic code (46). The smaller ribosome starts
by finding the start point in the mRNA by attaching itself to the 5’ end to the mRNA
and starts moving along until finds a right codon in the mRNA (Figure 1.9 a). Then,
the ribosome can start building the protein chain, now the transfer RNA (tRNA )
carry on the amino acids to the mRNA and keep them to join together. The tranfer
RNA (tRNA) has an anticodon that attaches with the amino acids in the
messenger RNA (methionine), then the large risome attaches itself (55) (Figure
1.9 b). Then, another tranfer RNA attaches to the codon of the messenger RNA by
its anticodon . The ribosome moves to the next codon in the messenger RNA
(mRNA), and a peptide bond is formed between the two aminoacids (methyionine
and glycine) (41) (Figure 1.9 c). The process continue until the ribosome reaches a
stop codon that does not code for aminoacids, then the chain build up is released

from the ribosome.
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Figurel.9 Translation process (41) a) smaller ribosome unit attaching to the
MRNA b) tRNA attaching its anticodon to the mRNA c¢) Ribosome moving to the

next codon. Figures modified and adapted by the author of this thesis.
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1.3 i-Motif DNA

DNA structure under physiological conditions take the B-DNA form (56), but also
DNA can fold and form other secondary structures like hairpins (34), pseudoknots
and left-handed structures (57) like Z-DNA (58) under specific conditions. The i-
motifs is also named i-DNA or i-tetraplex (10, 59) are secondary structure of the
DNA/RNA molecules formed from sequences rich in cytosine (10). The i-motif
structure was first described by Gehring, Leroy and Gueron in 1993 based on
early studies conducted by Leroy and co-workers on the oligomers of the
deoxycytidine (10). They deciphered the structure composed by d(TCs) by using
NMR, and finding one proton per pair of cytidine at the range of 15-16 ppm
suggesting the presence of imino protons hydrogen bonding. This new structure
was called i- motif, and its building block is formed for a C-C* base pair with one
neutral C and one protonated C at the N3 (Figure 1.10 a, b) (10). The
conformation of i-motif structure is pH dependent, and highly depends of the pH
conditions because in order to this structure to be stable, it needs the hemi
protonation of the C-C* pair, therefore at the beginning it was thought the
conditions of the pH environment has to be slightly acidic (11, 17). In fact, in vitro
studies revealed originally i-motif formation was dependent on low pH, but
currently there are increasing numbers of examples showing i-motif can form at
neutral (13, 60, 61) and slightly alkaline conditions (16), gene promoters (62),
super helical tension in DNA (63) under molecular crowding conditions (64, 65),
and in presence of silver cations (66) and copper cations (67). There are other
factors that affect their stability like the loop length (14, 15, 68), the types and
number of bases sequence (11, 17), and ligands (28). Due to this pH condition
driven, and its ability to fold and unfold under the changes of pH, the majority of i-
motif research has been development in nanotechnology, for example
nanomachines (69, 70), pH sensors (71-73), and logic operators for computers
(74, 75).
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Figure 1.10. The structure of i-motif a) Hemi-protonated cytosine-cytosine pair
where R=sugar b) Tetramolecular i-motif structure d(TCs) PDB ID: 225D (10).
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1.4. i-Motif structure

The first i-motif observed was an intermolecular structure formed of four individual
strands of cytosine held together through the hemi- protonated cytosine-cytosine
pair C-C* (10). (Figure 1.11 a) This is the only DNA structure known until now its
base pairs have this intercalated spatial arrangement while other structures like G-
qguadruplexes have their base pairs stacked (3). Also, sequences with multiples C-
C+ base pairs aligned in four tracts can fold into an intramolecular i-motif structure
(11, 17, 76) (Figure 1.11 b). According to the C-C+ base termination i-motif has
been classified in two: the base pair C-C+ at 3' end (3'E), and with the base pair C-
C+at5 endor (5'E) (12, 76). The product of these spatial arrangement produced
two major wide grooves and two narrow minor grooves (34, 77). I-Motif structure is
naturally unstable because due to repulsion forces cause by the proximity of the
phosphates groups charged negatively in the minor grooves of two antiparallel
strands. The effect of the phosphate repulsion was investigated using molecular
dynamic simulation tests in different topologies of i-motif structure, and they have
concluded that either the hydrogen bonds or van der Walls forces or both are the

responsible for i-motif stability (78).
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Figurel.11 a) Intermolecular i-motif b) Intramolecular i-motif
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1.5 Biological Relevance

Researchers have studied devices at molecular level trying to imitate the complex
biological process in the human body considering most of the biological process
occurred at nanometer scale (69, 79). i- Motif conformational changes influenced
by the pH conditions has gotten the attention because the potential use in
nanotechnology to elaborated sensors, nanomachines and pH sensors (69, 79-
81). In a study conducted by Wright et. al. based on different sequences able to
form i-motif under physiological conditions, they found i-motif can form at
physiological pH without using any crowding agent, also, the thermal stability
increased as the length of the cytosine tracts increased (13). These recent findings
might suggest i-motif could form from the numerous amount of cytosine- rich
strands in the human genome under physiological conditions. Recently, the
existence of stable i-motif in the nuclei of human cells from cytosine-rich
sequences in the human genome has been suggested (22, 82). Since sequences
rich in guanine form structures called G-quadruplexes which have been found in
the human telomeric regions (84, 85), oncogene-promoter regions (8, 18, 85) like
bcl-2 (86), c-myc (87), c-kit (88), and their function in the gene transcription has
been proposed, we might expect to see the complementary strands rich in
cytosine forming i-motif in these oncogene promoter regions, and also, they role in
transcriptional regulation has been suggested (63, 20). Hurley’s group have
observed the effect of the negative supercoiling when duplex strands unwound
into single strands, and these single strands might form i-motif structures. This
negative supercoiling tension might help the formation of single strands in

unwounded DNA regions (63).
1.6 i-Motif RNA

RNA is unstable because the 2'-OH group under slightly basic conditions become
deprotonated causing a cleavage of the strand. RNA i-motif are less stable than
DNA because the 2'-OH of the ribose produce a twist of the backbone at the minor
groove due to steric interactions, and it seems to be responsible for the lack of
stability of i-motif structure (23, 89). In general RNA i-motif are less stable than
their DNA counterparts. Gehring et. al. conducted a UV- melting study that allowed
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them to compare the thermal stability of DNA sequences and its RNA counterpart.
One DNA residue was replaced by an RNA, and they reported a decrease of the
thermal stability (Tm) by almost 7°C. The average melting point for all the DNA i-
motif was between 56°C and 48°C, and adding more RNA residues the effects
observed were stronger. When two RNA residues were added to the tetrad the
melting temperature (Tm) decreased to 19°C affecting the stability of the structure
(89). RNA demonstrated a preference to adopt a triplex structure than i-motif
structure (23). It was observed when uracil was substituted did not affect the
stability of i-motif, in consequence, the methyl group of thymine does not a key
part on the stability of i-motif, then these findings suggested it must be the 2'-OH
group in RNA (23). According to Collins et. al. the steric hindrance between the 2'-
OH in the narrow grooves might cause of the inability of RNA to form i-motif
structure (89). Damha’s group also have studied the effects of the stability of i-
motif structure by characterizing the sugar interactions, and observed a weak or

not distinguishable UV melting temperature for the RNA counterpart suggesting a

lack of stability (90).

1.7 Techniques to investigate i-Motif

Different biophysical techniques have been used to study the formation
and stability of i-motif structure.

1.71. Nuclear Magnetic Resonance (NMR) spectroscopy

NMR is a biophysical method used to determine and analyze the
molecular conformation in chemistry, physical properties at molecular
level in biology, screening drugs, and their products in pharmaceutical
field by detecting the orientation of nuclear spins in an applied
magnetic field (91). Gueron and co-workers resolved the i-motif
structure in 1993 in the DNA sequence 5'-d(TCCCCC) at acid pH
using NMR technique, and the structure revealed a four-stranded
system formed with two base pair duplexes oriented in antiparallel
direction with their base pairs intercalated. NMR spectrum revealed
important information about the formation of the C-C* pair showing a
Six-spin system which present a symmetrical structure having the four

strands symmetrical (10). The C-C* base pair showed an NMR signal
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at 15 -16 ppm (10) while the base pairs A-T and C-G of Watson and
Crick pairing show an NMR signal at 12-14 ppm (17, 92).

1.72 X-ray diffraction (XRD)

XRD technique was described as a new high-speed technique based
on X-ray spectrography, and as a new method applicable to crystal
structures where the samples are irradiated with polychromatic
radiation from an x-ray tube, then the energy spectrum of x-rays
scattered at a given angle is observed with a semiconductor radiation
detector coupled with a pulse-height analyser (93). Over 30 years
before i-motif structure was resolved in 1993 using NMR technique
(10), Marsh et. al. in 1962 have observed in the crystal of cytosine-5-
acetic acid that the base cytosine can form a hydrogen-bonded pair
with itself when the cytosines bases were hemi protonated (94). Shortly
after, Langridge and co-workers in 1963 have found after analysing the
poly-cytidylic acid using XRD technique that two parallel strands were
held together by this type of hydrogen bonding and stabilized only
when the pH was below 7 (95).

1.73 FRET (fluorescence resonance energy transfer)

FRET technique has been used more and more in medicine research
and drug discovery. FRET efficiency is distance-depend transfer of the
excited state energy between a fluorescent donor to an unexcited
acceptor (96). FRET can be used to measure nanometre scale distances
and the changes in distances, both in vitro and in vivo. Mergny et. al.
used this technique to analyse the folding of i-motif using fluorescent
probes showing that the intramolecular folding of i-motif generates state
of fluorescence excitation between a donor an acceptor covalently
attached to the 5’ and 3' ends. These results allowed the study of the
thermal stability of i-motif structures since the folding or unfolding of DNA

was observed by measuring the change in fluorescence (97). FRET
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screening assay was used to identify a group of BCL2 i-motif interactive
compounds that stabilised or either destabilised i-motif structure
demonstrated by the change of fluorescence intensity by Hurley et. al.
(20). FRET technique has been used to monitor and measure the
melting temperature (Tm) of i-motif structure. Mergny and co-workers
showed that monitoring the fluorescence with increasing temperature
results in a sigmoidal curve from which the melting temperature can be
identified in a similar way to UV melting curves (98). FRET technique is
only showing that folding is occurring in the i-motif structure since the
two fluorophores are close together, but to prove that i-motif formation is
occurring a different technique is necessary such as ultraviolet

spectroscopy (UV) or circular dichroism (CD).
1.74 X-ray crystallography (XRC)

XRC technique have been used to determine the three-dimensional
molecular structure from a crystal. After the crystal is exposed to X- ray
beam causing diffraction patterns. The resulting diffraction patterns can
then be processed providing information about the crystal symmetry
and size of the crystal units (99). XRC was used to solve the crystal
structure of Csat 2.3 A resolution revealing the origination of a four-
stranded molecule formed of two intercalated duplexes (100). XRC
provides different information from solution-based techniques such as
NMR. The atomic interactions within the molecule dominate in solution
state. But, in the crystalline state, XRC can provide information about
the packing interactions formed between molecules. Berger and co-
workers have observed that the crystal structures of d(CCCT),
d(TAACCC), d(CCCAAT), and d(AACCCC), and these molecules have
showed in common intercalated cytosine segments that have similar

geometry (101).
1.75 PAGE (polyacrylamide gel electrophoresis)

PAGE technique used to separate and distinguish between DNA, RNA

and proteins fragments according to their size based on their mobility
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through the gel (102). DNA fragments are negatively charged due to all
the phosphate groups in the backbone of DNA, so they move towards
the positive electrode when an electric current is applied to pull them
through the gel. This property is called electrophoretic mobility shift
assay or EMSA (103). It depends of the molecular weight of the DNA
complex to move slowly or faster through the gel, and by measuring
distances and comparing the position of stain to the control sample we
can determine if any change has occurred. In order to compare results,
it is important to have the same the same control sample in one of the
lanes in each of the gels under the same conditions. PAGE technique
has been used to demonstrate the formation of i-motif structure. For
example, Zhou et. al. have shown i-motif structure can form at neutral
and slightly alkaline pH at 4°C (16). And, Simonsson and co-workers
have observed the i-motif formation can occur in the promoter region of
the human c-myc gene in vitro suggesting the biological role for i-motif

structures in vivo (87).
1.76 Ultraviolet (UV) spectroscopy

UV spectroscopy is a very useful method to stablish the thermal
stability of i-motif structure. DNA can absorb light at 260 nm, and folded
DNA absorbs light different than unfolded DNA due to the 1-11 stacking
interactions. With UV spectroscopy, we can observe changes in i-motif
structure due the protonation of the cytosines which produce an
increase (hyperchromity) at 260 nm wavelength, and a decrease
(hypochromism) of the absorbance at 290 nm indicating fold into the
structure (98). For instance, changes in the absorbance around 295 nm
for i-motif with increase of the temperature or melting temperature (Tm)
provides information about the stability of i-motif structure. UV
spectroscopy have been used to observe the stability of i-motif
structure in function of temperature and pH. Mergny et. al. have found

a stable i-motif structure at pH values closer to the pKa value of
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cytosine that is around 4.67 at 25°C, and at pH values lower than 6.6.
When pH values were higher, the C bases become deprotonated and
the structure unfolds into a single strand. On the other hand, at lower
pH values below 3 the C-C* base pair was not able to form because all
the C bases become protonated and they cannot form the hydrogen
bond that is necessary for the formation of the C-C* base pair (11).
Wright and co-workers have identified a library of i-motif forming
sequences with cytosine tract varying at pH 7.4 using UV spectroscopy
among other techniques (13).

By heating the sample, we can record the melting temperature (Tm) of
the sample or the temperature of transition when the structure change
from the folded to the unfolded stage (Figurel.12 a) (104). The first
derivative method is used to calculate the melting temperatures (Tm).
First derivative is calculated by dividing the change of absorbance and
the change of the temperature (AAbs/ AT®) for every cycle (see
Materials and Methods) (Figure 1.12 b). And, by comparing melting
temperatures of different i-motif forming sequences, we can compare
and evaluate stabilities. Brazier and co-workers have found stable i-
motifs sequences near neutral pH complimentary to already known G-

quadruplexes (62)
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Figure 1.12 Example of a) melting curve and b) a first derivative for the
heating cyclel i-motif at 2.5uM RNA in sodium cacodylate buffer (10
mM pH 5.5) and NaCl (100 mM).

By monitoring the changes in the absorbance at specific wavelength
and subtracting the UV spectra of the folded (low temperature) from the
spectra of the unfolded (high temperature) a thermal difference spectra
(TDS) is calculated (10). TDS is very valuable tool for identifying the
specific type of secondary structure present in the sample because is
very unique, and has specific shape for every nucleic acid reflecting the
base their stacking interactions. The thermal difference spectra of i-
motif DNA structure showed a major positive peak around the 240 nm
and a negative peak around 295 nm (105). In the figure below the two
curves are reflecting the arithmetic difference of the spectra between
the high temperature and low temperature. In order to facilitate the
comparison of the spectral curves, the difference spectra was
normalized by dividing our raw data by its maximum value as a result
we get Y value of +1 corresponding to the highest positive peak (105)
(Figure 1.13).
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Figure 1.13 Thermal difference spectra for i-motif DNA structure at

2.5uM DNA in sodium cacodylate buffer (10 mM pH 5.5) and NaCl (100
mM). Data obtained from Wright et. al. (13).

1.7.7 Circular Dichroism spectroscopy (CD)

Circular dichroism is a phenomenon produced by the interactions of
circularly polarized electromagnetic rays and chiral molecules (106).
DNA secondary structures have different optical activities and therefore
reveal different circular dichroism due to the different of their glycosidic
bond angles has given optical activities and circular dichroism. CD
spectroscopy is a fast, simple and economical method to confirm the
formation of i-motif structure, and provide information about the
conformational properties of the molecule of DNA. This method can be
used with a low or high concentration of DNA, also it can be used with
short or long DNA molecules. Moreover, the samples to be analyzed
can be titrated with different substances to see any conformational

changes of the molecule of DNA (105). By measuring the CD signal of
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a sample in function of wavelength change provides a specific
spectrum on the type of DNA present in the sample. DNA i-motif
structure poses a characteristics CD spectrum or two bands one
positive and dominant band at 288 nm and one negative at 260 nm
(105). (Figure 1.14).

— hTeloC pH 5.5 (folded)
10 — hTeloC pH 7.4 (unfolded)

I\

200 220 240 260 280 300 320
Wavelength (nm)

Figure 1.14 Circular dichroism of human telomeric DNA i-motif (10
MM) in sodium cacodylate buffer (10 mM) and NaCl (100 mM).
Data obtained from Wright et. al. (13).
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1.8 i-Motif in plants

Plants and animals have different responses to stressful changes in
their habitat. Plants and animals under some stress conditions adopt
some mechanism to tolerate, cope, mitigate and then, recover. While
animals can use movement to alleviate stress, plants cannot move like
animals (106). Plants develop other mechanism at molecular level, and
physiological mechanism to tolerate stress (26). For instance, plants
have higher tolerance to changes on their habitat like pH (107), drought
conditions (108), and dramatic changes in temperature (109) and
increased of salinity (110). The lack of water and high concentrations of
salt are the main cause for the reduction of growth in crops worldwide
(108), also they affect plants by diminishing their photosynthesis and
ability to absorb of nutrients (110). The pH is an important factor for the
plant cells, and, pH is highly variable in soil affected by ionic and
organic composition, and water (111, 112). It has observed low levels
of pH in acidic soils can cause poor plants development, and also can
cause the efflux of K* depolarizing the plasmatic membrane (30, 107).
Plants can modify apoplastic pH in response to external signals. Inside
plants, the apoplast is the space outside of the plasmatic membrane

where material can move freely.

Even though, they are a considerable amount of studies of plant and
gene expression (113, 114), studies about how the pH affects
regulation on gene expression has not been widely reported. Larger et.
al. have observed the effect of external pH in gene expression in a
study conducted in Arabidopsis thaliana roots, 881 genes showed at
least two fold changes in transcription 8 hours after the pH was
changed from 6 to 4.5 (32). On the other hand, Gao et. al. found the
external pH of the roots of Arabidopsis thaliana have a strong affect in
the apoplastic pH, but not in the cytosolic pH (115). From our
knowledge, there are not studies in the literature focused in the
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mechanism of post-transcriptional (between the transcription and

translation process) regulation at RNA level and i-motif in plants.

1.9 i-Motif and molecular crowding

In order to understand the complex machinery of the structure of
biomolecules in vivo, researchers perform studies in vitro trying to
predict their properties. The intracellular medium is crowded with
different macromolecules counting around 20-40% of the total of the
cell volume (116-118) under normal conditions both for animal and
plants, however, it could reach 90% under severe desiccation in plants
(119). Nevertheless, most of the studies are performed in attenuated
conditions of the environment (117, 118). Studies of how crowded
conditions affect the stability and structure of macromolecules
DNA/RNA are very important tool these days. A crowding agent can
mimic crowding conditions inside the cell environment (118). Among
the principal characteristics of crowding cosolutes: it should be neutral,
not able to produce any interaction in the molecule of interest, soluble
in water to activate the crowding conditions, and available in different
sizes (120). The most common cosolutes are PEG (polyethylene
glycol), ficoll and dextran (121). Hemoglobin, albumin and lysozyme
are proteins that have been used to mimic crowding conditions (120).
Macromolecular crowding conditions stabilized proteins in their folded
state (65, 122). Also, it can accelerate the folding process because a
compact folded protein will occupy less volume or become more

compact than an unfolded chain (123).

i-Motif structure has been observed at neutral and slightly basic pH
under the presence of molecular crowders. For example, Sugimoto and
coworkers have observed the presence of DNA i-motif at 20% PEG
200 and 8,000 at pH 6.6, 7.1 and 7.4 (64). One of the effects of

molecular crowding inside the cells is called excluded volume. The
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excluded effect is the volume occupied by a molecule and not
accessible to other macromolecules (117). For example, Kilburn et. al.
observed that the excluded volume effect has a higher influence on the
folding process with a molecular crowder like PEG than the disturbance
caused by the activities of ions or water (122). They have found the
PEG 1,000 lowered the midpoints of the folding transitions by
stabilizing the folded stage of RNA. They have found that only 0.016%
of the ribozymes were folded in the absence of PEG 1,000, and 50%
folded in the present of 20% PEG 1,000 (122). In addition, Strulson et.
al. worked with three different sizes of PEGs: 200, 4000 and 8000, and
observed all of them promote RNA folded cooperativity in presence of
low biological concentration (0.5-2 mM) of Mg*2. They concluded the
influences of the crowder are the result of the excluded volume effect
(123).

Mimicking crowding conditions in cells can increase the stability of i-
motif at acid pH and cause dehydration (124). Dehydration can affect
the folding activity of DNA (120). Moreover, there are changes in the
physical properties of the solution as a consequence of the molecular
crowding. By adding molecular crowders to a solution, the viscosity of
the conditions are affected as well the rates of the chemical reactions
(125). As a consequence, the viscosity not only affects the rate of
diffusion inside the cell, but also the folding process of biomolecules
(126).

The Bhavsar group also suggest the stability i-motif has been
influenced by not only molecular crowding but also dehydration (127).
They found cosolutes can be modified DNA secondary structure by
dehydration effect. They quantified the released of water molecules
related with the DNA structure at 37°C in pH 5.4, and the results
indicate that in presence of glycerol they were 6 water molecules
related to the folded DNA while ethylene glycol released 1.4 water

molecules per i-motif structure, and the PEG 300 released 26 water
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molecules. Their findings suggest molecular crowders stabilize i-motif
by reducing the hydrogen bonding through water molecules.
Additionally, they tested PEG 300 from 10-30% at different pH, and it
was found the PEG 300 stabilized i-motif versus both temperature and
pH by releasing of water molecules during the folded process at higher
pH (127). Apparently, the ligand affinity and stabilization increased with
a higher mass of PEG (128). Lewis’s group observed by adding a large
molecular crowder like PEG 8,000 at 30% and 40% seems to be
responsible for stabilizing c-myc i-motif structure at values close to
physiological pH (65). Also, It has been reported an increase in i-motif
melting temperature with cosolutes with higher molecular weight (120).
For example, Rajendran et. al. have observed the melting temperature
i-motif is higher at PEG 8,000 (64).

1.10 Aims and objectives

The aim of this project is to investigate the stability of RNA i-motif. This
work will be carried through in 2 stages described in this dissertation.
The first part in chapter 2, ten cytosine-rich i-motif forming RNA
sequences, version of the DNA sequence [CnUs]3Cn, are investigated
to determine the presence and thermal stability of RNA i-motif at pH
5.5 and biological pH 7.4 using some biophysical techniques like
Ultraviolet spectroscopy (UV), circular dichroism (CD) and thermal
difference spectra (TDS). This is in order to confirm this already studied
DNA i-motif stable sequence at pH 7.0 can fold into a RNA i-motif
structure. The second part in chapter 3, a plant sequence
AT5G08230.1 RNA found in Arabidopsis thaliana is characterized at
pH 5.8. The presence of RNA i-motif structure is going to be
determined by using circular dichroism (CD), the thermal stability of
RNA i-motif using ultraviolet spectroscopy (UV). The plant sequence
AT5G08230.1 RNA is going to be modeled under crowding and
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drought stress conditions. PEG (polyethylene glycol) 8,000 at two
different percentages 20% and 40% is going to be used as a molecular
crowder to mimic the crowding conditions in cells. Drought conditions
to see the K* influx by using KCI at 100 mM and 800 mM. The purpose
of these is to confirm RNA i-motif structure can form in plants at acidic
pH where plants normally thrive. Also, this is in order to see a potential
role of RNA i-motifs structures in plants to help dealing with stress due

to i-motif on/off switch functions driven by pH conditions.
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CHAPTER 2: Studying the effect of C-tract length on stability of
RNA i-Motifs using the sequence CnUs.
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2.1. Introduction

Our principal aim was to characterise RNA cytosine-rich forming sequences at
neutral pH by establishing the thermal stability, and the effect of varying the
cytosine tract length on the stability of i-motif structure for all ten sequences from
our library (Tablel). Gehring et. al. have demonstrated DNA can form i-motif
structure which are stable under acidic conditions (10), it was originally believed
that i-motif formation was able to form only on low pH, but they are currently
studies showing i-motif can form at neutral and slightly alkaline conditions (13).
The RNA i-motif structure has not been widely studied, and the literature around
this theme is very limited due to the previous thought to their low stability. Lacroix
and co-workers showed RNA i-motifs are less stable than their DNA counterparts
due to a clash in the minor groove caused by the 2'-OH groups in the sugar ribose
(23). Previous work in Waller's Lab has have systematically studied a cytosine rich
DNA sequence which tract length of consecutive cytosines has been modified in
order to investigate their structure stability and potential capacity to fold and form i-
motif structure under physiological conditions (13). They have demonstrated using
a library of sequences that the sequences with 5 cytosine per tracts were capable
of folding into i-motif at neutral pH without using a crowding agent (13). In the light
of this evidence, we hypothesise that it might be possible for certain RNA
sequences to be stable at neutral pH. So, we have studied the RNA equivalent of
the same library of DNA sequences to compare: [CnU3s]3Cn where n goes from 1 to
10. We have characterized the thermal profile of all these cytosine-rich RNA
sequences form our library (Tablel) using some biophysical technigues such as
Ultraviolet (UV) spectroscopy, Circular dichroism (CD) and thermal difference
spectra (TDS). We have used sodium cacodylate as a buffer because does not
absorb light in the far UV range of 180-320 nm, and it does not vary with the
temperature, and additionally work well at pH 5.5 and 7.4 (104). After we have
established the presence of a secondary structure, thermal difference spectra
(TDS) was used to determine the specific secondary structure present in every
sequence of our library, and additionally circular dichroism (CD) was used to

further characterise the secondary structures related to the melting profiles.
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2.2 Thermal profile studies with UV spectroscopy at pH 5.5.
2.2.1 Introduction

We have studied and characterized all the sequences from our library at pH 5.5
since we have known from the literature i-motif formation is stable under acidic
condition (10). UV spectroscopy was used to determine the melting (Tm) and

annealing (Ta) temperatures for all sequences from our library (Tablel).
2.2.2 Results and Discussion

All the sequences from our library have shown a folded and an unfolded state on
their melting and annealing curves at pH 5.5 except C1Us (Figure2.1a). Although
C2Us cytosine tract length was increased with just one more cytosine, we observed
an increase of thermal stability for the melting and annealing curves (Figure2.1b).
The three melting (Tm) curves for C2Us have showed an average of 7.3 £ 0.6 °C,
and 8 + 0.9 °C for the annealing (Ta) curves (Tablel). At pH 5.5 conditions we
have observed an increase in the Tn, for all the sequences when the number of
cytosines per tract increase (Figure 2.2 a). We have found the increase in the
temperature was marked from C2Us to C3Us with a change of the T, of 9°C, after
tract lengths of three cytosines the increase in T,y was smaller (Table 1). For
example, the increase in Ty from CsUs to C4Us was 2°C, from CaUs to CsUs the
increases in Tm was 3°C, CsUs to CsUs was 3°C. After tract lengths of 5 cytosines,
the increases in Tm was 3°C until CoUs to C10Usz was 5°C. (Tablel and Appendix
Al). For both CnTs and CnUs at pH 5.5, we have found the melting temperatures
increase with the number of cytosines per tract increase, but the average melting
temperatures for the CnT3s was found higher suggesting higher stability than the
CnUs, for example the C10T3 had a Tm of 67°C while Ci0Us had a T of 37°C
(Figure 2.2 a and Figure 2.1 d).All these sequences from our library showed an
increase in the Ta with increasing the number of cytosines per tract but C1Us
(Figure 2.2 b), we have observed an increase in the Ta from C2Us to C3Us of 7°C

(Tablel), but after tract length of 3 cytosines the increase was minimal suggesting

34



Chapter 2: Studying the effect of C-tract length on stability of RNA i-Motifs in CnUs.

the annealing temperatures reached a plateau (Figure 2.2 b and Appendix Al-b,
c). Then from CsUs to CeUs the Tr increased in 4°C (Figure 2.1 ¢ and Tablel), and
the increases after seven cytosines were not significant for example C7Us to CsUs
a change in T of 1.5°C, CsUs to CoU3 a change in Ty of 1.4°C (Tablel), and there
is an increase of the Tm for sequences with longer cytosine tract length. CoUs to
C10Us the T increased in 4.7°C (Appendix Al-i, j and Figure 2.1 d). We have
found for both CnT3 and CnUs the annealing temperatures increase when the
number of cytosines per tract has increased (Figure 2.2 b). Overall, the CnT3
annealing temperatures are higher than the CnUs confirming the more stable
thermal stability of the CnT3s in compare with ChUs with the C10T3 having a Ta of
65°C and the C10Us having a Ta of 24.2°C (Tablel and Figure 2.2 b). The tract
length of these sequences could have an effect in the kinetic of dissociation
(melting) and association (annealing) according to Mergny et. al. (11). Hysteresis
between the melting and annealing curves suggested the reactions are not at
thermodynamic equilibrium. For all our sequences from our library the degree of
hysteresis increased when the cytosine tract length increased. But, this degree of
hysteresis reached an upper point in the sequences with cytosine tract length of
six, seven or more (Figure 2.2 ¢). The degree of hysteresis versus tract length was
compared for both CnT3 and CnUs, and Wright et. al. have observed the degree of
hysteresis reached an upper point for CnT3 with sequences of cytosine tract length
of six or more also (13), but the degree of hysteresis was higher for the CnUs in

general suggesting less thermal stability in compare with the CnTs (Figure 2.2 c)
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mM).
After we have confirmed the presence of secondary structures using UV
spectroscopy, we have used TDS to stablish the predominant folded structure for
all our sequences at pH 5.5 (Appendix A2-a to j). We found all our sequences
folded into i-motif structure showing a positive and dominant peak at 240 nm and a

negative peak at 295 nm except for the C1Us (Figure 2.3 a). These findings are

37



Chapter 2: Studying the effect of C-tract length on stability of RNA i-Motifs in CnUs.

compatible with the TDS of i-motif showed previously in Chapterl obtained from
the DNA i-motif forming sequence with varying tract length CnT3s (13) (Figure 1.13).
Both CnT3 and CnUs have showed sequences from 2 to 10 cytosines per tract
length folded into i-motif (Figure 2.3 a, b).
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Figure 2.3 The Thermal difference spectra calculated between 95°C and 4°C at
pH 5.5 of (a) ChU3 (RNA) and (b) CnT3 (DNA) of 2.5uM in sodium cacodylate
buffer (10 mM pH 5.5) and NaCl (100 mM).
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Sequence 5'- 3' Bases Notation pH 5.5

Tm Ta
[C1U3]3Cy 13 CiUs nd nd
[C2U3]sC2 17 C2Us 7.3+0.6 8.0+x0.9
[C3Us3]3Cs 21 CsUs 16.2 +0.6 14.1+1.7
[C4Us]3C4 25 CaUs 18.8+0.9 17.4+£0.6
[CsUs]3Cs 29 CsUs 21+£0.9 19.4+£0.6
[CeU3]3Cs 33 CeUs 25.1+04 21.3+0.6
[C7Us]5Cr 37 C7Us 27.7+0.8 21.6+0.6
[CsUs3]3Cs 41 CsUs 29.7+0.7 21.3+0.6
[CoU3]3Co 45 CoUs 32.2+0.7 22.6+0.6
[C10U3]3C10 49 C10Us 37.0+£0.6 24.2+0.3

Table 1. Library of oligonucleotides sequences and data showing melting (Tm) and
annealing (Ta) temperatures for the sequence [CnUs]3Cn including the average for

the melting and annealing temperatures and standard deviation for 3 cycles.

*nd: not discernible. No i-motif formation was measured for this sequence.
2.2.3 Conclusions

Dahma'’s group have studied the effects of the stability of i-motif structure by
characterizing the sugar interactions, and they have observed a weak or not
distinguishable UV melting temperature for the RNA suggesting a lower stability
(90), and Leroy et. al. have showed smaller CD signal suggesting lower thermal
stability. However, our findings using UV spectroscopy at pH 5.5 have showed all
the sequences from our library fold into i-motif structure but C1Us, and we have
observed an increase in the T for all cytosine-rich sequences when the number of
cytosines per tract increase, the Ta for all the sequences increased also, but after
a number of six cytosines per tract length this increment is reduced. TDS results
indicated a minimum of two cytosines per tract length at pH 5.5 in order to fold into

i-motif structure. Comparing the DNA version of our sequence or CnT3 we found
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using UV spectroscopy the Tm and Ta have shown higher thermal stability than
CnUs, on the other hand using TDS we found for both CnT3 and CnUs i-motif was
the dominant secondary structure for all the sequences except sequences with
one cytosine per tract length. The level of hysteresis for both CnT3 and CnUs
reached a higher point with sequences with 6 or more cytosines per tract length,
but overall the degree of hysteresis was higher for the CnU3s suggesting less
thermal stability than the CnTs.

2.3 Structure studies with Circular Dichroism at pH 5.5

2.3.1 Introduction

Having found a folded secondary structure with UV, we have further characterized
our sequences from our library (Tablel) using circular dichroism (CD) technique
performed at sodium cacodylate buffer pH 4 to 7 at room temperature. By using
this biophysical technique, we expected to know more about the conformational
properties of the cytosine—rich sequences from our library. First, we have studied
all the sequences (Tablel) versus pH from 4 to 7 by using CD, but for the
sequence CioU samples were prepared at pH from 4 to 6, due to resource
constraints. Our CD experiments required a higher concentration of RNA (10 uM)
than UV experiments (2.5 uM), however, we prepared samples at the most acidic
pH since i-motif structure is more stable at this condition. Second, we have
analysed CD spectra obtained at 288 nm since signal at this wavelength indicated
the formation of i-motif structure which CD spectrum has a dominant and positive
peak at 288 nm and a negative peak at 260 nm (105), also, the maxima ellipticity
has been analysed reflecting the highest CD signal. We have observed how the
pH affect the maxima ellipticity. Moreover, since CD spectra showed a shift up at
200 nm, data was analysed also. Finally, transitional pH (pHT) was calculated from
inflections points of fitting ellipticity at 200 nm, ellipticity at 288 nm and the maxima
ellipticity (Table 2).
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2.3.2 Results and discussion

According to the literature i-motif structures show a characteristic CD signal at 288
nm (106), then, the transitional pH was also calculated from inflection points by
plotting data at 288 nm. At pH 5.5, all the sequences from the library showed a
signal at 288 nm that was reflected by a positive band at this wavelength
corresponding to i-motif structure except for the sequence C1Us showing no
discernible point (Appendix A3-a) and C2Us did not show the peak at 288 nm, but
at 281 nm, then signal shifted to the lower wavelength corresponding to the most
basic pH (Figure 2.4 a), and C4Us at pH 4 showed the folded structure at 288, also
at pH 4.5 and pH 5.0 and unfolded at 5.5. (Appendix A3-d). Then, C3Us showed
the folded spectra until pH 4.5 then started to unfold at pH 5.5 corresponding to
the preference of i-motif structure for acidic environments (Figure 2.5). The same
for CsUs and CsUs showing the folded structure until pH 5.5 an unfolded at pH 6
shifting the signal to the lower wavelength (Figure 2.4 ¢ and appendix A3-e, f).
C7Us, CsUs and CoUs showed the folded structure until pH 5.5 and unfold at pH 6
(Appendix A3-h, i). Then, they are some difference in our CD results comparing
with the CD of DNA equivalent sequence, at pH 5.5 for C1Tz we have the same
results (Appendix A3-a), but our C2Us did not fold into I-motif at 288 nm while the
DNA sequence C2Tsdid fold (Figure 2.4 a and b). While CsTs for the DNA
sequence has showed a peak at 288 nm at pH 7.0 (Figure 2.4 d) (13), our CsUs3
has showed the peak at pH 5 and pH 5.5 (Figure 2.4 c, 2.5). C10T3 was folded at
pH 7.0 (Figure 2.4 d) (13) while C10U3 has folded at pH 5.5 and unfolded at 6.0,
6.5 and 7.0 (Figure 2.4 c and 2.5). These findings suggested sequences with more
than 3 cytosines per tract length fold into i-motif and continue stable at pH 5.5.
Comparing both CnT3 and CnUs, at pH 5.5 we found the CD signal shifted up at
200 nm for the CnUs as the number of cytosine per tract increase for all the
sequences. For example, CsUs and Cio0Us (Figure 2.4 ¢ and e). But, the most
remarkable difference was found at the basic pH 6.0, 6.5 and 7.0 for CsUs and
CsTs (Figure 2.4 c and d), and Ci0Us at pH 6.0 has a higher CD signal in compare
with C10T3 at the same pH.
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We have calculated the pHr transitional pH from the inflection points at 200 nm by
plotting data and then fitted into a sigmoidal graphic since some of our sequences
has showed a shift up in the CD signal at this wavelength (Figure 2.6) even though
I-motif structure spectra show no peaks at this wavelength, our aim was to rule out
or not the presence of other secondary structure that show signal at this
amplitude. Some secondary structures have shown CD signal at this wavelength
(105). All our cytosine rich sequences showed a signal at 200 nm, but C1Us
showed no discernible inflection points (Table 2 and Appendix A4-a). According to
Allen and co-workers, the CD signal region around 200 nm and 230 nm seemed to
be an effect of base compositions at least in DNA (129). Also, Well and
collaborators have found bands at 210 nm and 240 nm in a study conducted in
RNA and DNA double stranded suggesting these bands are related to the
geometry of the base pairs of the oligos on their A and B forms (130). At 200 nm,
the pH stability increased with the number of cytosine per tract length for example
CsUs showed a pHt 5.5 that meant the secondary structure has changed from the
folded state to the unfolded at pH 5.5 (Figure 2.6 and Table 2). CsUs and CoUs3
showed pHt 5.7 (Figure 2.6, Table 2 and appendix A4-h and i). Since we could not
have the CD signal of C10Us at pH 6.5 and 7, and in order to predict the pHr of
C10Us at 200 nm we plotted the data from all the sequences at 200 nm and fitted in
a sigmoidal graphic to calculate the pHr 5.6. It was appropriate to do this because
the pHr for all the sequences shown a gradual increment as the number of
cytosines per tract length increase from 2 to 9 cytosines the pHr was from 5.3 to

5.6. This finding suggested the pHr for the C10Us would be around 5.6 (Figure 2.6).
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Figure 2.6 Ellipticity at 200 nm versus pH of all our sequences from our library at
10 uM RNA in sodium cacodylate buffer (10 mM pH 5.5) and NaCl (100 mM).

Even though Ci10Us was performed only from pH 4 to pH 6, we observed the folded
structure at pH 5.5 and unfolded at pH 6.0 (Appendix A5-e). C10Us, CoUs and CsUs3
data at 288 nm was fitted to a sigmoidal graphic to predict the pHt of 5.6 for C10Us
(Appendix A5-j and Figure 2.7). As the cytosine tract length increase to seven
cytosines the folded structure was present until pH 5.5 then, unfolded at pH 6. The
stability of the folded structure increase as the number of cytosines per tract length
until sequences with tract lengths of five showed a pHTt of 5.5 (Table2). This
finding might suggest there is no change in the pHr after sequences with five
cytosines or more per tract. We have concluded that the increase in the number of
cytosines per tract does not show a tendency towards pH 7.0, therefore not any of

the sequences from our library will be stable at neutral pH.
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Figure 2.7 Ellipticity at 288 nm versus pH of all our sequences from our library at
10 pM RNA in sodium cacodylate buffer (10 mM pH 5.5) and NaCl (100 mM).

The transitional pH was calculated from the inflections points of fitting the maxima
ellipticity in a sigmoidal graphic (Figure 2.8). All our sequences showed a CD
signal, but not the sequence C1Us (Table 2 and Appendix A6-a). The stability at
the maxima ellipticity increased when the number of cytosines per tract length
increased. For example, sequences with five cytosines the secondary structure
changed from folded to unfold at pHt of 5.7 (Appendix A5-e). C10Us showed a pHr
of 5.6 when its data was plotted with CoU3 data in a sigmoidal graphic to predict a
more accurate calculation (Appendix A5-j and Table 2). All sequences with more
than five cytosines showed a minimal increase of pHr around 5.6 suggesting the
pHt reached a plateau and the stability was not increased (Table2, Figure 2.8).
These findings might suggest sequences with 5 or more cytosines per tract length

fold into i-motif and maintain stable at pH 5.5.
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Sequence
5'-3'

[C1Us]3Ca
[C2Us]sC2
[C3Us]sCs
[C4Us]3Ca
[CsU3]sCs
[CsU3]3Cs
[C7Us]sCr
[CsUs]3Cs
[CoUs]3Co

[C10U3]3C10

Bases Notation

13

17

21

25

29

33

37

41

C1Us

CaUs

CsUs

C4Us3

CsUs

CeUs

C7Us3

CsUs

CoUs

C10Us3

pHr
Maxima Ellipticity Ellipticity Average/st.
ellipticity 288 nm 200 nm deviation
nd nd nd nd
5.3 5.0 5.3 52+0.2
5.4 5.5 5.3 54+0.2
5.4 5.4 5.4 540
5.7 5.5 55 56+0
5.6 5.6 5.6 54+03
5.6 5.6 5.6 5.6 +£0.05
5.6 5.6 5.7 5.6 +£0.05
5.7 5.6 5.7 5.6 +0.05
5.6 5.6 5.6 5.6

Table 2. The pHr of the ellipticity at 200 nm, ellipticity at 288 nm and maxima

ellipticity for all c-rich sequences from our library at pH 5.5

*nd: Not discernible inflection point.
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2.3.3 Conclusions
Our findings from the CD spectroscopy have suggested i-motif structure was able
to form with a minimum requirement of three cytosines per tract since all the
sequences with three cytosines or more were able to fold into i-motif structure at
288 nm. TDS at pH 5.5 results shown sequences with two cytosines to ten
cytosines for tract length were able to form i-motif structure. However, we might
keep in mind UV melting/ annealing profiles and TDS spectra were performed at
lower temperatures 4°C that tend to stabilise the structure (16), and CD technique
was at room temperature which destabilise the structure. We also observed how
the pH affect the maxima ellipticity for all our sequences. At the most basic pH the
maxima ellipticity showed around 270 nm which mean the structure is unfolded,
and as the pH decreased to the acidic the maxima ellipticity shifted toward 288 nm
indicated the structure is folding into i-motif. From the literature, while the results
from CD experiments with DNA sequence have concluded at pH 5.5 all the
sequences were able to fold at 288 nm except the sequence with one cytosine,
and the minimum of two cytosines per tract length to form i-motif (13), our results
with CD experiments with RNA have observed at pH 5.5 a minimum requirement
of three cytosines to fold into i-motif at 288 nm at 20°C. While the number of
cytosines per tract length increase the Tn increase (Tablel), the transitional pHT
reached a plateau in sequences with 5 or more cytosines per tract length (Table2).
This finding might suggest that sequences with five or more cytosines are able to

fold into i-motif and maintain stable at pH 5.5.
2.4 Thermal profile studies with UV spectroscopy at pH 7.4
2.4.1 Introduction

After our results from UV melting/annealing profile and TDS at pH 5.5 have
suggested the minimum requirement of two cytosines per tract length to observe
the folded and unfolded structure, we further characterized our cytosine-rich
sequences at different pHs from 4 to 7 using CD at room temperature and found a
minimum requirement of 3 cytosines per tract length for the structure to fold and
unfold at the most acidic pHs knowing these pH conditions were optimal for the
formation of i-motif structure, then, we have analyzed the sequences from our
library to observe whether any of the sequences would able to fold into i-motif at

physiological pH, but at lower temperatures (Tablel).
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2.4.2 Results and Discussion

At pH 7.4, UV melting/annealing profile have not shown any transition or melting
point discernible for all the sequences from our library (Appendix A7 a-j, Figure
2.9). According to the literature DNA i-motif structure is prone to form in the
presence of 5 or more cytosines at pH 7.4 (13) but we have concluded even

increasing the length of the cytosines per tract, we could not observe a stable RNA

I-motif structure at physiological pH on any of the sequences form the library.
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Figure 2.9 UV melting/annealing representative profiles of 2.5uM RNA in sodium
cacodylate buffer (10 mM pH 7.4) and NaCl (100 mM) (a)C1Us, (b)C2Us, (c)CsUs,

(d)C1oUs.
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2.4.3 Conclusions

From the literature DNA sequences were able to fold into i-motif structure at
physiological pH without using any molecular crowder with a minimum requirement
of five cytosines per tract length, and the T and Ta increased when the number of
cytosines increased per tract length in general (13). In contrast with our results, at
pH 7.4 not any of the cytosine-rich sequences from our library fold into i-motif
structure (Appendix A7). From our knowledge, there are not examples of RNA i-
motif at physiological pH in the literature. Lacroix et. al. have found the DNA i-motif
can form i-motif structure at acidic and even neutral pH, but they observed RNA i-
motif was not able to form in cytosine rich sequences above pH 6 in vitro,
suggesting the RNA i-motif structure doubtful to find in vivo at neutral pH (23).
Collin et. al. have observed the substitution of one DNA residue in one position of
the sequence d(TCs) for an RNA decrease the Tm in 6.5°C reducing the thermal
stability of i-motif (89). Wright et. al. have observed comparing their sequences at
two different pH 5.5 and 7.4 that the degree of hysteresis versus cytosine tract
length was lower at pH 5.5 than 7.4 suggesting the kinetic process was more
complex and slower at pH 7.4 (13). However, recent studies conducted by Zeraati
and co-workers have reported an antibody fragment (iMab) that recognizes i-
motif structures allowing the identification of i-motifs in the nuclei of human cells
showing the existence of RNA i-motif structure (22). Our finding for the CnUs at
pH 5.5 have revealed a higher degree of hysteresis in compare with CnT3 that
might suggest at pH 7.4 the process will be more complex for all our sequences.
Also, we have observed from our CD results at pH 5.5 that does not matter how
many cytosines have per tract the sequences from the library have, it will never be
a sequence stable at neutral pH. We proposed to use a molecular crowder to
mimic cell conditions that tend to stabilize i-motif (122) which potentially can

stabilize RNA i-motif at physiological conditions.
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Chapter 3: Investigating and characterizing RNA i-Motif
in the sequence AT5G08230.1

51



Chapter 3: Investigating and characterizing RNA i-Motif in AT5G08230.1

3.1 Introduction

We have replicated and characterized the sequence [CnU3]3Cn at two different pH
5.5 and 7.4, and we have found that none of the cytosine-rich sequences from our
library (Tablel) can form i-motif at physiological pH. However, at pH 5.5, using a
UV spectroscopy we have observed an increase of the Tm when the number of
cytosines per tract increases. The degree of hysteresis for the melting/annealing
curves also increases with the number of cytosines per tract length. TDS results
indicated a minimum requirement of two cytosines per tract length in order to fold
into i-motif structure. The results using CD indicated at pH 5.5 a minimum
requirement of three cytosines to fold into i-motif at 288 nm, but it is important to
mention all the cytosine-rich sequences have almost the same transitional pHT

regardless of the number of cytosines per tract (Table2).

Following our characterization of RNA i-motif, and knowing there are not studies
about RNA i-motif in plants in the literature. We have proposed to study RNA i-
motif in a plant sequence. We have known plants under stress like drought and
salinity respond in different ways in order to survive (131), by changing their
intracellular to different conditions of the environment. Since plants have to cope
with changes like pH, temperature, salinity and others, we proposed i-motif would
change under different conditions of stress environment and potentially alter
biological functions. Eventually we will identify its role in response to stress
conditions. Bearing this in mind we have studied a sequence in plants that can
alter the stability by changing some conditions of pH, temperature, and adding a
molecular crowding PEG 8,000, in this case, at two different percentages: 40 %
and 20%. We have also used KCI to mimic drought conditions at two different
concentrations 100 mM and 800 mM, knowing that plants cells under conditions of
drought or in high salinity soils avoid cellular dehydration by increasing its ionic
concentrations (particularly potassium cations) dramatically to 700 mM (31) this

high K* level can stabilize i-motif formation.

We have studied the RNA sequence AT5G08230.1 found in Arabidopsis thaliana
using the same biophysical techniques we used with the RNA version of the
sequence [CnUs3]3Cn Ultraviolet UV, Circular Dichroism (CD) and Thermal

difference spectra (TDS).
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The RNA sequence AT5G08230.1: 5' -CCC-CCU-CCU-CAA-CCC-CCU-UCU-
UCC-CCC-CCA-CCC-CC- 3. This sequence has 35 bases and 26 of them are
cytosine, 2 are adenine and 6 uracil. In collaboration with Ding’s lab and using
bioinformatics techniques, this specific sequence with five cytosine tract length
was found and after a comprehensive assessment of RNA i-motif forming
sequences. This i- motif forming sequence with five cytosines per tract length, one
of the most stables, of Arabidopsis, was associated to plant functions which would
have biological interest (132). The AT5G08230.1 is associated with some
biological process like flower development, regulation of transcription and mRNA
processing. Also, it is cellular component of plants located in the nucleus and
plasmodesma (133) and it is known by other names HUA2 LIKE 1, HULK1 and
SL5. This group of genes are in charge of regulate the function and expression of
some essential genes specifically HUA2 like Flowering Locus C (FLC) central
repressor of flowering time (134), and AGAMOUS involved in reproductive
development (133). According to Jali and co- workers, plants lacking the HUA2
gene expressed a moderate reduced plant stature rate, flowering time and leaf
initiation development (133). Post transcriptional regulation is involved in the
process of gene expression during development, and genes like FLC AND
AGAMOUS participate actively in this process because they encode RNA-binding
proteins (133). Considerable amount of work has been done on transcriptional
regulation on the response to different pH. But, there is little in the literature about
the mechanism of post-transcriptional regulation. We investigated the stability and
folding potential at pH: 5.8 which plants normally thrive on. Additionally, we have
studied this plant sequence under drought conditions by increasing the

concentration of K* and crowding conditions by using PEG 8,000.

3.2 Structure studies with Circular Dichroism (CD) characterizing the
sequence AT5G08230.1 RNA.

3.2.1 Introduction
In order to confirm this sequence was able to form i-motif structure this sequence

was examined at different pH from 4 to 8 including 5.8 using CD.
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3.2.2 Results and discussion

We obtained different conformational changes in the structure of the samples in
the graph (Figure 3.1) showing a shift from right to left to the lower wavelength for
every one of our sample with the different pH from 4 to 8. There is a correlation
between the value of the pH of the samples and the graphics. The conformational
changes increase as the value of the pH of the samples, and the CD spectra of the
lowest values of the pH samples corresponding to 4, 4.5, and 5 showed a
dominant positive peak around the 290 nm and a negative peak around 255 nm
indicating the formation of cytosine-cytosine+ base pair confirming the preference

of i-motif structure for acidic conditions (106) (Figure 3.1).
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Figure 3.1. Circular Dichroism of 10 uM AT5G in sodium cacodylate buffer (10
mM) and KCI (100 mM) at different pH from 4 to 8.

The transitional pH (pHr) for the maxima ellipticity, ellipticity at 288 nm, ellipticity at
275 nm and 200 nm were calculated by plotting those values versus pH in a
sigmoidal curve, and fitted to calculate them. The transitional pH (pHr) for the
maxima ellipticity was 5.2 (Figure 3.2 a) (Table 3). The transitional pH (pHr) for the
ellipticity at 288 nm was 5.4 (Figure 3.2 b) (Table3). The transitional pH (pHr) for
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the ellipticity at 275 nm was 5.1 (Figure 3.2 c), and for the ellipticity at 200 nm was
5.3 (Figure 3.2 d) (Table 3).
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Ellipticity Ellipticity at 288 Ellipticity at
pH Amax at 275 nm nm 200 nm
4 283.5 8.4 11.6 2.2
4.5 283 10.9 13.5 4.2
5 282 13.0 13.6 5.6
55 276.5 17.8 11.9 14.8
5.8 275.5 19.7 11.8 17.7
6 275.5 19.6 11.5 20.0
6.5 275.5 20.6 11.5 21.4
7 275 21 11.7 20.2
7.5 275.5 215 12 22.6
8 275 18.5 10.3 18.2

Table 3. Showing the effect of changing values of pH at Ellipticity at 200, 275 and
288 nm.

3.2.3 Conclusions

Our CD measurements with AT5G08230.1 RNA have indicated samples with pH
4.5, 5 and 5.5 folded into i-motif at 288 nm having the sample with pH 5 the
highest CD signal. (105) (Figure 3.1), then from pH 5.5 and 5.8 showed a
decreased in the CD signal. They also showed a positive peak around 275 nm and
negative peak around 215 nm which would correspond to an unfolded
conformation (75, 105) or another structure but not i-motif. All the transitional pH
(pHT) or the midpoint where the transition is between the unfolded and folded
stage for the maxima ellipticity, ellipticity at 288 nm, 275 nm and 200 nm were
around 5.2 confirming the preference of i-motif structure for acidic conditions.
When values for the maxima ellipticity was plotted versus pH, we have observed
samples with the most basic pH showed a value around 275 nm which mean the
structure is not folded (Figure 3.2 a). On the other hand, when the values for the
ellipticity at 288 nm were plotted versus pH, samples with the most acidic pH 4
and 4.5 showed the highest values (Figure 3.2 b). Values for the ellipticity at 275
nm were plotted versus pH, the CD signal increased as the pH values increased
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reaching a plateau at pH 6.5 after what the increased was minimal (Figure 3.2 c)
and (Table3). The values for the ellipticity at 200 nm were plotted versus the pH,
samples with the highest pH showed the highest CD signal (Table3) and (Figure
3.2.d).

3.3 Structure studies with Circular Dichroism- titration with K*
3.3.1 Introduction

CD assay titration with K* have allowed us to see conformational isomerization of
the oligo after adding small amounts of KCI that induced conformational
isomerization in the molecule of RNA. The CD spectral changes make it possible
to spot gradual changes in the oligo (105). According to the literature, cations have
an effect on i-motif forming DNA sequences, for example Famulok and co-workers
have observed that two guanine or cytosine rich sequences can form a Watson
and Crick double helix or individually form into a G-quadruplex and i-motif
structure in the presence of H*and K* (75). In fact, they have reported their DNA
cytosine-rich sequence fold into i-motif at pH 4.5 in the presence or not of KCI
(75). Additionally, Waller and co-workers have observed the use of silver cations in
a cytosine-rich sequence to form i-motif structure at biological pH. CD titration with
Ag* was conducted to observe the effect of this cation on conformation of the
molecule of DNA. They have observed a gradual shift of the CD signal in the
positive peak at 275 nm after gradual addition of Ag* to the higher wavelength at
288 nm which indicated the presence of i-motif structure (66). On the other hand,
plants have adapted in the course of evolution to a wider range of mechanism in
order to survive. In fact, there is clear evidence of the role that mineral nutrients
play in plant stress resistance (31). Plants under regular conditions of the
environment have between 100 and 200 mM K* in the cytosol under stress
conditions like drought or salinity plants try to avoid cellular dehydration by
increasing their amount of K* in the cells up to 500 mM or more (135). Considering
K* the most abundant cation in plants and the important role that play in the
survival of plants under abiotic stress, and keeping in mind we have already
characterized this plant sequence using CD, as well as in the literature about i-

motif and conformation of RNA.
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3.3.2 Results and Discussion

CD spectra was recorded from the samples, first without any KCI, then small
amounts (1pL) of KCI (3M) were added gradually. Every 1L was an equivalent of
17 mM of KCI so, 2uL =34 mM and so on. The maximum amount of KCl added
could not exceed a volume that could dilute more than the 10% of the total volume
of the buffer 175 uL. Therefore, the last addition was 17uL (306 mM). CD spectra
of the sample before any addition started as an unfolded random coil with a major
and positive peak at 278.5 nm and a negative and weak peak around 235 nm

suggesting the presence of a folded structure but not i-motif structure (Figure 3.3)
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Figure 3.3 Circular Dichroism-titration 10 uM AT5G with KCI (3M) in sodium
cacodylate buffer (10 mM a pH 5.8).
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KCl/mM Amax/mdeg Ellipticity at 200 nm

No KCI 278.5 9.8
17 277.5 115
34 276.5 12.9
51 276.5 14.8
68 276.5 15.3
85 275.5 16.9
102 276 16.9
136 276 17.8
153 200 18.0
170 275.5 17.5
187 275.5 16.8
204 275.5 16.6
221 276.2 16.3
238 200.5 17.9
255 275.5 16.5
272 200 17.6
289 276 16.3
306 275.5 16.5

Table 4. Values for the Maxima ellipticity and Ellipticity at 200 nm obtained from
the Circular Dichroism- titration of 10 pM AT5G with KCI (3M) in sodium
cacodylate buffer (10 mM at pH 5.8).

Also, the CD signal with the highest value for maxima ellipticity 278 nm was taken
from the sample without any addition of KCI. Then, in addition of up to 136 mM,
the CD signal shifted from right to the left to the lower wavelength to 276 nm until
the last addition of 17uL (306 mM) showed a decrease of the intensity of the signal
with dominant positive peak is around 275nm (Table 4). We have observed small
conformational changes, decrease in the signal until 170 mM where no further
changes in the ellipticity were indicated, and ellipticity signal was around the same
range of wavelength from 278 to 275 nm (Figure 3.4 a). We have observed the
ellipticity at 200 nm presented some shifts up in the CD spectra. CD signal shifted
up at 200 nm until 153 mM of KCl was added, then, CD signal has increased

showing small changes suggesting reached a plateau (Figure 3.4 b) and (Table4)
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Figure 3.4 Circular Dichroism spectra of 10 uM AT5G (a) Maxima Ellipticity vs.
KCI. (b) Ellipticity at 200 nm versus KCI.

3.3.3 Conclusions

CD spectra of AT5G at pH 5.8 started as an unfolded random coil with a dominant
and positive peak at 278.5 nm and a second and negative peak around 235 nm
indicating the presence of a folded structure but not i-motif structure (Figure 3.3).
When the values for the maxima ellipticity were plotted versus KCI, and fitted in a
sigmoidal curve, we have found small conformational changes indicated by a
decrease in the signal until 170 mM of KCl was added. After that, the CD signal
had changed, indicated by small conformational changes at the same range of
wavelength from 278 to 275 nm (Figure 3.4 a). Values for the ellipticity at 200 nm
were plotted versus KCI, the CD signal changed increasing as the amount of KCI

increase indicated for small conformational changes (Figure 3.4 b) and (Table4).
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3.4 Thermal profile studies with UV spectroscopy at pH 5.8
3.4.1 Introduction

From CD experiments with pH from 4 to 8, we have observed AT5G08230.1 RNA
was able to fold into i-motif at the most acidic pH. UV spectroscopy was recorded
to characterize and analyze the thermal profile of this sequence. We have used
sodium cacodylate buffer at pH 5.8 because that is the pH of the soil where plants
thrive normally (136, 137), and 100 and 800 mM KCI was used to check the influx
of potassium at physiological concentration. By using the UV spectroscopy
technique, we were looking to identify the melting and annealing profiles of the
secondary structure present in the sample, and to observe how KCl at 100 mM
affects the stability of RNA i-motif.

3.4.2 Results and Discussion

We have found under these conditions the sample showed two states: folded and
unfolded for the melting and annealing curves (Fig. 3.5 a). And, the T, melting
temperature between the folded and unfolded stage of the oligo was the 12.1°C.
The average for the 3 melting cycles was 12.1°C + 1 and the Ta for the three
cooling cycles is 12.4°C % 0.5 (Table5). The thermal difference spectra (TDS) was
obtained by registered the absorbance of the unfolded and folded states of the
sample above and below their melting temperature. In this case the TDS thermal
difference spectra at pH 5.8 at 20°C has shown a random coil shape while at 4°C
is within the limits of the spectrum of a classical i-motif structure with one major
peak at 240 nm, and a second negative peak at 290 (Fig. 3.5 b). UV spectroscopy
at 800 mM KCI showed the average for the 3 melting curves at 5.7 °C = 0.5, and
the average for the annealing curves of 5.7°C £ 1.5 (Fig. 3.6 a). The TDS has
showed at 4°C is within the limits of i-motif structure (105) (Fig.3.6 b).
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Figure 3.5 UV melting and annealing profiles of 2.5 uM AT5G RNA in KCI (100
mM) and sodium cacodylate buffer (10 mM pH 5.8) (a) Profile showing all heating
and cooling cycles (b) The thermal difference spectra (TDS) calculated between
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Figure 3.6. UV melting and annealing profiles (a), (b) The thermal difference
spectra (TDS) calculated between 95 and 4°C.of 2.5 uM AT5G RNA in KCI (800

mM) and sodium cacodylate buffer (10 mM pH 5.8)
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AT5G008230.1 pH5.8

Tm/°C Ta/°C
100 mM KClI 121+1 124+ 0.5
800 mM KCI 57+05 57+£15

Table 5. UV- melting and annealing representative profiles showing the average
melting temperature Tm and Ta for the 2.5 uM AT5G008230.1 (10 mM sodium
cacodylate pH 5.8) and (100 and 800 mM KCI).

3.4.3 Conclusions

Comparing these results of the melting and annealing temperatures at pH 5.8 with
our results from library of sequences at pH 5.5 (Tablel), we have observed at 100
mM KCI the Tm and Tahave occurred at lower temperature 12°C suggesting a low
thermal stability than the sequence CsUswitha Tm of 21 + 0.9 and Ta 19.4 = 0.6.
Our plant sequence AT5G has tract lengths of 5-5-7-5 cytosines and short loop
lengths of 2 and 1 adenine and uracil intercalated inside the sequence. That would
provide a thermal stability to i-motif structure according to the concept of shorter
loops provide higher thermal stability to i-motif structure (14). The results for the
annealing and melting profiles at 800 mM KCI were unexpected, and close to 4°C
that is the temperature where the heating cycles started measuring the

absorbance at 295 nm suggesting no transition (Fig. 3.6 a).
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3.5 Thermal profile studies with UV spectroscopy mimicking crowding
conditions using PEG 8,000 (40%)

3.5.1 Introduction

According to the literature, plant cells have 30-40% of molecular crowding under
normal conditions (119). In order to mimic crowding conditions in plants cells PEG
8,000 (40%) was used as a molecular crowder. UV spectroscopy was used to
determine both the melting(Tm) and annealing (Ta) profile for this sample with PEG

which stabilize i-motif structure by increasing the melting temperature (64, 120).

3.5.2 Results and Discussion

At pH 5.8, both samples showed two state (folded and unfolded) melting and
annealing curves. We already have the results for earlier experiments for the
samples at 100 mM KCI the average melting temperature (Tm) was 12.1°C + 1 and
the annealing temperature (Ta) was 12.4 £ 0.5 (Figure 3.2.4 a) while the melting
temperature (Tm) for the sample with PEG 8,000(40%) was 30.6°C + 0.5, and the
annealing temperature (Ta) was 38.3°C + 7 (Fig.3.7a). Our findings have
suggested the molecular crowder PEG stabilized i-motif structure in its folded state
This condition made the average for melting/annealing temperatures higher
(Fig.3.7 a) (Table 6). The thermal difference spectra (TDS) was taken by recording
the UV-absorbance of the folded and unfolded state of the sample for above and
below the melting temperature. TDS revealed a “classic i-motif structure” with a

dominant positive peak at 240 nm and a negative peak at 297 nm. (Fig.3.7 b).
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Figure 3.7 UV melting and annealing representative profiles of 2.5 uM AT5G RNA
in KCI (100 mM), sodium cacodylate buffer (10 mM pH 5.8) and PEG 8,000(40%)
(a) Profile showing raw data (b) The thermal difference spectra (TDS) calculated

between 95 and 4°C.

AT5G008230.1 pH 5.8
Tm/°C Ta/°C
No-PEG 1211 124+ 0.5
PEG 8,000 (40%) 30.6 0.5 3837

Table 6. UV-melting and annealing profile of AT5G in KCI (10 mM), sodium
cacodylate buffer (10 mM pH 5.8) showing the different Tm and Ta average for two

different samples under the same RNA conditions in the presence and absence of

PEG 8,000 (40%).
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3.5.3 Conclusions

Thus, the difference of Tm between the No-PEG and PEG 8,000(40%) solutions
was 18.5°C, and 25.9°C for the Ta values. We have observed an increase of 40%
of the melting temperature of the samples after the addition of PEG 8,000. This
finding suggests that the addition of PEG 8,000 not only induces the complete
folding of i-motif RNA at the pH 5.8, but also stabilizes i-motif structure. Having
established the presence of secondary structures by UV spectroscopy, TDS were
determined to confirm the presence of i-motif structure with a dominant positive

peak at 240 nm and a negative peak at 297 nm (105).

3.6 i-Motif structure studies with PEG 8,000 (40%) using CD spectroscopy
3.6.1 Introduction

CD spectroscopy was used to further characterize the secondary structure
involved in the melting and annealing curves. To mimic the crowding conditions of
the cell, we analyzed the sequences both in the presence and absence of PEG
8,000 (40%).

3.6.2 Results and Discussion

CD spectra recorded for the sample without PEG shows a dominant positive peak
at around 276 nm and a negative peak around 238 nm (Fig.3.8). It would
correspond to a B-form variant structure like a hairpin, according to Kypr (106).
The second sample was prepared with the same RNA and sodium cacodylate
buffer conditions, but PEG 8,000 (40%) was added to the solution. CD spectra
shifted to the higher wavelength from 276 to 288 nm, and showed a second and
negative peak around 255 nm revealing the equilibrium shifted to the “classic i-
motif structure” (Fig. 3.8). The melting temperature Tm at 30°C has shown similar
values to the Tm of most of the DNA i-motif structures from the literature, for
example Mergny et. al. have observed a Tm of 38°C at pH 5.6 in a i-motif forming

sequence (11) and Leroy et. al. have found a Tm of 29°C at pH 6.4 (17).
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Figure 3.8. Circular Dichroism of 10 uM AT5G in the absence and present PEG
8,000 (40%) in sodium cacodylate (10 mM pH 5.8) with 100 mM KCI.

3.6.3 Conclusions

CD spectra of AT5G with PEG 8,000 (40%) confirm the presence of a classic i-
motif structure with a dominant and positive peak at 288 nm and a second and
negative peak around 255 nm. This finding has suggested that the addition of PEG
8,000 promotes the folding of i-motif RNA structure at pH 5.8, and stabilizes i-motif
structure. It is important to mention our CD signals for the unfolded i-motif showed
a higher ellipticity in compare with the folded i-motif structure, and our CD signal
value is lower in compare with the CD signal for DNA i-motif of Kypr et. al. (105),
but our conditions of buffer, pH and others are different with Kypr’s conditions, so
we might expect different results. But, our CD signal has shown some similarities
with the i-motif structure of hTeloC with the same conditions from chapter 1
(Figure 1.14) obtained from Wright et. al. (13).
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3.7 Control Experiments with pH

From the literature, we found that Arakawa and coworkers have observed
cosolutes like PEG at higher percentage than 30% change the pH of the buffer
solutions (138). Even though the data presented above has shown a small
standard deviation, we were concerned that the PEG was changing the pH of the
solutions, and had an effect in the melting temperatures. Bearing this in mind, we
have performed a series of control experiments to check if the pH of the samples
changed after they went through the heating cycles in the ultraviolet (UV)
spectroscopy machine. We checked the value of the pH of the solutions after they
were exposed to the heating cycles, and found the pH actually changed. We
decided to perform some control experiments with pH. Our first set of control
experiments was conducted with “dummy” samples without RNA, but buffer
sodium cacodylate 10 mM, potassium chloride 100 mM and water. We measured
the pH 5.87. Then, the PEG 8000(40%) was added, and pH was measured. The
pH changed to 4.65 showing 1.22 units of difference. These results suggested the
PEG was changing the pH of the sample without any heating cycle involved
already. If the buffer at 10 mM was affected by the PEG, we decided to increase
the concentration of the buffer to 50 mM, so at higher concentration we were
expecting the changes would be minimal to none. A new PEG 8,000(60%) stock
solution was prepared using the sodium cacodylate buffer at 50 mM. By using the
buffer instead of water, what we were looking for was to be sure the pH of the final
solution would not change. Then, we prepared a dummy sample without RNA with
the 50 mM buffer, potassium chloride and water, the pH was measured: 5.83. We
added at PEG 8,000(40%), and pH was measured: 5.93. There was a 0.1 units of
difference. We would say there is not a significant difference, but it can make the
difference for forming i-motif structure. Mergny and collaborators have observed
how the change of pH can affect the thermal stability of i-motif, and found a
decreased of minimum 20°C of the melting temperature Tm when the pH increased
by 1 unit (11).
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3.7.1 Thermal profile studies with UV spectroscopy with 100 mM KCI, PEG
8,000 (20%) and 800 mM KCI.

The first part of this experiment was conducted with sodium cacodylate buffer at
50 mM in the absence and presence of PEG to obtain a melting profile and uses to
compare this data when we modified the conditions. The UV thermal profile has
shown the melting Tm 16.8°C and annealing Ta 15.8°C for the sample without PEG
(Fig.3.9 a). The thermal difference spectra TDS at 4°C showed within the limits of

i-motif structure with a major positive peak around 244 nm, and second negative

peak at 296 nm (Figure 3.9 b).
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Figure 3.9. UV melting and annealing profiles (a) and the thermal difference
spectra (TDS) (b) calculated between 95 and 4°C of 2.5 uM AT5G RNA in KCI
(100 mM) and sodium cacodylate buffer (50 mM pH 5.8).

UV spectroscopy with PEG 8,000 (20%) has shown the melting (Tm) 24°C and
annealing temperatures (Ta) 28°C (Fig.3.10 a). We have observed an increase of
the melting and annealing temperatures suggesting the molecular crowder at 20%
stabilized i-motif structure by increasing melting temperature in 7 °C in compare
with the results of the AT5G without PEG. Also, the Tm increased after every cycle
having 18.14 °C for cycle 1, 25.4°C and 28.3°C for cycle 2 and 3 respectively. The
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TDS showed a classic i-motif structure with a major positive peak at 241 nm and a

second peak at 296 nm (Fig.3.10 b).
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Figure 3.10 UV melting and annealing representatives profiles (a) and the
thermal difference spectra (TDS) (b) calculated between 95 and 4°C of 2.5 uM
AT5G RNA in KCI (100 mM) and sodium cacodylate buffer (50 mM pH 5.8) and
PEG 8,000(20%).

Having characterized the UV thermal profile in the absence of PEG at 100 mM KCI
(Figure 3.9 a), we increased the concentration of potassium chloride at 800 mM to
mimic drought condition in plants. UV melting profile for the AT5G with 800 mM
KCl revealed a transition approaching the starting temperature of UV spectroscopy
at 4°C for the melting/annealing curves (Fig.3.11a). The TDS spectra at 4°C
showed a shape within the limits of i-motif structure with a major positive peak

around 240 nm and a second peak around 290 nm (Fig.3.11 b).
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Figure 3.11. UV melting and annealing representative profiles (a) and the thermal
difference spectra (TDS) (b) calculated between 95 and 4°C of 2.5 uM AT5G RNA
in KCI (800 mM) and sodium cacodylate buffer (50 mM pH 5.8).

AT5G008230.1 pH 5.8
Tm/°C Tal°C
100 mM 16.8 + 0.6 15.8+ 1.5
PEG 8,000 (20%) 23.9+5.2 28.2+4.6
800 mM 73%1.0 *nd

Table 7. UV-melting and annealing profile of AT5G in sodium cacodylate buffer

(50 mM pH 5.8) in KCI (100 mM, 800 mM), and PEG 8,000 (20%)comparing the
different Tm , Ta ,average and standard deviation under the same 2.5 pM AT5G

RNA conditions.

*nd no discernable.

We concluded from our last results that the PEG was changing the pH of the

samples, and the melting temperatures were continue increasing after every
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heating cycle. A new control experiment with pH was performed using the heating
block to mimic the 3 heating/cooling cycles from the UV machine. Our aim was to
observe if pH of the buffers was changed after the samples were exposed to the
heating cycles using the heating block. Samples were prepared with the same
buffer conditions and PEG 8,000 at 40%. For the samples used for control with
20% and 40% PEG 8,000, pH was measured before and after the PEG was
added. We have observed a change on pH for both samples with PEG, and the
sample PEG 8,000 (40%) having the highest change of pH or ApH of 0.26 units.
Then, after the first heating cycle, we have found for the No-PEG sample the pH
has decreased in -0.05 units, then, after the same sample was expose to the 3
cycles, pH has decreased in 0.03 units. For the sample with PEG 8,000 (20%) the
pH has decreased in 0.26 units through the 3 cycles after the PEG was added. We
have observed sample with PEG 8,000 (40%) has showed the highest decreased
in the pH in first cycle started with pH 5.5 and after cycle 3 the pH was 4.98 (Table
8).

pH 5.8
No
PEG PEG 20% PEG 40%
ApH ApH ApH
*before/after *before/after

“NO cycle” 5.56 5.64/5.95 -0.05 5.64/5.9 -0.26
Cycle 1 551 -0.05 5.72 -0.23 55 -0.4
Cycle 2 552 | -0.04 571 -0.24 5.25 -0.65
Cycle 3 553 -0.03 5.69 -0.26 4,98 -0.92

Table 8. Showing the delta of pH (ApH) for No-PEG, PEG 20% and PEG 40%
potassium chloride (100 mM) and sodium cacodylate (50 mM pH 5.8) using the
heating block.

*before/after the PEG 8,000 (20% or 40%) was added to the control sample.
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Turning now to the second set for this part of control experiments which have the
same conditions, but with 800 mM KCI. The protocol to follow was the same for
the last set of this experiments. The pH changed for both samples with PEG 8,000
at 40% showing the highest difference or ApH of 0.42 units. Overall, we have
measured the ApH for No-PEG, 20% PEG and 40% PEG samples after they were
exposed to the three heating/cooling cycles, and we have observed a decrease of
the pH. The sample with 40% PEG showed the higher decreased or ApH of 0.57
units (Table 9).

pH5.8
No
PEG PEG 20% PEG 40%
ApH ApH ApH
*before/after *before/after
“NO cycle” 5.57 5.66/5.84 0.18 5.84/6.26 0.42
Cycle 1 5.52 -0.05 5.72 -0.12 6.05 -0.21
Cycle 2 5.53 -0.04 5.69 -0.15 5.95 -0.31
Cycle 3 5.51 -0.06 5.63 -0.21 5.69 -0.57

Table 9. Showing the delta of pH (ApH) for the set of samples labelled No-PEG,
PEG 20% and PEG 40% at 800 mM potassium chloride using the heating block.
*before/after the PEG 8,000 (20% or 40%) was added to the control sample.

The results for the ApH from the last results of control experiments with 100 and
800 mM KCI suggested a change in the pH after our samples were exposed to the
heating block. Not only that, but oddly we have found that even though by
increasing the concentration of the buffer to 50 mM, we still found a considerable
change in the pH. Thus, we looked at the literature and found earlier studies
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suggested the presence of different structures and changes in the pH in the
buffered solutions. Lewis et. al. have reported the formation of a no specific
PEG/DNA complex with PEG 8,000 at 30% and 40% (65), and knowing this, Reilly
and coworkers tested the effect of the PEG in the pH, and their findings suggested
the change in activity is related to the percentage of PEG in the solution and not
the size of the PEG (15).

A new stock buffer solution was prepared. But, this time a large stock of 50 mL to
make it by measuring the mass of all the components: sodium cacodylate,
potassium chloride, and the mass of PEG 8,000 was added according to the
desire concentration (20% or 40%). RNAase free water was used to dilute all the
components, then pH was adjusted by using HCl or NaOH as appropriate. The pH
was measured with a probe for all of them before and after every cycle. Our
results for the ApH for the three samples after the three heating cycles using
heating block were reduced in comparison with all control experiments made
before. (Table10). Having the ApH for the sample with 40% PEG of 0.15 units, our
findings suggested that using this large stock was safer for our experiments since

that way the change on the pH was minimized.

Samples through 3 cycles pH 5.8
No
PEG | ApH | PEG 20% ApH PEG 40% ApH
“NO cycle” 5.78 5.86 5.85
Cycle 1 5.68 | -0.10 5.75 -0.11 5.70 -0.15
Cycle 2 5741 -0.04 5.81 -0.05 5.78 -0.07
Cycle 3 5.75] -0.03 5.74 -0.12 5.70 -0.15

Table 10. Showing the delta of pH (ApH) for the control experiment obtained from
the samples No-PEG, PEG 20% and PEG 40% after they were exposed to the
heating block mimicking the heating cycles of the UV.
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3.7.2 UV melting/annealing profile with UV with 100 mM KCI, PEG 8,000(20%)
and PEG 8,000(40%) using large stock buffer solution.

The UV melting profile for the melting and annealing cycles showed two states,
unfolded and folded, for the sample with 100 mM KCI and 50 mM buffer without
PEG. The average Tm for the heating/melting curves was found to be 10.7°C £+ 1.5
and the T, for the annealing/ cooling curves is 11°C £ 0.04 (Fig.3.12 a), for the
thermal difference spectra TDS at 4°C showed i-motif structure with a positive

peak at 243 nm and a second peak around 297 nm (Fig.3.12 b).
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Figure 3.12. UV melting and annealing representative profiles (a) and the thermal
difference spectra (b) calculated between 95 and 4°C of AT5G of 2.5 uM AT5G
RNA in KCI (100 mM) and sodium cacodylate buffer (50 mM pH 5.8).

The thermal profile for the melting and annealing curves for the PEG 8,000 (20%)
showed an increase of 6°C in comparison with the No-PEG sample showing
already some stabilization, and having an average for Tm is 16.8 £ 0.6 and Ta is
14.8°C + 0.6 (Fig.3.13 a and Table11). The thermal difference spectra at 4°C
showed also i-motif structure with a major peak around 243 nm and a second peak
around 297 nm (Fig.3.13 b).
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Figure 3.13. UV melting and annealing profiles (a) and the thermal difference
spectra (b) calculated between 95 and 4°C of AT5G of 2.5 uM AT5G RNA in KCI
(100 mM), sodium cacodylate buffer (50 mM pH 5.8) and PEG 8,000(20%).

We have observed an increase of the thermal stability as the percentage of the
PEG 8,000 increased to 40% (Fig.3.14 a) The Tm and Taboth are closer to 20°C,
and after established the presence of the secondary structure, the thermal
difference spectra was used to indicate the dominant folded species. The TDS

curve at 4°C has showed a classic i-motif structure with a major positive peak
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around 243 nm and the second peak at 296 nm (Fig.3.14 b).
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Figure 3.14 UV melting and annealing profiles (a) and the thermal difference
spectra (b) calculated between 95 and 4°C of AT5G of 2.5 uM AT5G RNA in KCI
(100 mM), sodium cacodylate buffer (50 mM pH 5.8) and PEG 8,000 (40%).

AT5G008230.1 pH 5.8
Tm /°C Tal°C
No-PEG 10.74 15 11.1 +0.04
PEG 8,000 (20%) 16.8 1+ 0.6 14.8+0.6
PEG 8,000 (40%) 19.17 + 1.0 18.19 + 1.0

Table 11. UV-melting and annealing profile of AT5G in KCI (10 mM), sodium
cacodylate buffer (50 mM pH 5.8) after control experiments part Il comparing the
different Tm, Ta ,average and standard deviation under the same RNA conditions

for No-PEG, PEG 8,000 (20%) and PEG 8,000 (40%).
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3.8 Mimicking crowding conditions and characterized with Circular
Dichroism using large stock buffer solution and KCI (100 and 800 mM), PEG
8,000 (20%, 40%).

3.8.1 Introduction

CD was used to further characterize the folded RNA species involved in the UV
melting and annealing profile. To mimic the crowding conditions of the cell, we
analyzed the sequences in the presence and absence of 20% and 40% PEG
8,000, and two different concentrations of 100 and 800 mM potassium chloride at

room temperature.
3.8.2 Results and Discussion

CD signal was recorded for both samples without PEG with 100 and 800 mM KClI
showed a positive peak around 280 nm and a negative peak around 240 nm that
is within the limits of normal A-form for RNA according to Sugimoto (139). For the
samples at 20% PEG, CD signal showed the highest peak at 280 nm suggesting
the PEG 8,000 stabilized the oligo already
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Figure 3.15 Circular Dichroism of 10 uM AT5G in the absence and present PEG
8,000 at 20% and 40%, sodium cacodylate (10 mM pH 5.8.) potassium chloride
(100 and 800 mM).
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3.8.3 Conclusions

For the samples at 800 mM potassium, while the sample at PEG 8,000 (20%)
showed the biggest dominant peak around 280 nm than any of the samples, the
sample with PEG 8,000 (40%) showed the shortest peak with a small shift to the
lower wavelength. Samples with 100 mM potassium chloride and PEG 8,000
(40%) showed a dominant peak closer to 288 nm and a negative peak around 255
nm confirming the presence of i-motif structure, and that the addition of PEG 8,000
at 40% stabilizes i-motif structure (105) (Fig.3.15).

3.9 Circular Dichroism using PEG 8,000 (40%) at room temperature and 4° C.
3.9.1 Introduction

From our last CD experiments trying to characterize further the folded RNA
species, we found the sample with PEG 8,000 (40%) and 800 mM potassium
chloride at room temperature showed CD spectrum within the limits of i-motif
structure. We were expecting some changes in the CD signal due to high
concentration of potassium chloride which probably destabilized i-motif structure.
Additionally, the UV-melting profile for the experiments at this concentration made
with the same stock of buffer showed an average of melting temperature around
20°C at room temperature. Keeping this in mind, we conducted experiments at

4°C since the melting cycles for our UV experiments started at 4°C.
3.9.2 Results and Discussion

We have found both samples with 800 mM showed a dramatic reduced positive
peak compared with the samples at room temperature. For the samples at 4°C,
both samples with 800 mM and 100 mM showed CD spectrum within the limits of i-
motif with a positive peak at 288 nm and a negative peak at 255 (105).
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Figure 3.16 Circular Dichroism spectra of 10 uM AT5G with PEG 8,000 (40%)
sodium cacodylate (10 mM pH 5.8.) potassium chloride (100 and 800 mM) at 4°C
and 20°C.

3.9.3 Conclusions

We were expecting at this temperature more i-motif formation knowing that i-motif
structure tends to stabilize at lower temperatures (16). But, we did not observe
this, suggesting that the lower temperature has an effect in the solubility of the
samples. For the samples at 20°C, while sample with 200 mM showed a CD
spectrum within the limits of i-motif, the sample with 800 mM shifted to the lower
wavelength with a positive peak around the 280 nm, and CD signal has reduced

suggesting less thermal stability (Fig.3.16).

80



Chapter 4: Conclusions and Future Work

Chapter 4: Conclusions and Future work

81



Chapter 4: Conclusions and Future Work

4.1 Overall conclusions.

This thesis has described the study of RNA i-motifs in the library of sequences
[CnU3s]3Un and a plant sequence AT5G08230.1 RNA identified in Arabidopsis

Thaliana.

In chapter 2, we have studied and characterized an RNA i-motif version of the
sequence [CnUs]3Un at two different pH: 5.5 where DNA i-motif has been observed
stable, and at physiological pH. On one hand, at pH 5.5, while UV and TDS results
have found a minimum of two cytosines for tract length to form i-motif structure,
CD spectroscopy results performed at room temperature have observed minimum
of three cytosines per tract to fold into i-motif structure at 288 nm. From our
analysis made with the CD results maxima ellipticity, ellipticity at 200 nm and
ellipticity at 288 nm, we have found the pHrreached a plateau in sequences with
5, 6 or more cytosines suggesting pH stability. Overall, these findings might
suggest sequences with five cytosines or more per tract contribute to form stable i-
motif at pH 5.5. Comparing the CnT3z and CnUs thermal profiles with UV
spectroscopy, we found the CnTs have shown higher thermal stability than CnUs.
The Tm and Ta versus the number of cytosines per tract length was analyzed also,
and we have concluded the Tm and Taincreased with the number of cytosines
increase. Our findings using TDS for both CnT3 and CnUs i-motif was the dominant
secondary structure for all the sequences except Ci1Tsand CiUs. The level of
hysteresis was analyzed and this degree has reached an upper limit in sequences
with 6 or more cytosines per tract length. Overall, the RNA sequence CnUs has
shown a higher degree of hysteresis suggesting less thermal stability than the
DNA sequence CnTs. While at pH 7.4 we could not confirm the presence of RNA i-
motif structure from any of the cytosine-rich sequences from our library using UV,
TDS or CD, the sequence CnTs have found i-motif structure at pH 7.4 without
using a molecular crowder. In our case, we might suggest the use of molecular

crowders of different sizes and percentages.

In chapter 3, the first example of characterization of an RNA i-motif forming
sequence from plants have been described using the sequence AT5G08230.1
RNA. Our analysis of the sequence using CD spectroscopy at different pH from 4

to 8 including 5.8 suggested this sequence was able to fold into i-motif at the most
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acidic pH confirming the preference of i-motif for the acidic environment. Samples
at pH 4, 4.5 and 5 have shown the highest CD signal intensity at 288 nm where i-
motif folds. Samples at pH 4, 4.5 and 5 revealed a positive peak around 288 and a
second peak at 255 nm confirm the presence of i-motif structure. For the samples
at basic pH, they were unfolded at 288 nm. But, they showed a positive peak
around 275 nm and negative peak around 215 nm which would correspond to an
unfolded conformation or another structure but not i-motif. We found the CD signal
shifted up at 200 nm, and the values for the ellipticity at 200 nm were plotted
versus the pH, samples with the pH 6, 6.5 and 7 showed the highest CD signal.
CD-titration with KCI was performed looking for any conformational changes of our
sequences, we have observed the sample without any KCI started like a random
coil with a positive peak around the 278 nm after that they were some small
changes but not dramatic in the CD signal. For example, from 278 nm for the
sample without any addition of KCI to the last addition showing a positive peak

around 275 nm.

The results from UV spectroscopy at pH 5.8 revealed at 100 mM the Tm and Ta
closer to 12°C and 800 mM both Tm and Ta have shown closer to 6°C suggesting
a lower thermal stability in the presence of high concentration of KCI. On the other
hand, when PEG 8,000 at 40% was used, UV spectroscopy showed an increase
of the Tm 0f 19.17 + 1.0 and Ta of 18.19 * 1.0 suggesting a higher thermal stability.
TDS results revealed a positive peak around the 240 nm and a second peak
around 297 nm that correspond to the limits of a classical i-motif structure. CD
results confirmed the presence of i-motif structure with a positive peak around the
288nm and a second peak at 255 nm. We might conclude RNA i- motif can be

stabilized by molecular crowding using the PEG 8,000 (40%).

After the control experiments, it was found that using the correct kind of buffer
was essential otherwise we have observed the pH has changed. For the sample
without any PEG the average temperature for Tm 10.74°C and Ta 11.1°C, at 20%
PEG 8,000 there was an increase in the melting/annealing profiles Tm was 16.8 °C
and Ta 14.8°C suggesting the PEG was stabilizing the structure. And, for the
sample at 40% PEG Tm was 19.17°C and Ta 18.9°C showing the higher thermal
stability of all the 3 samples. Once again, the presence of a secondary structure
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was confirmed with UV spectroscopy further characterization was made with CD
spectroscopy to see what was the secondary structure involved. At 4°C, both
samples with 40% PEG 8,000 at 100 and 800 mM folded into i-motif structure
showing a positive peak at 288 nm and a second peak at 255. At 20°C, the sample
with 40% PEG 8,000 at 100 mM and 800 mM showed i-motif structure. Overall,
our results demonstrated PEG 8,000 40% had the better effect stabilizing i-motif
structure at pH 5.8 in AT5G08230.1 RNA. Moreover, our data indicated that the
AT5G08230.1 RNA fold into i-motif at acidic pH 5.8 where plants normally thrive.
To our knowledge, this is the first report of RNA i-motif structure in plants a result
that cast a new light on investigations on RNA i-motif in plants. This research will
have impact on the understanding of i-motifs and nucleic acid secondary structure.
This will improve understanding of how plants respond to environmental stress

and how to preserve them.
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4.2 Future work

For chapter 2, future investigations are necessary to validate the conclusions and
findings that were draw from this study of the sequence [CnU3]3Un including further
biophysical characterization of the folded RNA species with PAGE (native
polyacrylamide gel electrophoresis) NMR (nuclear magnetic resonance) to
develop and confirm with these techniques the i-motif structure. Future research
would consider working with different concentrations of the oligo, for example
starting from lowest to higher (1.25, 2.5, 5 and 10 mM), different pH 5.5, 6 and 7,
and also some molecular crowders like PEG 200, 300, 1,000, 4,000 and 8,000 at
different concentrations (20%,30 and 40%). Future research should consider
working on our sequence CsUs because our finding confirming sequences with 5
or more cytosines per tract length were more stable. These studies should include
to work with this CsUs at pH 6 and 7 with different sizes of polyethylene glycol as a
molecular crowder like 200, 300, 1,000, 4,000 and 8,000 at different percentages
20, 40 and 60% including at 4°C where i-motif has showed to be more stable. Our
studies could not confirm the RNA i-motif structure at pH 7.4, and future research
should include work with a molecular crowders like PEG at different sizes at this
specific pH. Future work should consider overcoming the limitations of our
research for the sequence Ci10Us which was only tested for the CD experiments
from pH 4 to 6. And, future work should include to test CD C1o0U3 using same RNA

conditions to startat pH 6.5, and 7, and compare the new results with our data.

For chapter 3, future work for the plant sequence or AT5G would include to
continue and further characterized and confirm our findings with other different
techniques that we did not use like PAGE to visualize the RNA folded structure,
NMR (nuclear magnetic resonance). Our research included testing this plant
sequence with different types of environmental stress like acidity stress including
pH from 4 to 8, salinity stress for example 100 and 800 mM KClI, but future
research should include an intermedium concentration of KCI like 500 or 600 mM
to compare, we mimicked drought stress using molecular crowders like PEG
8,000, we should include working on PEG 6,000 because is the polyethylene
glycol that have been more widely use in plants. Even though more of this studies

in the literature were based on germination test in plants. Future work will develop
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a method to stablish a structural characterization of RNA i-maotif in vivo. Including
in vivo assessment of i-motif structural alterations in both mutants and using
environmental conditions which induce plant stress response (acidity, salinity and
drought). Future work should include to present a new tool for identification of the
structure of i-motifs in vivo and eventually it can be applied to an organism. Our
finding of i-motif was able to fold in a RNA plant sequence is very exciting and
future research is needed to confirm this novelty. This is likely to be of interest to

those working in the field. Further studies base on these findings will help us to

understand plant physiology and eventually to protect crops from drought, salinity,

cell damage and stress around the world.
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5.1 GENERAL

Chemical reagents were used as they were supplied, and solvents were supplied

from Sigma-Aldrich or Fisher.

Oligonucleotides were supplied by Eurogentec (Belgium), synthesized on a 200
nmol scale and purified by HPLC-RP. RNA was dissolved in MilliQ water to give
100 pM. Final concentration was confirmed using by UV spectroscopy using
Nanodrop ND-1000 spectrophotometer instrument using the extinction coefficients
provided for the sequence by Eurogentec. These stocks were then diluted in the

appropriate buffers for further experiments

UV absorption spectroscopy UV melting experiments were performed on a Cary
60 UV-Vis spectrometer (Agilent Technologies) equipped with a TC1 Temperature
Controller (Quantum Northwest) and recorded using a low volume masked quartz
cuvette (1 cm path length). Oligo was diluted to 2.5 pM in buffer at the desired pH
5.5, 5.8 and 7.4 in samples (200 pl) were transferred to a cuvette, covered with a

layer of silicone oil and stoppered to reduce evaporation of the sample.

First Derivative was calculated for every cycle after data was recorded on a Cary
60 UV-Vis spectrometer (Agilent Technologies) equipped with a TC1 Temperature
Controller (Quantum Northwest) using a low volume masked quartz cuvette (1 cm

path length) by dividing the A of absorbance and A of the temperature (AAbs/ AT®)
and then data obtained was formatted to calculated the top ranked value that will

correspond the melting temperature (Tm®) using Microsoft Excel and Origin 2015.

Circular dichroism experiments were recorded on a Jasco J-810
spectropolarimeter under a constant flow of nitrogen using a 1 mm path length
quartz cuvette. In a typical experiment, oligonucleotide was diluted in pH 5.5, pH 5.8
or pH 7.4 buffer to a concentration of 10 uM and 200 pL of the RNA solution was
scanned at room temperature (20°C) between 200 and 320 nm. Data pitch was set
to 0.5 nm and measurements were taken at a scanning speed of 200 nm/min,
response time of 1 s, bandwidth of 2 nm and the 100 mdeg sensitivity; each
spectrum was the average of three scans. Each curve is the average of 3 scans.

Each sample had a scan of the appropriate buffer subtracted from it, the effect of
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dilution corrected and was corrected to zero at 320 nm. The data was analysed

using Microsoft Excel and Origin 2015.

PDB the protein data base or molecule source archiving three-dimensional
structures of proteins, nucleic acids and others biological macromolecules, and
others experimental data (140). In the figures in chapter 1, the B-form DNA, the
RNA and i-motif structures have each one an specific ID that was obtained from
the protein data bank (PDB) available online, and by using UCSF Chimera website
the structure was downloaded by fetching with the specific ID, and then adapted

and saved as an image.
5.2 FOR CHAPTER 2

UV experiments were carry out in a Cary 60 UV-Vis spectrometer (Agilent
Technologies) as it was described in section 5.1. Oligonucleotides from our library
of sequences (Tablel) were diluted either at pH 5.5 or 7.4 buffer to a
concentration of 2.5 uM and 200 pL of sample was scanned. The absorbance of
the oligo was measured at 295 nm as the temperature of the sample was held for
10 min at 4°C then heated to 95°C at a rate of 0.5°C per min, held at 95°C before
the process was reversed; each melting/annealing process was repeated three
times. Data were recorded every 1°C during both melting and annealing and each
point was the average of three scans. Data was analyzed using Microsoft Excel
and Origin 2015. Melting temperatures (Tm) were determined using the first
derivative method. For the thermal difference spectra (TDS) data was calculated
by subtracting the spectrum between 220 and 320 nm of the folded structure at
4°C and the unfolded structure at 95°C, then, data was normalized by setting the

maximum change in the absorption at +1.

CD experiments were carry out in a Jasco J-810 spectropolarimeter as described
in section 5.1. Samples were thermally annealed by heating to 95°C in a heat block
and then, allowed to cool down at room temperature overnight. The sequences were
annealed at pH 5.5. Oligo was diluted to 10 uM (total volume: 200 pl) in buffer at pH
increments of 0.5 pH unit from 4 to 7. The scans were recorded at room temperature
(20°C) between 200 and 320 nm. Data pitch was set to 0.5 nm and measurements
were taken at a scanning speed of 200 nm/min, response time of 1 s, bandwidth of

2 nm and the 100 mdeg sensitivity; each spectrum was the average of three scans.
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Samples containing only buffer were also scanned according to these parameters
to allow for blank subtraction. Each sample had a scan of the appropriate buffer
subtracted from it, the effect of dilution corrected and was corrected to zero at 320
nm. Transitional pH (pHr) for i-motif was calculated from the inflection point of fitted
ellipticity at 200 nm, 288 nm and maxima ellipticity. Final analysis and manipulation

of the data was carried out using Excel/Origin 2015.
5.3 FOR CHAPTER 3

CD experiments were carry out in a Jasco J-810 spectropolarimeter as described
in section 5.1. Samples were thermally annealed by heating to 95°C in a heat block
and then, allowed to cool down at room temperature overnight. Oligo was diluted to
10 uM (total volume: 200 pl) in buffer at pH increments of 0.5 pH unit from 4 to 8
including 5.8 for section 3.2.1, at pH 5.8 with or without PEG 8,000 (40%) for section
3.3.2, and at pH 5.8 at either 100 mM, 800 Mm and PEG 8,000 (20% and 40%) for
section 3.6.2. The scans were recorded at room temperature (20°C) between 200
and 320 nm. Data pitch was set to 0.5 nm and measurements were taken at a
scanning speed of 200 nm/min, response time of 1 s, bandwidth of 2 nm and the
100 mdeg sensitivity; each spectrum was the average of three scans. Samples
containing only buffer were also scanned according to these parameters to allow for
blank subtraction. Each sample had a scan of the appropriate buffer subtracted from
it, the effect of dilution corrected and was corrected to zero at 320 nm. Transitional
pH (pHr) for i-motif was calculated from the inflection point of fitted ellipticity at 200
nm, 275 nm, 288 nm and maxima ellipticity in a sigmoidal curve using Origin.2015.

Final analysis and manipulation of the data was carried out using Excel/Origin 2015.

For the CD-titration with KCI, the oligo was diluted in buffer pH 5.8 containing 10
mM sodium cacodylate and a stock of 3M potassium chloride was used to add small
amounts (1pul) or the equivalent of 17 mM of KCI gradually using a syringe or pipette
and the change in the absorbance was monitored. A sample without any addition of
KCI was used as a control. After every addition, the CD spectrum was recorded.
Transitional pH (pHr) for CD titration with KCI was calculated from the inflection point
of fitted ellipticity at 200 nm and maxima ellipticity, and data was analyzed using
Microsoft Excel and Origin 2015.
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UV experiments were carry out in a Cary 60 UV-Vis spectrometer (Agilent
Technologies) as it was described in section 5.1. Oligonucleotide AT5G was
diluted at pH 5.8 buffer to a concentration of 2.5 uM either 100 or 800 mM or at
205 and 40% PEG 8,000, and 200 pL of sample was scanned. The absorbance of
the oligo was measured at 295 nm as the temperature of the sample was held for
10 min at 4°C then heated to 95°C at a rate of 0.5°C per min, held at 95°C before
the process was reversed; each melting/annealing process was repeated three
times. Data were recorded every 1°C during both melting and annealing and each
point was the average of three scans. Data was analyzed using Microsoft Excel
and Origin 2015. Melting temperatures (Tm) were determined using the first
derivative method. For the thermal difference spectra (TDS) data was calculated
by subtracting the spectrum between 220 and 320 nm of the folded structure at
4°C and the unfolded structure at 95°C, then, data was normalized by setting the

maximum change in the absorption at +1.

Control experiments with pH for the first part of the control experiments using
the UV spectroscopy machine experiments were carry out Cary 60 UV-Vis
spectrometer (Agilent Technologies) as it was described in section 5.1. The pH of
the samples was measured using a calibrated probe before and after the PEG
8,000 was added. For the second part of the control experiments using the heating
block mimicking the 3 cycles of the UV machine samples were prepared with the
following conditions: 50 mM sodium cacodylate, 100 mM KCI, PEG 8,000 at 20%
and 40%. Having 3 conditions, 12 samples were prepared including control
samples to compare data. The same protocol was taken for the samples at 800
mM KCI. The pH of the sodium cacodylate buffers was measured before using a
probe. We also measured the pH for all the samples including control and the 20%
and 40% PEG samples before and after adding the cosolutes. For the first cycle,
samples were exposed to the heating block to reach 95°C, and held for 10
minutes, then, let them cool down at room temperature or 20°C. After samples
were taken out, the pH was measured. Then, samples went to a second heating
cycle to reach 95°C, and let them to cool down at room temperature. Then, they
were taken out to measure the pH. The same procedure was done for all the
samples 3 times, and delta pH was calculated. For the last part of the control

experiments the large stock of buffer solution was prepared or 50 mL of No PEG,

91



Chapter 5: Materials and Methods

20% PEG and 40% PEG, respectively. The pH was measured with a probe for all
of the samples before and after every cycle. Then, all the samples were thermally
annealed by heating in a heat block at 95°C for 5 minutes and cooled slowly to
room temperature overnight. For the first cycle, samples were exposed to the
heating block to reach 95°C, and held for 10 minutes, then, let them cool down at
room temperature or 20°C, then, after samples were taken out, the pH was
measured. Then, samples went to a second heating cycle to reach 95°C, and let
them to cool down at room temperature. Then, they were taken out to measure the
pH. The same procedure was done for all the samples 3 times, and pH was

measured, and delta of pH was calculated.
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Al. UV melting and annealing profiles and the thermal difference spectra for
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A2. The Thermal difference spectra of ChUsz at pH 5.5
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A3. The Circular Dichroism of ChUsz at pH 5.5
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A4. The ellipticity at 200 nm versus pH for all the sequences from our library.
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a sigmoidal graph (a)CiUs, (b)C2Us, (c)CsU3, (d)CaUs (e)CsUs, (f)CsUs.

109



Appendix

~ 0] inflection point=5.6 . 35] Inflection point=5.7
g g
kel © 30
£ 259 £
£ £ 25
c 20 c
8 8 2
N 151 «
T T 15
> P
- 10‘ -
o 5 10
g 5 g
m ; [ ﬁ ; [
40 45 50 55 6.0 65 70 75 40 45 50 55 60 65 70 75
pH pH
i J
45 1 | i int=5.
- inflection point=5.7 845 I
2 40 - 940 e CL0UUU
EW® Ess
£
c 30 g 30 CIUUU inflection point=5.7
§ 25 8 25 C10UUU inflection point=5.7
N
% 20 % 20
215 >15
£ 10 210
Q Q
= 5 . =5
w i w
0 0

40 45 50 55 60 65 7.0 75
pH

40 45 50 55 60 65 7.0
pH

Ellipticity at 200 nm versus pH of 10 uM RNA in sodium cacodylate buffer (10 mM
pH 5.5) and NaCl (100 mM), inflection points were calculated by plotting this data
in a sigmoidal graph (g)C7Us, (h)CgUs (i)CsUs, (j) CoUs and CioUs.

110



Appendix

A5. The ellipticity at 288 nm versus pH for all the sequences from our library.
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A6. The maxima ellipticity versus pH for all the sequences from our library.

)
~3
ol

N
~
~

N
J
w

)
Y]
N

2711

Maxima Ellipticity (nm)

a

No inflection point

270

284

282

280

278

276

Maxima Ellipticity (nm)

274

40 45 50 55 60 65 7.0
pH

inflection point=5.4

SRR

[Ne)
[}
o

o
D
o

240

220

Maxima Ellipticity (nm)

200

40 45 50 55 60 65 7.0
pH
e

inflection point=5.7

40 45 50 55 60 65 7.0
pH

b

)
N N
~ (o)
Ne) o

)
~
o

N
3
o

Maxima Ellipticity (nm
N N
I I
o ~

N
~
~

inflection point: 3.4

N
«©
o

280

N
3
S

260

Maxima Ellipticity (nm)

40 45 50 55 60 65 7.0
pH

inflection point=5.4

250

~nN
[e's]
o

260

N
S
o

Maxima Ellipticity (nm)
N
N
o

nN
o
o

40 45 50 55 60 65 7.0
pH

inflection point="5.6

40 45 50 55 60 65 7.0
pH

Maxima Ellipticity versus pH of 10 uM RNA in sodium cacodylate buffer (10 mM

pH 5.5) and NaCl (100 mM), inflection points were calculated by plotting this data
in a sigmoidal graph (a)CiUs, (b)C2Us, (c)CsU3, (d)CaUs, (e)CsUs, (f)CeUs.
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Maxima Ellipticity versus pH of 10 puM RNA in sodium cacodylate buffer (10 mM
pH 5.5) and NaCl (100 mM), inflection points were calculated by plotting this data
in a sigmoidal graph (g)C7Us, (h)CsUs, (i)CoU3 (j) CoUs and CioUs.
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A7. UV melting and annealing profile at pH 7.4 for CnUs3
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UV melting/annealing profile of 2.5uM RNA in sodium cacodylate buffer (10 mM
pH 7.4) and NaCl (100 mM) (a)C1Us, (b)C2Us, (c)CsUs, (d)CaUs, (e)CsUs, (f)CesUs.
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A8.UV melting/annealing profile AT5G 10 mM buffer pH 5.8 from control

experiment.
a
02 — heatingl
£ ' - coolingl
c \ heating2
§020 \ - cooling2
0 \ heating3
e ling3
£ o1 \\ cooling
2
5
2016 -
<
0.14 : :
0 20 40 60

Temperature (°C)

Absorbancesgg nm
o
&

o
N
o

o
[N}
B

UV melting and annealing profiles of 2.5 uM AT5G RNA and sodium cacodylate
buffer (10 mM pH 5.8) (a) in KCI (100 mM) (b) KCI (800 mM) (c) KCI (100 mM)

and PEG 8,000(40%).
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A9.UV melting/annealing profile AT5G 50 mM buffer pH 5.8.
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A10.UV melting/annealing profile AT5G 50 mM buffer pH 5.8, KCl 100 mM

with large stock buffer.
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UV melting and annealing profiles of 2.5 uM AT5G RNA and sodium cacodylate
buffer (50 mM pH 5.8) (a) no PEG (b) PEG 8,000(20%) (c) PEG 8,000(40%).
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