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1. Abstract

The kink-turn in RNA is a secondary structural motif which produces a tight
kink in the axis of the RNA helix. It exists in a dynamic equilibrium between
the folded and the unfolded state in free solution. The population of the
folded kink-turn species can be increased by the addition of metal ions which
bind to and stabilise the kink-turn structure. Standard kink-turn RNAs differ in
their ability to undergo metal-ion induced folding. For example, the ribosomal
kink-turn, HmKt-7, readily folds into the kinked conformation in metal ions.
The AfboxC/D snoRNA kink-turn, on the other hand, is unable to fold in metal
ions and requires the binding of the L7Ae protein to fold. The reason for this
variation lies in the kink-turn RNA sequence. Certain positions, namely
G1b:A1n and A2b:G2n, are critical for metal ion-induced kink-turn folding and
form the basis for the classification of a RNA sequence as a standard kink-
turn motif. The 3b:3n position has also been identified as being very
important for metal-ion induced folding of kink-turns with different base pairs
providing varying degrees of folding ability. U3b:U3n allows moderate folding
of the modified HmKt-7 kink-turn in the presence of metal ions. The
AfboxC/D kink-turn, which has U3b:U3n, is thus expected to fold. However,
this is not the case leading to this study of other positions in the kink-turn

RNA sequence which could potentially affect its folding.

The -1b:-1n, 3b:3n and 4b:4n positions of the Haloarcula marismortui Kt-7
and Archeoglobus fulgidus box C/D kink-turn RNAs have been studied in this
work. The effect of modifying these positions on the ability of the kink-turns
RNA to fold on the addition of metal ions has been investigated. RNA folding
was studied using the techniques of fluorescence resonance energy transfer
(FRET) and gel electrophoresis. The systematic exchange of sequence
elements between the HmKt-7 and AfboxC/D kink-turn RNAs has revealed
the importance of sequence on kink-turn RNA folding. The -1b:-1n, 3b:3n
and 4b:4n positions all have an additive effect on the folding ability of kink-
turns with the most profound effect exerted by the -1b:-1n position. In
general, HmKt-7 has selected sequence elements that are C-1b:G-1n,
A3b:G3n and C4b:G4n, which promote the metal ion-induced folding of the
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kink-turn. On the other hand, AfboxC/D, despite having the moderate folding
U3b:U3n sequence element, has G4b:C4n and, in particular, G-1b:C-1n
which inhibits the folding of the RNA into the kink-turn structure in metal ions

alone.

Furthermore, the N°-methylation of adenine is a naturally occurring
modification in cellular RNA which is also prevalent in the kink-turn regions of
RNA. Hence, the effect of this modification on kink-turn RNA folding in the
presence of metal ions, as well as the L7Ae protein, was studied by FRET.
Substitutions in the various positions of the HmKt-7 kink-turn RNA sequence
have revealed a differential effect on kink-turn folding. While N°-
methyladenine in the 1n position completely prevents metal ion and protein-
induced folding of the kink-turn, the 2b and 3b positions are more tolerant
although folding is impaired to some extent. These results provide some
valuable insights to the effect that this naturally occurring modification can

have on kink-turn RNA folding should any be found.

On the whole, the folding characteristics of kink-turns as determined by their
sequence, is in adoption to their function. For example, ribosomal and
riboswitch kink-turns have generally selected sequence elements that allow
folding into the kinked conformation in metal ions alone which may be in
accordance to their biological duty requiring free formation of the kink-turn
structure. On the other hand, box C/D snoRNA kink-turns have selected
sequence elements that render them unable to fold in metal ions alone but
requiring the binding of the L7Ae-type protein to fold which is actually the first
step in the assembly of the biologically active box C/D snoRNP complex.
Nevertheless, naturally occurring sequence modifications, such as N°-
adenine methylation, can also alter the folding capability of kink-turns. A
recently found example suggests that the naturally occurring N°-
methyladenine modification in the 1n position of the box C/D kink-turn RNA
sequence can prevent the binding of the 15.5k protein, and hence prevent
the assembly of the box C/D snoRNP complex. Thus, overall, in addition to
sequence determinants, modifications such as N°-adenine methylation can

modulate RNA structure and consequently regulate RNA function.
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2. Introduction

2.1 RNA - In General

Ribonucleic acid (RNA) is a macromolecule found in all living cells. RNA is
vital for cell viability and takes part in various cellular processes. First and
foremost, RNA acts as the intermediate element in the path of genetic
information transmission, known as the central dogma [1]. Deoxyribonucleic
acid (DNA) which contains the genes is transcribed into messenger RNA
(mRNA) in the nucleus of the cell, which is then translated into protein in the
ribosome in the cytoplasm [2]. The RNA transcribed from DNA can also be
non-coding [3] i.e. does not code for proteins. The most prominent example
of non-coding RNA is ribosomal RNA (rRNA) which is a structural component
of ribosomes [4], as well as transfer RNA (tRNA) which mediates the transfer
of the appropriate amino acid to the growing polypeptide chain during

translation [5].

Other non-coding RNAs have also been identified which play vital roles in
cells including the regulation of gene expression. These include ribozymes
which have enzymatic activity [6] catalysing various cellular processes such
as splicing [7]; and riboswitches, found in untranslated regions (UTRs) of
mRNA [8, 9], which can alter conformation in response to external, e.g.
temperature [7], and internal factors, e.g. various metabolites, such as
guanidine [10], to modulate expression of the adjacent gene. Other long non-
coding (Inc) RNA also exist, for example MALAT1 which regulates alternative
splicing [11, 12]. Noncoding small regulatory RNAs (sRNAs) are also
prevalent and include small nuclear RNAs (snRNAs), which in association
with proteins form snRNP complexes, that splice the pre-mRNA into the
mature mRNA [3, 13, 14]; microRNAs (miRNAs) which bind to 3'UTRs of
MRNASs repressing their translation [3, 15]; small interfering RNAs (siRNAs)
which associate with proteins to form siRNP complexes that target the
sequence-specific degradation of mRNA [16-18]; and finally small nucleolar
RNAs (snoRNAs) [19], which can be divided into the box C/D and H/ACA

families [20], which in association with proteins form snoRNP complexes that
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target the site-specific 2’-O-ribose methylation [21] and pseudouridylation
[22, 23] of rRNA, respectively.

Overall, RNA is vital for normal cell functioning as it not only partakes
important roles in the gene expression pathway as a messenger, transfer
and ribosomal RNA, but also regulates gene expression by the means of
controlling splicing, translation, mRNA degradation and rRNA modification.
Defects in RNA can lead to various human diseases including cancer[24, 25]
and heart disease [26, 27]. The proper functioning of RNA is dependent on

its ability to adopt the correct structure.

2.2 RNA Structure

RNA is a polymeric molecule made from building blocks called nucleotides. A
nucleotide comprises of a five-carbon ribose sugar to which is attached a
phosphate group and a nucleobase. There are four types of nucleobase in
RNA — adenine (A), guanine (G), cytosine (C) and uracil (U). These
nucleobases can be divided into two classes: purines (A and G) which have
a double-ringed structure and pyrimidines (C and U) which have a single-
ringed structure. The nucleotides are linked together in varying sequences to
form chains of various lengths. In the chain the 5'-phosphate group of a
nucleotide is coupled to the 3'-hydroxyl group of the ribose of the previous

nucleotide (Fig. 1).

RNA normally exists as a single-stranded molecule [28]. Two single strands
of RNA can hybridise to form double-stranded helical structures [29] which
may result in a secondary structure that is important to the function of the
RNA concerned. Single-stranded RNA molecules can also fold into various
secondary structures which, again, will be important for their correct
functioning. One example of such a secondary structure is the hairpin loop.
This involves the folding of a single RNA molecule which complementarily
base pairs with another section of the same strand resulting in a loop like
structure. The function of the hairpin loop includes to act as a site to bind

proteins, for example to promote the perinuclear localisation of mMRNA of
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=--J—|—-->—?$ 3-end
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Figure 1: The primary structure of an RNA molecule. The primary structure of an RNA
molecule is shown with four nucleotides - A, G, C and U. Also shown is the numbering

system used to number each ringed atom within each base as well as in the ribose.

which it is a part of [30]; and to assemble the viral coat which encapsidates
the hairpin loop-containing viral RNA [31]. Another example of a secondary
structure element is the pseudoknot [32]. The pseudoknot is a complex
structure comprising of two loops and two stems. Basically, one strand from
the stem of a loop extends further and folds back to form intramolecular base
pairs with nucleobases in the loop. This process creates a second loop and
stem. Furthermore, these stems can stack on top of each other forming a
quasi-continuous helix. In general, pseudoknot is a name given to a
structurally diverse group that can vary in the length and number of loops

and stems it forms. Functional roles of pseudoknots include the formation of
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the catalytic core of ribozymes [33] and of self-splicing introns [34]. The
pseudoknot is also a structural component of viral mMRNA and is involved in

ribosomal frameshifting during translation [35].

In this study, we will focus on the kink-turn motif — a secondary structure
element found in double-stranded RNA [36]. Indeed the double-stranded
RNA of which the kink-turn is a part of can be formed by the hybridisation of
two individual RNA strands or alternatively by the self-hybridisation of a
folded single RNA strand.

2.3 The Kink-Turn Structural Motif

The kink-turn, also called k-turn, is a RNA structural motif found in double-
stranded RNA [36] which produces a tight kink in the axis of the RNA
molecule. It is a widespread motif found in many functional RNA molecules
[37]. It was first identified in rRNA when the structure of the 50S ribosomal
subunit was solved [38]. Thereafter, it was found in many of the riboswitches,
including SAM-1 [39], T-box [40], cyclic-diGMP [41] and cobalamine [42],
which adopt structures that can bind ligands with great specificity to control
gene expression. Other than that, the k-turn motif is also found in small
nucleolar RNAs [43-46], e.g. box C/D that forms a RNA-protein complex
which functions to methylate rRNA [21]; and in small nuclear RNAs, e.g. in
the spliceosomal U4 snRNA which is involved in spliceosome assembly [47,
48]. The k-turn motif is also found in the untranslated regions of mRNA [49],
including the above mentioned riboswitches, which regulate the expression
of the adjacent gene. Hence, the k-turn motif is a very common structural
part of various RNA molecules involved in many cellular functions including
ribosome assembly and structure, RNA translation, gene regulation, splicing
and RNA modification. Additionally, putative k-turn forming sequences are
also found in other functional RNA species [37] such as in ribonuclease P
which is a ribozyme involved in tRNA processing [50]. Thus, the diversity of
k-turn containing functional RNA molecules is ever increasing deeming the k-

turn to be a critical secondary structure element in RNA.
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2.4 Classification of Kink-Turns

K-turns can be divided into different classes depending on their sequence
and structure. A simple k-turn is contained within a duplex RNA that has a
central bulge, also called loop, generally comprising three unpaired
nucleotides on the bulged strand followed by tandem G:A and A:G base
pairs. The nomenclature used to label the nucleotide positions in the k-turn
sequence [51] is shown in Figure 2. On folding the k-turn generates a tight

kink in the axis of the RNA molecule.

L1 L2L3

-2b 1b 1b 2b 3b 4b
XXXGAxx

C | NC
3’ —AGXX

-2n-1n Tn2n 3n4n

GAAGAAC

5."
HmKt-7 ||
3 — AGGG
5’ CG U G A U G 4> trans Hoogsteen / Sugar Edge
AfboxCID | | is Wat Crick / Wat Crick
3; AG U C -@- cis Watson-Cric atson-Cric

Figure 2: The nomenclature and sequence of standard kink-turns. The generic
sequence of a standard simple k-turn with the numbering system is shown at the top. The
G:A base pairs are highlighted green while other base pairs in the non-canonical (NC) helix
are grey. The loop is highlighted magenta and the canonical (C) helix yellow. Please note
that this colouring scheme is used throughout this work. The loop nucleotides are
designated Ln where n increases in number from 5 to 3’. The remaining nucleotides are
numbered outwards from the bulge, positive for the NC helix and negative for the C helix.
Nucleotides in the bulged strand take the suffix b while those in the non-bulged strand take

n. The sequences of the standard k-turns HmKt-7 and AfboxC/D are shown.
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The simple k-turn can be divided into standard and non-standard classes
(Fig. 3) [36, 37]. The simple standard k-turn has G:A and A:G base pairs in
the 1b:1n and 2b:2n positions, respectively. The HmKt-7 rRNA and the
AfboxC/D snoRNA are examples of simple standard k-turns (Fig. 2). The
simple non-standard k-turn differs by the means of having a substitution in
one of the G:A pairs. For example, rRNA Kt-23 from both T. thermophilus
and E. coli has A:U in the 2b:2n position although it forms a normal k-turn

structure [52].

e.g. I. tengcongensis SAM-I riboswitch
standard CCGAAGAAA

GG—AGGU
— simple
e.g. T. thermophilus Kt-23

non-
standard GcCCAGAUA

CG— AUGA

k-turns —
e.g. T. thermophilus Kt-11

complex GCGACGACG
- i | (RO |
k-turns CG—— AACC

— complex U

e.g. A. thaliana TPP riboswitch

k-junction CC?L;U U(E&CC

GGg % _éAG G G
C-G

Figure 3: Classification of kink-turns. K-turns can be divided into simple and complex
classes. The simple k-turns can be further divided into standard and non-standard classes
with either the G:A and A:G base pairs in the 1b:1n and 2b:2n positions conserved or
substituted, respectively. The primary sequence of complex k-turns does not map linearly on
to the secondary structure. K-junctions, which are also complex, have a third helix inserted
at the junction of the C and NC helices on the non-bulged strand. An example of each k-turn

type is shown [37].

Other k-turns are regarded as complex (Fig. 3) when the nucleotides
contributing towards the 1b:1n and 2b:2n positions cannot be mapped
linearly onto the primary sequence. Yet the critical nucleotides, especially the
conserved A1n and A2b are located at their normal positions within the
structure, as discussed below. For example, in the primary sequence of T.

thermophilus Kt-11, the 1n and 2n positions are separated by two
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nucleotides one of which is C3n. In this case, the non-bulged strand of the
NC helix doubles back on itself to form an S-turn. Nevertheless, A2b is
placed normally in the k-turn structure where it hydrogen bonds to the -1n
position (see next section) stabilising the kinked conformation. Another class
of complex k-turns has also been identified called the k-junction [53]. In this
case, the non-bulged strand is intercepted by a third helix to form a three-
way helical junction. Nevertheless, the k-turn is normally developed. The
different types of k-turns are summarised in Figure 3. In this study, we will

focus on simple standard k-turns.

2.5 The Structure of a Simple Standard Kink-Turn

The k-turn produces a kink in the axis of the RNA molecule with an included
angle of about 50° between the non-canonical (NC) and canonical (C)
helices (Fig. 4) [36]. The NC helix is positioned to the 3’ side of the loop and
comprises the two critical G:A and A:G base pairs in the 1b:1n and 2b:2n
positions, respectively. The C helix is positioned to the 5’ side of the loop
and, unlike the NC helix, consists of regular Watson-Crick base pairing

throughout.

Figure 4: The overall structure of a standard kink-turn. The structure of a folded k-turn is

displayed showing the strong kink in the axis of the RNA molecule with an angle of 50° [37].
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In the NC helix both of the G:A base pairs in positions 1 and 2 are trans
G(sugar edge):A(Hoogsteen edge) base pairs (Fig. 5) which are normally
connected by two hydrogen bonds - GN2 to AN7 and AN6 to GN3 [37, 54].
The 2b:2n base pair is more variable in the number of hydrogen bonds it
adopts omitting the AN6 to GN3 hydrogen bond in the N1 class k-turn
structures (see next section). Nevertheless, the two G:A pairs and their
hydrogen bonds are critically important for the stabilisation of the folded k-
turn structure such that substitution of the guanine base in either position to
an inosine, which prevents the GN2 to AN7 hydrogen bond from being

formed, inhibits the metal ion-induced folding of the kink-turn [54].

Figure 5: The trans sugar edge-Hoogsteen edge G:A base pair. A. The Hoogsteen,
Watson-Crick and sugar edges of a nucleotide (in this case adenine) are shown. B. The
trans G:A sugar edge (G) to Hoogsteen edge (A) base pair. The dashed lines show the two
hydrogen bonds normally formed by the base pair from the GN2 to AN7 and ANG6 to GN3
[55].

The k-turn conformation is stabilised by a number of interactions (Fig. 6).
Firstly, the 5’ nucleotide of the loop (L1) stacks on to the end of the C helix,
while L2 stacks on to the end of the NC helix [37]. These stacking
interactions stabilise the k-turn structure such that removal of the L1 and L2
nucleobases prevents the metal ion-induced folding into the kinked
conformation (Appendix Fig. 1A, 1B). L3, on the other hand, protrudes away
from the k-turn structure and does not take part in any such stabilising
interaction. Thus, the removal of the L3 nucleobase does not impair the
metal ion-induced folding of the k-turn (Appendix Fig. 1C). Upon folding the
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minor grooves of the C and NC helices are juxtaposed, with the sugar edges
of A1n and A2b directed towards the C helix. Key cross-strand hydrogen
bonding interactions occur at the interface between the C and NC helices
[51, 54, 56]. A-minor interactions [57] form between the adenine nucleobases
and 2’-hydroxyl groups in the backbone of the C helix. The O2’ of the ribose
of L1 donates a hydrogen bond to A1nN1 [37]. The importance of this
hydrogen bond has been investigated by the removal of the O2’ by the
substitution of L1 with the deoxyribose version of the nucleotide [51]. This
completely prevented metal ion-induced folding of HmKt-7. A second critical
hydrogen bond is donated by the -1nO2’ to one of the ringed nitrogen atoms
of A2b [37]. The acceptor can be either N1 or N3, creating two structural
classes into which all k-turns can be divided. A third hydrogen bond
observed in many k-turns is donated by the O2’ of the ribose of L3 to the
proS non-bridging O of the phosphate linking L1 and L2 [37]. Substitution of
L3 with the deoxyribose version of the nucleotide in HmKt-7 resulted in
impaired metal ion-induced folding of the k-turn [51]. Moreover, additional

sequence-dependant hydrogen bonds form adventitiously in particular k-

turns.
[ 11
b -In o > A2b G2n

A \ 4 Y lr

2b 2n 3b 3n
A L 4 i Ar

-3b  -3n 4b 4n

Y Y

5’ 3y 3 5

A C helix NC helix

Figure 6: A-minor interactions in a folded standard kink-turn. A. The schematic of a
standard folded k-turn is shown. The strong kink in the axis of the RNA molecule at the loop
is displayed which directs the A nucleobases of the G:A and A:G base pairs in the 1b:1n and
2b:2n positions towards the C helix where they form critical cross-strand hydrogen bonds

(dashed arrows) with the O2’ of L1 and -1n nucleotides, respectively. The L1 and L2
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nucleotides stack on to the ends of the C and NC helices, respectively [37]. B. The structure
of the folded HmKt-7 is shown with hydrogen bonds as dashed lines. The two key cross-
strand hydrogen bonds are donated by the O2’ of L1 and -1n to the A1nN1 and A2bN3,
respectively. These bonds, along with the bond from O2’ of L3 to the proS O of L1/L2
phosphate, are highlighted in red [37].

2.6 The N1 and N3 Classes of Kink-Turns

The ability of -1n O2’ to donate a hydrogen bond to either the N1 or N3
position of A2b has resulted in the k-turns being split into these two
respective conformational classes (Fig.7). Examples of N3 class k-turns
include the SAM-I [39] and cyclic-diGMP [58] riboswitches, U4 snRNA [47],
HmKt-46 [59] and box C/D snoRNA [44]. N1 class k-turns include the
cobalamine riboswitch [42] and also HmMKt-38 and HmKt-7 [59]. In these two
alternative structural conformations, the rotational setting of the A2b
nucleobase is altered which in turn affects its base pairing with G2n. While
the GN2 to AN7 hydrogen bond is observed in both structural classes for the
2b:2n base pair, the AN6 to GN3 distance is typically >4A in k-turns of the N1
class [37], i.e. there is no hydrogen bond. The N3 or N1 conformation
formed is dependent on the local sequence. The base pair in the 3b:3n
position has been shown to determine which class a k-turn shall adopt [60].
Nevertheless, the environment of the k-turn may also play a role, as the
same sequence in different environments can adopt different conformations
[60]. The major example of this is the simple standard k-turn, HmKt-7, which
adopts an N1 class structure in the ribosome [59]. However, when placed in
SAM-| riboswitch [56] or studied as a simple duplex RNA with or without the
bound L7Ae protein [61], it adopts an N3 class structure. It is possible that
the k-turn exists in a dynamic equilibrium between the two classes in free
solution and it is only in larger complexes like a riboswitch that tertiary

interactions fix it into a certain class.
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Figure 7: The A-minor interaction between the -1n and 2b positions in the N3 and N1
structural classes. The interaction between -1n and the 2b:2n base pair in a typical N3 (A)
and N1 (B) structure is shown. The critical cross-strand hydrogen bond donated by O2’ of
G-1n to N3 (A) or N1 (B) of A2b is shown as a red dashed line. Other hydrogen bonds
formed between -1n and 2b as well as within the 2b:2n base pair are shown as blue dashed
lines. In the N1 structure (B), the distance between A2bN6 and G2nN3 is 4.7A (shown as

magenta dashed line) which is too long to form a hydrogen bond [36].

We have seen how hydrogen bonding differs between the N1 and N3
classes including the absence of the AN6 to GN3 hydrogen bond in the
2b:2n base pair in the N1 class. In HmKt-7, however, another difference in
hydrogen bonding has been observed between the two conformational
classes. In the N1 class, the 2°Os of the ribose rings in the -2n and 3b
positions are hydrogen bonded [37, 51]. However, this interaction is absent
from the N3 class as the distance between the two positions is far too great
to allow a potential hydrogen bond to be formed. This suggests that in the
two classes, the C and NC helices are positioned differently with respect to
each other, i.e. the trajectory of the helices is altered when shifting from one
structural conformation to the other. Undoubtedly, this conformational
difference between the N3 and N1 structures will have implications on the
tertiary interactions that are made by the helices of the k-turn [56].
Conversely, the tertiary interactions may influence the structural class that
the k-turn adopts. This is exemplified by the example of HmKt-7 which, as
described above, prefers to form an N3 structure when as a simple duplex
RNA in free solution, but when in the ribosome it is forced to adopt the N1
structure. In the ribosome, the terminal loop of the helix which contains Kt-7

takes part in a tertiary interaction with a receptor, and the k-turn itself is also
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bound to a protein called L24 [37]. It is possible that either or both of these
interactions switch the conformation of Kt-7 from the N3 to the N1 class

when in the ribosome.

2.7 The Folding of Kink-Turns

In free solution a k-turn sequence-containing RNA duplex exists in a
conformational equilibrium between the folded k-turn state and an extended
structure that resembles a normal three nucleotide bulge in a simple RNA
molecule [62]. In the absence of metal ions and binding proteins, the
equilibrium is biased towards the unfolded state [62, 63]. The equilibrium can
be shifted towards the folded state, i.e. the population of the folded k-turn
species can be increased, in three ways — by the addition of metal ions,

protein or by tertiary interactions.

2.7.1 Metal lon-Induced Folding of Kink-Turns

The addition of metal ions can induce the folding of k-turns [51, 62]. This can
be studied by attaching fluorophores to the 5’-termini of the bulged and non-
bulged strands of the k-turn containing duplex RNA of ~30 base pairs.
Fluorescence resonance energy transfer (FRET) occurs between the
fluorophores from the donor to the acceptor which is measured. The
efficiency of FRET (Errer) depends on the inverse sixth power of the

distance (R) between the fluorophores according to the Foérster equation [64]:

Errer = [1+(R/Ro)°]”

where Rg is the Forster length, which is 56A for the fluorescein donor-Cy3
acceptor pair [65] that is used in this work. Therefore, as the k-turn folds, the
end-to-end distance between the two 5’-terminally attached fluorophores
shortens resulting in an increase in the Erger [62]. The metal ion-induced
folding of the k-turn can be followed by observing the increase in the Egger,
which is measured in the steady-state, as a function of metal ion

concentration. The resulting data are fitted to a two-state process allowing
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the calculation of the apparent binding affinity, cooperativity and the midpoint
ionic concentration at which folding is half-complete ([M"]12). HmKt-7 is an
example of a k-turn that folds well in metal ions exhibited by a large increase
in Errer [51]. Both divalent, e.g. Mg?*, and monovalent, e.g. Na*, ions can be
used to induce k-turn folding but a much higher concentration of the latter is
required. For example, half-complete folding of Kt-7 occurs with [Mg?*]1,2 =
78uM or [Na*]y2 = 30mM [51]. In this study Mg?* ions are used to observe

metal-ion induced folding of k-turns.

The reason for metal ions to be able to induce k-turn folding lies in their
ability to bind to the k-turn structure stabilising it in the process. For example,
crystallisation study of HmKt-7 as a free duplex has revealed a k-turn
structure with two metal ions bound [66]. While one metal ion is coordinated
to the O6 atoms of both G2n and G3n, the second metal ion is coordinated to
only the G3nO6 atom (Fig. 8). Thus, metal ions stabilise the kinked
conformation of HmKt-7 by coordinating to the O6 atoms of G2n and G3n in
the major groove of the NC helix. Hence, in the case of HmKt-7, the G2n and
G3n positions, and in particular their O6 atoms, can be deemed critical for
metal ion-induced folding. This has been further confirmed by comparative
gel electrophoresis [67] wherein the removal of the O6 atom from either of
the two positions, G2n or G3n, in HmKt-7 resulted in less retarded
electrophoretic mobility of the modified k-turn compared to the unmodified k-
turn suggesting the impairment of k-turn folding despite the presence of Mg?*
ions [66]. Thus, overall, both 2b:2n and 3b:3n positions can be regarded as
being important for metal ion-induced folding of k-turns. However, the 2b:2n
position is conserved in all standard k-turns unlike the 3b:3n position [37].
Thus, it is the 3b:3n position that is the critical determinant for the folding of

standard k-turns in metal ions.
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Figure 8: Mg2+ ions bound to the 2n and 3n positions of the kink-turn. A. The overall
structure of the k-turn core with two Mg2+ ions, M1 and M2 (magenta spheres), bound to the
G2n (green) and G3n (grey) positions is shown. B. A closer view reveals M1 coordinated to
the O6 atoms of both G2n and G3n, while M2 is shown to coordinate only to the O6 atom of
G3n [66].

2.71.1 The 3b:3n Sequence Determinant for Kink-Turn

Folding in Metal lons

Base pairs in the 3b:3n position that place a G into the 3n position shall be
preferred for metal ion-induced folding of k-turns due to the ability of G3n to
coordinate metal ions to stabilise the k-turn structure. HmKt-7, as discussed
before, is a good example of this which has A3b:G3n [51, 66]. This
proposition has further been confirmed by FRET experiments of 3b:3n
variants of HmKt-7. Systematic modification of the 3b:3n position with all the
other fifteen possible base pairs has revealed the preference of base pairs
that place a G in the 3n position or, surprisingly, a C in the 3b position [66].
These allow good folding of the k-turn comparable to the unmodified HmKt-7.
The exception to this is the normal Watson-Crick C:G base pair in the 3b:3n
position which prevents folding suggesting the importance of non- Watson-
Crick base pairing in this position. Two other base pairs, A:C and U:U, also
allow moderate folding to occur of the k-turn. All other base pairs in the 3b:3n

position, inhibit the metal ion-induced folding of the k-turn. Thus, in general,
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the 3b:3n grid devised by McPhee et al (Appendix Fig. 2) can be used to

predict the folding of standard k-turns in metal ions.

To test the theory implicated by the 3b:3n grid, the human U4 snRNA k-turn
had been analysed by FRET [66]. The wild-type sequence which has
G3b:C3n showed no increase in Errer upon the addition of Mg** ions, i.e.
was unable to fold. However, the substitution of the 3b:3n position to an A:G
base pair resulted in the Mg?* ion-induced folding of the k-turn comparable to
HmKt-7. Hence, the human U4 snRNA k-turn conforms to the 3b:3n rule.
However, one example of a standard k-turn containing RNA molecule that
does not conform to the 3b:3n rule is the AfboxC/D snoRNA. The AfboxC/D
k-turn sequence has a U:U base pair in the 3b:3n position which, according
to the 3b:3n grid, should allow moderate metal ion-induced folding to occur.
However, this is not the case. No increase in Erget had been observed upon
the addition of Mg®* ions to the AoxC/D k-turn RNA [66] (also this work).
This suggested that, besides 3b:3n, there are other sequence determinants
for the metal ion-induced folding of standard k-turn RNA which are

undiscovered, leading to this work.

2.7.2 Kink-Turn Folding by Tertiary Interactions

Many k-turns are contained within large RNA molecules that fold into
complex structures such as the ribosome. Within these structures, the k-turn
motif mediates tertiary interactions with other parts of the structure,
stabilising the overall structure. Conversely, these tertiary interactions also

stabilise the k-turn in its folded conformation [37, 68].

The SAM-I riboswitch is an example of a simple standard k-turn containing
large RNA molecule wherein the folded k-turn mediates tertiary interactions
that stabilise the overall structure of the riboswitch, and, in the process,
create a S-adenosyl methionine (SAM) ligand binding pocket [39, 69].
Consequently, the SAM-I riboswitch has been used a system to study k-turn
RNA folding by the indirect means of ligand binding due to the direct

connection between folding and binding. Only when the k-turn structure is
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properly folded will the riboswitch adopt the correct structure, and only then
will it bind its ligand. The enthalpy of ligand binding results in heat evolution

that can be detected by isothermal titration calorimetry (ITC) [37].

For example, the A1nC substitution in the k-turn sequence of the SAM-I
riboswitch resulted in no ligand binding [68]. This suggested the impairment
of k-turn folding and subsequently of the riboswitch such that it cannot bind
its ligand. On the other hand, a G2nA substitution in the k-turn sequence of
the SAM-I riboswitch allowed normal ligand binding to occur. Crystallisation
studies have also revealed the G2nA modified SAM-I riboswitch to adopt a
similar structure to the unmodified riboswitch [68], i.e. the k-turn and
consequently the riboswitch structure fold normally despite the G2nA
modification. However, the same G2nA modification in the k-turn RNA as a
simple duplex prevented metal ion-induced folding [68]. Thus, the same k-
turn RNA sequence behaves differently in the two environments. Evidently
the tertiary contacts in the riboswitch provide additional free energy that
stabilises the modified k-turn which otherwise is unable to fold in metal ions

alone.

2.7.3 Kink-Turn Folding by Protein Binding

Many kink-turns act as binding sites for proteins, and in principle the free
energy of binding could be coupled to the RNA folding. This was
demonstrated for the binding of A. fulgidus L7Ae to HmKt-7 [54]. L7Ae is a
widespread family of proteins that bind to k-turns in the ribosome, in
snoRNP, in the spliceosome and even in a ribozyme. AfL7Ae binds to
HmKt-7 with pM affinity, resulting in folding of the k-turn [70].

The L7Ae family of proteins are ubiquitous and are found in all types of
organisms. Examples in eukaryotes and archaea include the proteins L7Ae,
L30e and S12e [71], as well as the human 15.5 kDa (also called 15.5k)
protein [72]. In yeast, examples include the Nhp2 and Snu13p proteins [37,

73]. Bacteria also have analogs, such as the YbxF protein [74]. Each of
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these proteins is capable of binding k-turn containing RNA molecules
although they can be selective in which k-turn sequences they bind. For
example, the binding of AfL7Ae will result in the folding of many k-turns, such
as the HmKt-7 and AfboxC/D k-turns in this work. However, the AfL7Ae
protein is unable to bind to the human Kt-23 and Kt-42 k-turns, leading to no
increase in Errer (Appendix Fig. 3). Interestingly, the difference between
these two sets of sequences lies in the L2 position which is involved in the
protein binding interaction (discussed later). HmKt-7 and AfboxC/D both
have a purine base in the L2 position, the identity of which is A and G,
respectively. The human Kt-23 and Kt-42 k-turns, on the other hand, have
the pyrimidine U in the L2 position of the k-turn sequence. This reveals the k-
turn sequence selectivity of the L7Ae protein. And, overall, this provides a
plausible explanation for the existence of a family of related proteins which
primarily function as k-turn binding proteins but differ with respect to the k-

turn sequence they bind.

Nevertheless, the RNA-protein complex formed upon binding of L7Ae, or a
related protein, to a k-turn containing RNA molecule, can have various
downstream functions. For example, the box C/D and H/ACA snoRNP
complexes, the assemblies of which are initiated by the binding of an L7Ae-
type protein to the k-turn motifs flanking the guide RNA, are involved in the
site-specific 2’-O-methylation and pseudouridylation of rRNA, respectively
[21]. The U3 snoRNP complex also recruits the L7Ae protein and is involved
in the cleavage of pre-rRNA into the mature rRNA [73]. Additionally, the U4-
U6-U5 tri-snRNP complex binds the 15.5k protein to assemble the
spliceosome [47, 72]. L7Ae is also a component of archaeal RNaseP which
is involved in tRNA maturation [75]. Thus, the L7Ae family of proteins play a
number of important roles as a complex with the k-turn containing RNA
molecule, from the assembly of ribosomes and spliceosomes, to the site-

specific modification of RNA.
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2.7.3.1 Binding Interaction between the L7Ae Protein and
Kink-Turn RNA

Various structures of protein bound to k-turn RNA have been determined
including H. marismortui L7Ae-Kt-15 [59]; A. fulgidus L7Ae-boxC/D k-turn
[44]; human 15.5k protein-U4 snRNA k-turn [47]; and AL7Ae-HmMKt-7 [61].
The comparison of all these structures has revealed some common protein
binding interactions which form the basis of the recognition of k-turn

structures by the L7Ae proteins [37].

Proteins bind to the outside of the structure in the major groove of the k-turn
(Fig. 9A). Two sections of the proteins form the binding interface. These are
an a-helix element and a short loop of hydrophobic residues. The a-helix
enters the major groove of the NC RNA helix where its N-terminal end makes
specific contacts with the major groove edges of the G1b and G2n
nucleobases [37]. For example, in the AL7Ae-HmKt-7 complex, glutamate
34 at the N-terminus of the a-helix is hydrogen bonded to G1bN1 in the k-
turn RNA (Fig. 9B). Additionally, the adjacent asparagine 33 is hydrogen
bonded to G2n0O6. Furthermore, G1bO6, which is partially negatively
charged, is positioned close to the axis of the a-helix at the N-terminus such
that it is electrostatically stabilised by the positive pole of the helix dipole,
which is another universal interaction. The C-terminus of the a-helix is
situated close to the non-bulged strand of the NC RNA helix and takes part in
non-specific interactions [37]. Thus, it is the a-helix N-terminus that is
important in the sequence-specific recognition of the core of the k-turn. The
hydrophobic loop caps the L1 and L2 positions of the k-turn RNA making
good Van der Waals interactions that bury 73242 [37]. However, it is the L2
position that makes the maximal contact. In the AfL7Ae-HmKt-7 complex,
isoleucine 88 is situated directly over the L2 position (Fig. 9C), with a similar
interaction found in other complexes. Also, glutamate 89 within the loop
makes a specific hydrogen bond to GL1 N1. Altogether, these binding
interactions allow the specific molecular recognition, and subsequent

binding, of the k-turn structures by the L7Ae proteins.
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Figure 9: Structure of a complex between H. marismortui Kt-7 and A. fulgidus L7Ae. A.
The overall structure of L7Ae (shown in cartoon form) bound to the outer face of Kt-7 in the
major groove. The two RNA binding elements of L7Ae, the a-helix (H) and the hydrophobic
loop (L), are highlighted in blue. B. The interaction of the a-helix with the major groove of the
NC helix is shown with hydrogen bonds as dashed lines. The glutamate (E34) and
asparagine (N33) make specific hydrogen bonds to G1b N1 and G2n O6, respectively. The
lysine (K37) and arginine (R41) make non-specific contacts with the backbone of the NC
helix. The electronegative oxygen G1b O6 is located at the positive pole of the helix dipole of
the a-helix. C. The hydrophobic loop caps the loop region of the k-turn, sitting over the L1
and L2 nucleobases making good Van der Waals contacts. L2 is in direct contact with
isoleucine (188). Glutamate (E89) hydrogen bonds to GL1 N1.[37]

2.7.3.2 Assembly of the Box C/D snoRNP Complex

Box C/D snoRNA is an example of a k-turn containing RNA molecule which
folds into the kinked conformation upon binding of the L7Ae-type protein [44,

66] (also this work). This is the first step in the assembly of the biologically
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active box C/D snoRNP complex which is involved in the site-specific 2’-O-
methylation of rRNA [21, 76-81]. Box C/D snoRNA comprises of a bulged
RNA duplex in which the central 12 nucleotides of each bulged strand
provide the guide sequences which are complementary to the target RNA
molecules that are to be methylated. Thus, the guide sequences hybridise to
the target RNA molecules with specificity. Flanking the guide region at each
end are duplexes that contain the box C/D and box C’/D’ sequences. Both of
these sequences contain the k-turn sequence motif and are able to adopt the

k-turn conformation.

On this snoRNA molecule many proteins assemble to form the snoRNP
complex [82-85]. In the first step an L7Ae-family protein (e.g. 15.5k in
humans), binds to each of the two k-turn sequences stabilising their kinked
conformation. This is followed by the binding of the Nop58 protein to box C/D
and the Nop56 protein to box C'/D’ in humans (Nop5 proteins in archaea).
Lastly, two molecules of the SAM-dependent methyl transferase fibrillarin are
recruited to generate the catalytically-active complex (Fig. 10). Thus, the key
step is the binding of the L7Ae-type protein to the k-turn which initiates the
assembly of the complex. It has been shown that modifications in the k-turn
sequence, that prevent its folding into the kinked conformation, inhibit the
assembly of the complex [83]. For example, mutations in the critically
important G:A and A:G base pairs in the 1b:1n and 2b:2n positions of the k-
turn sequence, respectively, prevent k-turn folding and therefore the binding
of the 15.5k protein to the human box C/D RNA [83]. As a result, the
assembly of the box C/D snoRNP complex is blocked. Interestingly, recent
studies have revealed a naturally occurring modification in human box C/D k-
turn RNA that impairs its folding into the kinked conformation, thus prevents
the binding of the 15.5k protein, which is N°-adenine methylation [55]

(discussed later).



33

c D
—_ o UGA— -_—
—OC—AGL guide ¥ o
o ¢ | |
15.5k WS
> U U K
” U~ U
‘ | ——r '|\:.: fiorillarin | ]
Nop56, Nop58 OB . &’
Fibrillarin U 7 L]\L
target RNA U U
R _\fr,r.‘rrrrn{
[ ] fibrilarin  target NOP58
RNA

Figure 10: Assembly of the human box C/D snoRNP complex. The first step is the
binding of the 15.5k protein to the k-turn sequence motifs in the box C/D and box C'/D’
regions of the snoRNA, to generate the k-turns. Subsequently, the Nop58 and Nop56
proteins bind to the box C/D and box C'/D’ regions, respectively, and two molecules of
fibrillarin are recruited to generate the catalytically active box C/D snoRNP complex. The

guide sequences bind to their complementary target RNA to undergo 2’-O-methylation.

2.8 RNA Modification

Dynamic covalent modification of cellular RNAs is diverse and widespread,
being found in all forms of life [86]. More than 100 modification types are
known to exist in the vast range of native cellular RNAs which include
MmRNAs, tRNAs, rRNAs, snRNAs, and also snoRNAs [55]. These post-
transcriptional modifications of cellular RNAs are catalysed by specific RNA
modification enzymes. Examples of such modifications include
pseudouridylation and methylation. For example, the H/ACA snoRNP
complex recruits a pseudo-U synthetase to carry out the site-specific
pseudouridylation of the target rRNA [22, 23]. Similarly, the box C/D snoRNP
complex recruits a methyl transferase to carry out the site-specific 2'-O-
methylation of the target rRNA [21, 76]. As well as the ribose rings of RNA,
the nucleobases are also modified post-transcriptionally [86]. We will focus
on the methylation of the adenine base at the N® positon — the N°-

methyladenine (m6A) modification (see next section).
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2.8.1 The m6A Modification

N®-methyladenine is the one of the most common modification in RNA [87-
89]. It is found in coding RNA and is the most prevalent modification in
eukaryotic mRNA. It is also found in non-coding RNA, such as tRNA [90] and
rRNA [91]; as well as in other long non-coding (Inc) RNA, such as MALAT1
which is involved in the regulation of alternative splicing [11, 12].
Furthermore, viral RNA has also been found to contain this modification [92,
93]. The m6A modification is also found in snRNA [94] and, interestingly,

has recently been found in snoRNA [55] (discussed later).

The N°-methylation of adenine involves the transfer of a methyl group to the
N® position of the adenine base by the methyltransferase enzyme [95] using
SAM as the methyl donor [96]. The methyltransferase enzyme methylates
the target RNA with specificity. It recognises the core sequence motif of GAC
(70%) or AAC (30%), and catalyses the N°®-methylation of the central A
nucleobase [97, 98]. Interestingly, the box C/D k-turn RNA sequence has the
GAC core sequence motif making it a putative target for the m6A
modification (see next section). The process of N®-adenosine methylation is,
however, reversible wherein the removal of the methyl group is catalysed by
the demethylase enzyme [99, 100]. Together the methyltransferase and
demethylase enzymes modulate the level of m6A modification in RNA. The
deregulation of these enzymes, which leads to abnormal levels of the m6A
modification, has been linked to diseases such as infertility [101], obesity [89,
102] and cancer [103].

The m6A modification in RNA has various downstream functions which are
mediated via the regulation of protein binding. Firstly, the m6A-modified RNA
can act as a site of recognition for methyl-specific binding proteins. For
instance, the m6A-modified mRNA is recognised and bound by the human
YTHDF2 protein which targets its degradation [97]. Thus, the m6A
modification is involved in the regulation of mMRNA stability. However, at the
same time, the m6A modification can control the efficiency of mRNA

translation [104]. In association with the human YTHDF1 protein, the m6A-
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modified mMRNA can interact with the translation machinery to promote the
translation of the mRNA [105]. Overall, by coordinating the processes of
MRNA degradation and translation, the m6A modification provides a way to
regulate gene expression. Secondly, although the m6A modification
mediates the downstream effects of mRNA degradation and translation
promotion via protein binding, it can conversely prevent the interaction of a
RNA binding protein with the m6A-modified RNA by perturbing the local RNA
structure, thus affecting the function of the RNA concerned. The NE-
methylation of A disrupts its frans sugar edge(G)-Hoogsteen edge(A) base
pairing with G [55], which is a critically important structural element of the k-

turn [54] (see next section).

2.8.1.1 Disruption of the trans G(Sugar Edge): A(Hoogsteen
Edge) Base Pair: Implications for the Box C/D Kink-Turn

As discussed previously, the k-turn containing box C/D snoRNA associates
with proteins to form a snoRNP complex which is involved in the 2’-O-
methylation of rRNA [81]. The first key step in the assembly of this complex
is the binding of the L7Ae protein to the k-turn regions of the snoRNA to
stabilise the k-turn conformation of the RNA which, otherwise, is unable to
fold in the absence of protein in metal ions alone [44, 66, 83]. A process that
inhibits the binding of the L7Ae protein to the k-turn RNA shall therefore
prevent the assembly of the complex. Such a process has been identified
which is the N°-methylation of the adenine in the 1n position of the box C/D
k-turn RNA [55].

The box C/D k-turn RNA can potentially have the GAC core sequence motif
in the [2n, 1n,-1n] region which is specifically recognised and methylated by
the methyltransferase enzyme. A1n and G2n positions are conserved in all
standard k-turns [37] so the -1n position is the key to providing the critical
GAC methylation sequence. Bioinformatic data mining has revealed a subset
of human box C/D k-turn sequences that have a G:C base pair in the -1b:-1n
position making them putative targets for the m6A modification at the 1n

position [55]. And, indeed many of these box C/D k-turn sequences are
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naturally found to be methylated at the 1n position with the m6A modification.
Interestingly, A1n forms the critically important trans sugar edge(G)-
Hoogsteen edge(A) base pair with G1b in the k-turn [54], and the m6A
modification has been shown to disrupt this base pairing [55]. Hence, upon
A1n N°-methylation, the disruption of the trans sugar edge(G1b)-Hoogsteen
edge(A1n) base pair leads to the box C/D k-turn RNA being unable to fold
into the kinked conformation and bind the 15.5k protein as revealed by the
FRET and gel electrophoresis experiments [55]. The inability to bind the
15.5k protein shall prevent the further assembly of the box C/D snoRNP
complex [83]. Thus, by preventing the binding of the L7Ae-type protein to the
box C/D k-turn RNA, the N®-methylation of adenine provides a way to
regulate the assembly of the functionally active box C/D snoRNP complex,
which itself is involved in the methylation of RNA, revealing an interesting

series of events.
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3. Aims and Objectives

The 3b:3n base pair can determine the folding ability of k-turn RNA in metal
ions. Based on the 3b:3n grid devised by McPhee et al (Appendix Fig. 2), it is
predicted that k-turns that have the U3b:U3n sequence element can fold to a
moderate degree in metal ions like the 3b:3n=U:U modified HmKt-7 k-turn.
However, this is not the case as exemplified by the AfboxC/D k-turn which
naturally has the U3b:U3n sequence element but fails to undergo metal ion-
induced folding into the kinked conformation. This suggests the existence of
other sequence elements in the k-turn which also influence its folding
properties in metal ions. The comparison of the HmKt-7 and AfboxC/D k-turn
sequences has revealed three other sequence elements that differ between
the two k-turns, other than the 3b:3n base pair, which could potentially affect
the folding properties of the k-turns. These are the -1b:-1n and 4b:4n base
pairs and the loop. Therefore, in addition to the 3b:3n base pair, it is the
effect of these other sequence elements on metal ion-induced k-turn folding

that is studied in this work.

Folding properties in the presence of metal ions of the well folding HmKt-7
and unfolding AfboxC/D k-turns and their variants have been studied in this
work. Folding is primarily studied by the technique of FRET, as well as
comparative gel electrophoresis. The -1b:-1n, 3b:3n, 4b:4n and loop
sequence elements are systematically exchanged between these two k-turns
to determine their effect on k-turn folding in the presence of metal ions.
Initially, one sequence element at a time is exchanged (single modifications)
followed by double and triple modifications, until eventually all four sequence
elements are exchanged converting the HmKt-7 sequence into the AfboxC/D
sequence and vice versa. Expectedly, the systematic substitution of the
HmKt-7 sequence elements with those from AfboxC/D will reduce its folding
ability in metal ions, while replacement of the AfboxC/D sequence elements
with those from HmKt-7 will increase its folding ability. Nevertheless, the
magnitude of effect exerted by each sequence element and its relative

importance in metal ion-induced folding of k-turns will be observable.
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Furthermore, the effect of the N°-methyladenine modification on k-turn
folding is investigated. Adenine nucleobases in the 1n, 2b, 3b and L3
positions of the HmKt-7 k-turn sequence are studied. These positions in the
HmKt-7 k-turn are individually modified to N°-methyladenine and folding in
the presence of metal ions and protein is observed by FRET, to determine
the effect of each position modification on k-turn folding should these

modifications be naturally found to occur in k-turn RNA.
Overall, in this work we seek to answer the following questions:

1. Is the metal ion-induced folding of k-turns in RNA dependant on their
various sequence elements?
2. Does the N°-methyladenine modification in the various positions of the

k-turn affect its folding properties?
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4. Materials and Methods

4.1 RNA Synthesis and Deprotection

The k-turn sequence-containing RNA oligonucleotides were chemically
synthesised using the solid-phase phosphoramidite chemistry [106]
implemented on the Applied Biosystems 394 DNA/RNA synthesiser
machine. The 2’0 -BDMS-protected ribonucleotide phosphoramidites [107]
used for the synthesis of the RNA are summarised in Table 1, along with all
the reagents and consumables used for RNA synthesis and deprotection.
The fluorophores, fluorescein and Cy3, were attached to the 5’ termini of the
oligonucleotides as phosphoramidites in the final cycle of the synthesis, as
required. Oligonucleotides for the FRET and comparative gel electrophoretic
experiments were synthesised using the 0.2umol and 1umol synthesis
columns, respectively. For comparative gel electrophoretic experiments, the
DNA-RNA-DNA species were synthesised by incorporating
deoxyribonucleotides (Table 1) into the oligonucleotide at the required
positions. The sequences of the wild-type H. marismortui Kt-7 and A. fulgidus
box C/D RNA synthesised for use in FRET experiments are detailed in Table
2, as well as the DNA-RNA-DNA sequence for the same unmodified H.
marismortui Kt-7 synthesised for use in the comparative gel electrophoresis

experiment. Modifications were introduced to these sequences as required.

The synthesised oligonucleotides were cleaved off column and base
deprotected by the application of 2mL 25% ethanol/ammonia solution to the
synthesis column for 3h at 20°C. Thereafter, the oligonucleotide samples
were transferred to glass vials with screwed lids. The fluorophore-labelled
oligonucleotides, as well as the DNA-RNA-DNA species, were further
deprotected for 2h at 65°C. After deprotection, the oligonucleotides were
cooled on ice for 10mins, transferred to 2mL eppendorf tubes and, with the
lids opened or pierced, evaporated to dryness overnight by placement in a
SpeedVac. They were re-dissolved in 115uL DMSO to which was added
60uL triethylamine (TEA) and 75uL 1M triethylamine trihydrofluoride (TEA,
3HF) and incubated at 65°C for 2.5h to remove the t-BDMS protecting
groups. Thereafter, the samples were cooled on ice for 10 mins and 250puL



RNA Quenching Buffer was added. The oligonucleotides were then desalted
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by application to NAP-10 columns.

Name

Manufacturer

RNA Phosphoramidites

Pac-A-CE Phosphoramidite (A)
iPr-Pac-G-CE Phosphoramidite (G)
Ac-C-CE Phosphoramidite (C)

U-CE Phosphoramidite (U)

I-CE Phosphoramidite (I)
N6-Methyl-A-CE Phosphoramidite (m6A)
rSpacer CE Phosphoramidite (S)

Link Technologies Ltd.
Link Technologies Ltd.
Link Technologies Ltd.
Link Technologies Ltd.
Glen Research
Glen Research

Berry & Associates

DNA Phosphoramidites

dA(tac) CE Phosphoramidite (A)
dG(tac) CE Phosphoramidite (G)
dC(tac) CE Phosphoramidite (C)
dT CE Phosphoramidite (T)

Proligo Reagents / Sigma-Aldrich
Proligo Reagents / Sigma-Aldrich
Proligo Reagents / Sigma-Aldrich
Proligo Reagents / Sigma-Aldrich

Fluorophores

Cy3 Amidite

5'-Fluorescein-CE Phosphoramidite

GE Healthcare Life Sciences

Link Technologies Ltd.

Synthesis Columns

0.2umol dG™™ 1000A CPG DNA synthesis
column

1umol dmf-dG Synbase™ CPG 1000/110S
ALLFIT Column

Applied Biosystems / Thermo
Fisher Scientific

Link Technologies Ltd.

Synthesis Reagents

ETT Activator (0.5M)

Cap Mix A (Pyridine / Pac-Anhydride)
CapB

Oxidiser 0.02M

Acetonitrile

TCA Deblock

Dichloromethane

Link Technologies Ltd.

Link Technologies Ltd.
Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

Applied Biosystems / Thermo

Fisher Scientific

Deprotection Reagents /

Consumables

Ammonium hydroxide solution

Absolute ethanol

Dimethyl sulfoxide (DMSO)
Triethylamine (TEA)

Triethylamine trihydrofluoride (TEA, 3HF)
RNA Quenching Buffer

NAP-10 columns

Sigma-Aldrich
VWR International
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Glen Research

GE Healthcare Life Sciences

Table 6: Phosphoramidites, reagents and consumables used in the synthesis and

deprotection of oligonucleotides.
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Construct Oligo Sequence (5’ to 3’)

Kt-7 wild-type bulged strand Flu-CCAGUCAGUGGCGAAGAACCAUGUCAGG
FRET Kt-7 wild-type non-bulged strand Cy3-CCUGACAUGGGGAGCCACUGACUGG
Experiment box C/D wild-type bulged strand Flu-CCUCAGUGGGCGUGAUGCAUGUCAUG

box C/D wild-type non-bulged strand | Cy3-CAUGACAUGCUGACCCACUGAGG

Kt-7 wild-type bulged strand CGCAAGCGACAGGAACCTCGCCAGUCAGUGGCGA
Comparative Gel AGAACCAUGUCAGGGGACTGTCAAGTTGAACAGG
Electrophoretic
Experiment Kt-7 wild-type non-bulged strand CCTGTTCAACTTGACAGTCCCCUGACAUGGGGAGC

CACUGACUGGCGAGGTTCCTGTCGCTTGCG

Table 7: Oligonucleotide sequences for wild-type H. marismortui Kt-7 and A. fulgidus
box C/D synthesised for use in FRET and comparative gel electrophoresis

experiments. The DNA sections of the oligonucleotides are underlined.

4.2 Oligonucleotide Purification

The oligonucleotides were purified by gel electrophoresis under denaturing
conditions. The denature gel stock solution comprised of 20% acrylamide:
bis-acrylamide (19:1) (Scientific Laboratory Supplies), as well as 7M urea, in
90mM Tris.borate (pH 8.5) and 10mM EDTA buffer (1X TBE). For pouring
one gel, 500uL 10% APS and 25uL TEMED was added to 60mL of the
denature gel stock solution. The gel was poured and allowed to set for at
least 3h at RT. Thereafter, an equivalent volume of formamide was added to
80ug of the oligonucleotide sample, which was then heated at 95°C for 2mins
then cooled on ice for 5mins. The sample was then loaded into one lane of
the gel. After loading the samples in the gel, electrophoresis was performed
at 25W for ~3h with 1X TBE as the running buffer. Thereafter, nucleic acids
were visualized by UV shadowing and bands corresponding to the full length
products were excised, and electroeluted into 140uL 8M ammonium acetate
in 1X TBE at 150V at RT using the EluTrap equipment. The nucleic acid was

then precipitated with ethanol.
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Fluorophore-labelled oligonucleotides were subjected to further purification
by reversed-phase HPLC on a C18 column (ACE 10-300, Advanced
Chromatography Technologies), using an acetonitrile gradient with an
aqueous phase of 100mM triethylammonium acetate (pH 7.0) (Thermo
Fisher Scientific). The samples collected were evaporated to dryness and re-

suspended in 120uL ultrapure water.

4.3 RNA Hybridisation and Native Gel Purification (for FRET

experiments)

Equimolar quantities of 200pmol of the appropriate oligonucleotides were
annealed in 1X TBE and 25mM NaCl by slow cooling from 95°C to 4°C in a
water bath. Thereafter, the hybridised RNA was kept cold. The hybridised
RNA was purified by gel electrophoresis under non-denaturing conditions.
The native gel solution comprised of 12% acrylamide: bis-acrylamide (29:1)
(Scientific Laboratory Supplies), as well as 25mM NaCl, in 1X TBE. For
pouring one gel, 583pL 10% APS and 29.2uL TEMED was added to 70mL of
the native gel solution. Again, the gel was poured and allowed to set for at
least 3h at RT. Thereafter, 2.5% ficoll was added to the hybrid RNA sample,
which was then loaded into one lane of the gel. After loading the samples in
the gel, electrophoresis was performed at 150V at 4°C for ~ 6 h, with 1X TBE
and 25mM NaCl buffer recirculation. The gel was then visualised by UV
shadowing and bands containing the duplex RNA were excised from the gel
and electroeluted into 140uL 8M ammonium acetate in 0.25X TBE at 100V at
4°C, followed by ethanol precipitation and air-drying at 4°C.

4.4 Fluorescence Resonance Energy Transfer (FRET)

Experiment

The FRET efficiency was measured for a series of RNA duplexes, the H.
marismortui Kt-7 and A. fulgidus box C/D k-turn RNAs and their modified

variants as indicated in the text. These were chemically synthesised and
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terminally 5’-labelled with fluorescein donor on the bulged strand and Cy3
acceptor on the non-bulged strand. The sequences of the unmodified Kt-7
and box C/D, bulged and non-bulged strands, are listed in Table 2. Upon
hybridisation, the Kt-7 and box C/D constructs had NC helices of 13 base
pairs in length and C helices of 12 and 10 base pairs in length, respectively.

The principal of the FRET technique involves the transfer of energy from the
donor to the acceptor fluorophore in relation to the distance between them,
as discussed before. The emission spectrum of the donor overlaps with the
excitation spectrum of the acceptor, hence the wavelengths of light emitted
by the donor are absorbed by the acceptor which is excited, a process which
is inversely proportional to the distance between the fluorophores [64], i.e.
smaller the distance between the fluorophores, the greater the efficiency of
fluorescence resonance energy transfer between them. As the Epgrer
increases upon distance shortening the emission from the donor decreases
due to energy being transferred to the acceptor whose emission increases as
a result. Overall, in the context of k-turns, as the k-turn folds into the kinked
conformation, the end-to-end distance between the 5-terminally attached
fluorophores decreases resulting in greater efficiency of fluorescence
resonance energy transfer from the fluorescein donor to the Cy3 acceptor
[62], which can be observed.

To calculate the Errer, absorption spectra were first measured by re-
suspending the ethanol precipitated hybrid RNA in 120uL 90mM Tris-borate
(pH 8.4) and recording the absorbance in a 50mm path length cuvette using
a NanoDrop 2000c spectrophotometer (Thermo Fisher Scientific).
Fluorescein absorbs at the 490nm wavelength while Cy3 optimally absorbs
at the 547nm wavelength although it has a broad absorption spectrum and
also absorbs the 490nm wavelength of light. The overlapping fluorescein
and Cy3 spectra were de-convoluted using a corresponding RNA species
labelled only with Cy3 in order to obtain the fluorescein absorbance.
Subsequently, the fluorophore absorption ratios, Dasgo/Ass7 and Asgo/Asaz,
were calculated using a MATLAB program.

Secondly, fluorescence spectra were recorded for the hybrid RNA samples,
with a concentration of 20nM in 500uL of 90mM Tris-borate (pH 8.4), at 4°C
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using an SLM-Aminco 8100 fluorimeter. Spectra were corrected for lamp
fluctuations and instrumental variations, and polarization artifacts were
avoided by setting excitation and emission polarizers crossed at 54.7° as
described in [108]. Spectra were obtained with both 490nm and 547nm
excitation wavelengths for the bi-labelled hybrid RNA sample. At the 547nm
wavelength only Cy3 is excited which subsequently emits at the 570nm
wavelength. However, at the 490nm wavelength, both fluorescein and Cy3
are excited hence emit at the 520nm and 570nm wavelengths, respectively.
Moreover, as well as the direct excitation of Cy3 by the 490nm wavelength,
energy is also transferred to Cy3 from the excited fluorescein which also
contributes towards the Cy3 emission. In order to extract the acceptor-only
emission spectrum, the emission spectrum of a corresponding RNA species
labelled only with the fluorescein was also obtained to be ‘subtracted’ from
the emission spectrum of the bi-labelled RNA sample. As such, values of
FRET efficiency were then measured using the acceptor normalization
method [109] implemented in MATLAB, by inputting the corresponding
D4g0/Asa7 and Asgo/As47 values obtained from the absorption spectra.

The Errer was measured in the steady-state after the addition of each Mg?*
ion concentration for a series of Mg?* ion titrations (Table 3) performed on
the k-turn RNA sample to observe it's folding at different Mg®* ion
concentrations. Subsequently, Errer as a function of Mg®* ion concentration
was analysed on the basis of a model in which the fraction of folded
molecules corresponds to a simple two-state model for ion-induced folding
[62], i.e.

Errer = Eo + AErrer . Ka [M@®'1"/(1 + Ka [Mg?1")

where Ejis the FRET efficiency of the RNA in the absence of added metal
ions, AErret is the increase in FRET efficiency at saturating metal ion
concentration, [Mg®*] is the prevailing Mg?* ion concentration, Ka is the
apparent association constant for metal ion binding and n is a Hill coefficient.
Data were fitted to this equation by nonlinear regression. The metal ion
concentration at which the transition is half complete is given by [Mg®‘]i2 =
(1/Ka) " [62].
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In some cases, after the Mg2+ ion titrations, the AfL7Ae protein was added to
the hybrid RNA construct to a final concentration of 1uM, to observe the
protein-induced folding ability. The Erger, after the addition of the L7Ae
protein, was measured as described above.

Titration [MgCI, stock Volume of stock solution added Final sample volume Final [MgCl,]
solution] (ML) (uL)
1 0.1mM 0.501 500.501 0.1uM
2 1mM 0.451 500.952 1uM
3 1mM 2.014 502.966 5uM
4 1mM 2.540 505.506 10puM
5 10mM 1.523 507.029 40uM
6 10mM 1.532 508.561 70puM
7 10mM 1.541 510.102 100puM
8 100mM 1.536 511.638 400pM
9 100mM 1.546 513.184 700uM
10 100mM 1.540 514.724 1mM
1 ™ 2.069 516.793 5mM
12 1™ 2.610 519.403 10mM
13 ™ 21.870 541.273 50mM
14 ™ 30.071 571.344 100mM

Table 8: Mg2+ ion titrations performed on the kink-turn RNA samples for analysis of
metal ion-induced folding ability by FRET. The titrations were performed on the initial
hybrid RNA sample with a concentration of 20nM in 500uL of 90mM Tris-borate (pH 8.4).

4.5 Comparative Gel Electrophoretic (CGE) Experiment

Kink-turn RNA folding in the presence of Mg?* ions was also analysed by the
comparative gel electrophoresis (CGE) experiment. The principle of the CGE
experiment involves the observation of the relative mobility of the k-turn RNA
in the electrophoresed gel which is dependent on the conformation it adopts

according to the equation [67]:
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_Q/K
=2

where u is the mobility of the nucleic acid chain, Q is the effective charge,
§ is the frictional coefficient, hy is the end-to-end length in the direction of the
electric field and L is the contour length. Thus, if a RNA helix becomes
kinked, i.e. the end-to-end distance is reduced; its electrophoretic mobility
will be retarded. Therefore, the more folded the k-turn RNA is into the kinked
conformation, the more retarded is its mobility in the gel. Gel electrophoresis
is performed in native conditions, in the presence of Mg?* ions, to observe

the metal ion-induced folding ability of the k-turn RNA.

The DNA-RNA-DNA species for H. marismortui Kt-7 and its modified variants
were chemically synthesised. The sequences of the unmodified, bulged and
non-bulged, Kt-7 strands are listed in Table 2. The duplex species were
prepared by annealing equimolar quantities of the appropriate
oligonucleotides in 50mM Tris-HCI (pH 8.1) by slow cooling from 95°C to 4°C
in a water bath. Thereafter, 2.5% ficoll was added to the hybridized species
which were then electrophoresed in a 13% acrylamide: bis-acrylamide (29:1)
gel in 90mM Tris.borate (pH 8.4) (1X TB). 2mM MgCl, was also added to the
native gel. 200pmol of the hybrid RNA sample was loaded into one lane of
the gel. After loading samples in the gel, electrophoresis was performed at
120V at 4°C for at least 72h, with recirculation of the 2mM MgCl,-containing
1X TB buffer at >1 litre h™. The gel was stained using SYBR Gold (Life
Technologies), washed in MilliQ water, and visualized on a Typhoon FLA
9500 (GE Healthcare). Gel electrophoresis was also performed in the
presence of 2mM EDTA, in place of 2mM MgCl;, in the gel and buffer. The

components of the gel and buffer are summarised in Table 4.
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Component Volume (for pouring one gel)
Gel (13% acrylamide: bis- 40% acrylamide: bis-acrylamide (29:1) 23mL
Acrylamide (29:1)) (with 10X TB 7mL
2mM MgCI,/EDTA) MilliQ water 40mL
1M MgCl,/ 0.5M EDTA 140uL / 280uL
10% APS 583pL
TEMED 29.2uL
Buffer (1X TB) (with 2mM 10X TB 60mL
MgCI./EDTA) MilliQ water 540mL
1M MgCl,/ 0.5M EDTA 1.2mL / 2.4mL

Table 9: The components of the gel and buffer, with the volumes required, for the

execution of the gel electrophoresis experiment. The 13% acrylamide: bis-acrylamide
(29:1) gel and 1X TB buffer contains 2mM MgCl, or 2mM EDTA for the native or denaturing

gel electrophoresis experiment, respectively.
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5. Results

5.1 The Sequence-Dependent Variance in the Folding
Properties in Mg** lons for the HmKt-7 and AfboxC/D Kink-

Turns

The HmKt-7 k-turn sequence folds well in magnesium ions [51]. The
AfboxC/D k-turn sequence, on the other hand, is unable to fold in
magnesium ions [66]. The 3b:3n position in the k-turn sequence has been
identified as a critical determinant that confers the ability of k-turns to
undergo folding in metal ions. The AfboxC/D k-turn has the U:U base pair in
the 3b:3n position, which in the HmKt-7 context allows moderate folding in
metal ions. Yet the AfboxC/D k-turn exhibits no folding at all in metal ions
[66]. This indicates the presence of other sequence determinants which are
important for conferring metal ion- induced folding of k-turns. Comparison of
the HmKt-7 and AfboxC/D k-turn sequences (Fig. 2) reveals three other
positions that differ between the two, other than 3b:3n, which could
potentially influence their folding properties in Mg2+ ions. These are the -1b:-
1n and 4b:4n positions, as well as the loop. HmKt-7 has a C:G base pair in
both -1b:-1n and 4b:4n positions, while AfboxC/D has a G:C base pair in
those two positions. Also, HmKt-7 has a GAA loop while AfboxC/D has a
CGU loop. Thus, these positions, alongside the 3b:3n position, have been
investigated in this study for their effect on HmKt-7 and AfboxC/D k-turn

folding properties in Mg** ions.

5.2 Systematic Modification of HmKt-7 and AfboxC/D Kink-
Turn Sequences for Analysis of Folding in Mg?* lons by FRET

The folding of HmKt-7 and AfboxC/D k-turn sequences, and their variants, in
response to the addition of Mg?* ions has been investigated. From here on,
the HmKt-7 and AfboxC/D k-turns will be named as the Kt-7 and box C/D k-
turns, respectively. The Kt-7 and box C/D k-turn sequences were chemically

synthesized, introducing modifications to the wild-type sequences as
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required. Box C/D elements were incorporated into the Kt-7 sequence and
vice versa. Initially, the -1b:-1n, 3b:3n, 4b:4n and loop positions were
individually modified. Subsequently, double modifications were introduced
into the k-turn sequences followed by triple modifications, until eventually all
four sequence elements were exchanged between the Kt-7 and box C/D

sequences converting Kt-7 into box C/D and vice versa.

The k-turn RNA synthesized was 5-labelled with fluorophores, with the
fluorescein donor on the bulged strand and Cy3 acceptor on the non-bulged
strand, to allow the observation of k-turn folding in response to the addition of
Mg®* ions by the change in FRET efficiency. If the k-turn RNA folds into the
kinked conformation upon the addition of Mg®* ions or protein (added in
some cases at the end of the magnesium ion titrations to observe protein-
induced folding ability), the end-to-end distance between the fluorophores
decreases resulting in greater efficiency of fluorescence resonance energy
transfer from the donor to the acceptor. Hence, the emission from the
fluorescein donor decreases as energy is transferred to the Cy3 acceptor
whose emission increases correspondingly. The emission spectra, which are
recorded in the steady-state after each magnesium ion titration, are then
used to calculate the Erger using the acceptor normalization method [110].
Subsequently, Errer is plotted as a function of magnesium ion concentration
and fitted to a two-state folding model (see Materials and Methods), in which
an increase in Erget €vidences an increase in the population of the folded k-

turn species.

Initially, the wild-type Kt-7 and box C/D k-turns were analysed for folding in
Mg?* ions using FRET to confirm their folding and non-folding properties,
respectively. The Errer data, as a function of Mg®* ion concentration, for the
unmodified Kt-7 and box C/D k-turns is plotted in Figures 11 and 12,
respectively. After the titrations with the Mg?* ions, 1uM L7Ae protein was
added to the box C/D construct to observe its protein-induced folding ability.
The Ergret value obtained after the addition of L7Ae is also plotted in Figure
12.
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Figure 11: Mg* ion-dependent folding analysis of H. marismortui Kt-7 wild-type by
FRET. The sequence of the wild-type Kt-7 construct used in the FRET experiment is
displayed at the top. Errer (Y-axis) has been plotted as a function of Mg2+ ion concentration

(x-axis) and the curve fitted to the two-state model.

The unmodified Kt-7 folds well into the kinked conformation in the presence
of Mg?* ions shown by the increase in Erger upon titration with Mg®* ions
(Fig. 11), consistent with previous research [51]. The Erger data, as a
function of Mg ion concentration, is well fitted by the two-state folding
model giving a [M92+]1/2 = 110 uM. The final Errer value is 0.49
corresponding to a well-folded k-turn. In this study, the final Eggrer value is
taken as a measure of the extent of metal ion-dependant folding, i.e. the
higher the final Errer value the better the folding of the k-turn. The complete
set of initial and final Erger values for all k-turns studied in this work is
tabulated in Table 1.
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Figure 12: Mg2+ ion and L7Ae protein-dependent folding analysis of A. fulgidus box
C/D wild-type by FRET. The sequence of the wild-type box C/D construct used in the FRET
experiment is displayed at the top. Erret (y-axis) has been plotted as a function of Mg2+ ion
concentration (x-axis) and the curve fitted to the two-state model. After the magnesium ion

titrations, 1uM L7Ae was added and Egrer calculated which is plotted as the red circle.

The unmodified box C/D k-turn is unable to fold into the kinked conformation
in the presence of Mg?* ions as depicted by the absence of increased Ergrer
upon the addition of Mg®* ions (Fig. 12), consistent with previous research
[66]. Comparing the two data sets, the initial Ergrer value of box C/D of ~0.30
is higher than the corresponding value for Kt-7 of 0.21, suggesting a more
kinked conformation for the unfolded state of the box C/D k-turn (discussed
later). Nevertheless, upon the addition of Mg?* ions, the Erger for box C/D
subsequently decreases to a lower final Eprer value of around 0.25.
Generally, final Errer values below 0.30 represent unfolded k-turns while
values above 0.30 are representative of foldable k-turns. Thus, box C/D is
unable to fold in Mg?* ions. However, after the Mg?* ion titrations, the addition
of 1uM L7Ae protein results in a big increase in the final Erger value for box

C/D to 0.63 (Fig. 12, red circle), suggesting the complete folding of box C/D
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into the k-turn conformation. This folding effect of L7Ae is obviously
independent of the presence of Mg®* ions [70] which have no folding effect.
Thus, overall, the box C/D k-turn is able to fold into the kinked conformation
when bound by the L7Ae protein, despite not being able to fold in the

presence of Mg?* ions alone.

Nevertheless, this variation in the folding properties in Mg®* ions of Kt-7 and
box C/D indicates the presence of sequence elements in the k-turns that
determine the conformational response to the addition of metal ions. These
sequence elements, namely the -1b:-1n, 3b:3n, 4b:4n and loop positions,
have therefore been investigated for their effect on the folding properties of
Kt-7 and box C/D in Mg? ions. The systematic modification of these
positions in the Kt-7 and box C/D k-turn sequences and their effect on k-turn

folding properties in Mg®* ions is discussed in the following sections.

5.2.1 The -1b:-1n Position is the Key Sequence Determinant

for Kink-Turn Folding Properties in Mg®* lons

The Kt-7 and box C/D k-turn sequences have C:G and G:C base pairs,
respectively, in the -1b:-1n position. This sequence element was exchanged
between the two k-turn sequences such that the modified Kt-7 and box C/D
k-turns had G:C and C:G base pairs, respectively, in the -1b:-1n position.
The folding properties in Mg®* ions of the modified k-turns were then
analysed by FRET. The Errer data, as a function of Mg?* ion concentration,
for the -1b:-1n modified Kt-7 and box C/D k-turns is plotted in Figures 13 and
14, respectively, alongside the Errer data for the corresponding unmodified

sequences.

Subsequently, further modifications were introduced into the k-turn
sequences at positions 3b:3n, 4b:4n and the loop, incorporating box C/D
sequence elements into the Kt-7 k-turn sequence and vice versa. Initially,
one further position was modified in addition to the -1b:-1n position (double
modification), followed by the subsequent modification of a third position

(triple modification) until eventually all four positions were modified,
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converting Kt-7 to box C/D and vice versa. Folding in response to the
addition of Mg®* ions was analysed for each species using FRET. The final
Erret values for all the Kt-7 and box C/D variant sequences analysed are
plotted in Figure 15 in accordance to the identity of the -1b:-1n position. Note
that while exchange of all four sequence elements effectively interconverts
the two k-turn sequences, e.g. -1b:-1n=C:G + 3b:3n=A:G + 4b:4n=C:G +
L=GAA modified box C/D has a similar sequence to the wild-type Kt-7, the
final Errer values for these k-turns are not identical because of small
differences in the lengths and sequences of the C and NC helices outside
the core k-turn region. The complete sequence of the Kt-7 and box C/D k-

turns used in the FRET experiments is presented in Materials and Methods.
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Figure 13: Mg2+ ion-dependent folding analysis of wild-type and -1b:1n=G:C modified
H. marismortui Kt-7 by FRET. Eger (y-axis) has been plotted as a function of Mg ion
concentration (x-axis) and the curves for the wild-type Kt-7 (black squares) and -1b:-1n=G:C

modified Kt-7 (red circles) are fitted to the two-state model.
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by pink and light blue filled circles, respectively.
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From Figure 13 it is apparent that modification of the -1b:-1n position in Kt-7
to G:C, the corresponding sequence element from box C/D, results in the
impairment of k-turn folding in Mg?* ions. The final Errer value is reduced
from 0.49 to 0.31, converting Kt-7 from a good folding to a weakly folding k-
turn in Mg?* ions. This result clearly reveals the importance of the -1b:-1n
position, whereby conversion from C:G to G:C can strongly impair the folding
ability of the k-turn in Mg** ions. The likewise modification of the -1b:-1n
position in box C/D to C:G results in an increase in Errer with Mg®* ion
concentration as opposed to the decrease in Errer Observed in the wild-type
box C/D species (Fig. 14). The resultant final Erger value is 0.35 showing
that the modified box C/D k-turn undergoes a degree of folding in response
to the addition of metal ions. Thus, modification of the -1b:-1n position from
G:C to C:G can convert a non-folding k-turn into one with some folding ability
in Mg®* ions. Overall, the importance of the -1b:-1n position in k-turn folding
in metal ions is clearly evident with -1b:-1n=C:G promoting the folding of k-

turns in Mg?* ions, while -1b:-1n=G:C represses the folding ability.

Interestingly, -1b:-1n=C:G is the only single modification in the box C/D k-
turn that increases the final Ergrer value to above 0.30, i.e. induces the
folding ability of the k-turn (Fig. 15). All other single modifications in box C/D
still render the k-turn unable to fold. This suggests the -1b:-1n position to be
the most important for determining folding characteristics of k-turns in Mg?*
ions compared to all other positions studied. Nevertheless, the modification
of other positions in box C/D with Kt-7 sequence elements, in addition to the
-1b:-1n position, further increases the final Erret value thus conferring better
folding of the k-turn. This implies that the various positions have an additive
effect on the k-turn folding properties in Mg2+ ions although the largest effect
is exerted by the -1b:-1n position. For example, the box C/D construct with
the -1b:-1n=C:G + 3b:3n=A:G + 4b:4n=C:G modifications has a higher final
ErreT value of 0.48, i.e. it fold wells into the k-turn conformation in M92+ ions,
compared to the final Erret values of 0.43 and 0.35 of the weakly folded -1b:-
1n=C:G + 3b:3n=A:G, and only -1b:-1n=C:G modified box C/D k-turns,
respectively. This suggests that all of the different positions work additively to

promote k-turn folding in Mg?* ions. However, reverting the -1b:-1n=C:G
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modification in this triply modified box C/D construct back to the wild-type -
1b:-1n=G:C reduces the final Errer value to below 0.30, i.e. renders the k-
turn unable to fold in Mg?* ions, confirming the ultimate criticality of the -1b:-
1n position as the major influencer of the folding properties of k-turns in Mg2+
ions. Furthermore, the box C/D construct with the highest final Erret value of
0.61 is modified at all four positions, -1b:-1n, 3b:3n, 4b:4n and the loop, with
the corresponding Kt-7 sequence elements, thus is practically converted into
Kt-7 and also behaves like Kt-7 by completely folding into the kinked
conformation. This confirms the k-turn conformation inducing properties of
the Kt-7 sequence elements, particularly -1b:-1n=C:G, 3b:3n=A:G and
4b:4n=C:G, revealing their additive effect. Generally, this shows the
importance of the various positions in devising the k-turn folding properties in

Mg®* ions although the -1b:-1n position is the most critical.

In Kt-7, on the other hand, the single modification that results in the biggest
reduction in the final Errer value is -1b:-1n=G:C (Fig. 15), again confirming
this position to be the most important for influencing k-turn folding properties
in Mg®* ions. All single modifications in other positions result in a smaller
reduction in the final Erget value. The further modification of other positions,
alongside the -1b:-1n position, results in complete abolishment of k-turn
folding ability in Mg?* ions. This again demonstrates the additive effect of the
various positions in influencing k-turn folding properties in metal ions. In
general, all k-turn sequences that have a C:G in the -1b:-1n position have a
final Errer value of 20.35, i.e. are folded into the kinked conformation in Mg**
ions to some extent if not completely. On the other hand, all k-turn
sequences that have a G:C in the -1b:-1n position have a final Errer value of
<0.32. In this case, most of the k-turns are in the no folding zone with the
exception of two k-turns, including the -1b:-1n=G:C modified Kt-7, which
have very weak folding ability in Mg?* ions. Thus, overall, the -1b:-1n=C:G
sequence element of Kt-7 promotes the folding of k-turns in Mg®* ions while
the -1b:-1n=G:C sequence element of box C/D represses the folding of k-
turns in Mg®" ions. Ultimately, the -1b:-1n position is the most critical
sequence determinant for k-turn folding properties in metal ions and is the

major contributor amongst all positions studied.
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5.2.1.1 The Exocyclic Amine of the G-1n Nucleobase is an
Important Determinant for Kink-Turn Folding Properties in

Mg* lons

The preference of C:G over the G:C base pair in the -1b:-1n position has
been established. The -1n position is known to form key cross-strand
hydrogen bonds with the position 2b that stabilise the k-turn conformation
[56]. The role of the G-1n nucleotide was therefore examined for its effect on
Mg?* ion-induced folding of the k-turn. The exocyclic amine group of the G-
1n nucleobase was removed from Kt-7 by inosine (I) substitution at the -1n
position, and the resultant k-turn was analysed for its folding properties in
Mg?* ions using FRET. The Errer data, as a function of Mg?* ion

concentration, for the G-1nl modified and unmodified Kt-7 k-turns is plotted in

Figure 16.
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Figure 16: Mg* ion-dependent folding analysis of wild-type and G-1nl modified H.
marismortui Kt-7 by FRET. Erger (y-axis) has been plotted as a function of Mg2+ ion
concentration (x-axis) and the curves for the wild-type Kt-7 (black squares) and the G-1nl
modified Kt-7 (red circles) are fitted to the two-state model. The structures of guanosine (G)

and inosine (1) are displayed on the right.
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The removal of the exocyclic amine group from the G-1n nucleobase by the
substitution of guanosine in the -1n position of the Kt-7 k-turn sequence with
inosine, results in the impairment of k-turn folding in Mg?* ions. The final
Ergret value is reduced from 0.49 to 0.38, converting a well folding k-turn into
one with intermediate folding ability in Mg?* ions. This clearly reveals the
importance of the exocyclic amine group in promoting the metal ion-induced
folding of the k-turn possibly due to its involvement the k-turn stabilising A-
minor interaction with the position 2b. Thus, the exocyclic amine group of the
preferred G nucleobase in the -1n position of the k-turn sequence plays an
important role in the stabilisation of the k-turn structure allowing it to

completely fold into the kinked conformation in metal ions alone.

5.2.2 The Loop has a Negligible Effect on Kink-Turn Folding

Properties in Mg?* lons

The loop sequences are GAA and CGU in the Kt-7 and box C/D k-turns,
respectively. The Kt-7 and box C/D loops were exchanged such that the
modified Kt-7 and box C/D k-turns had the CGU and GAA loops,
respectively. These modified k-turns were then analysed for their folding
properties in Mg2+ ions by FRET. The Efrer data, as a function of M92+ ion
concentration, for the loop modified Kt-7 and box C/D k-turns is plotted in
Figures 16 and 17, respectively, alongside the Errer data for the
corresponding unmodified sequences. The subsequent modification of other
positions in the Kt-7 and box C/D k-turn sequences for analysis of their effect
on k-turn folding properties in Mg2+ ions by FRET, has revealed final Errer
values which are plotted in Figure 18 according to the identity of the loop

sequence.



FRET

60

e m Kt7 wt . T eich
1 X @ @ I H¥A
055 e Kt-7LCGU el — 5 — AGGG
1 o0 @
0.50 m us CGAAGAAC
4 * /-—--""I" - 11 i l{! |
5 & [ | 3 —AGGG
0.40 2]
0.35 ® e
4 ¥ @
0.30 4
0.25 4 ’/l
- . o =
0.20 -
1E-8 1E-7 1E-6 1E-5 1E-4 1E-3 0.01 0.1
2
[Mg™]/M

Figure 17: Mg®* ion-dependent folding analysis of wild-type and L=CGU modified H.

marismortui Kt-7 by FRET. Errer (y-axis) has been plotted as a function of Mg ion

concentration (x-axis) and the curves for the wild-type Kt-7 (black squares) and L=CGU

modified Kt-7 (red circles) are fitted to the two-state model.
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Figure 18: Mg®* ion-dependent folding analysis of wild-type and L=GAA modified A.
fulgidus box C/D by FRET. Errer (y-axis) has been plotted as a function of Mg2+ ion
concentration (x-axis) and the curves for the wild-type box C/D (black squares) and L=GAA

modified box C/D (red circles) are fitted to the two-state model.
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increase moving from right to middle of the diagram. Modified Kt-7 and box C/D sequences
are represented by red and blue outlined circles, respectively, with L=GAA and L=CGU

containing sequences represented by pink and light blue filled circles, respectively.
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Modification of Kt-7 with the CGU loop of box C/D results in the higher final
Errer value of 0.56 compared to 0.49 of the unmodified Kt-7 (Fig. 16).
Interestingly, this is the only single modification in Kt-7 that results in the
increase of the final Errer value implying the enhancement of the folding
ability of Kt-7 in Mg®* ions. Nevertheless, the CGU loop also results in the
relatively higher Erret value of 0.33 for the initial state of Kt-7 prior to the
addition of Mg®* ions, compared to the 0.21 initial Errer value for the
unmodified Kt-7. This is consistent with the initial Erret value of around 0.30
for the unmodified box C/D k-turn which also has a CGU loop. Overall, this
suggests that the unfolded k-turn structure, which is assumed to behave like
a simple three nucleotide bulge in a duplex RNA molecule, is more bent with
the CGU loop sequence than with the GAA loop sequence. It has been
previously reported that the extent of kinking by base bulges in double-
stranded RNA is dependent on the sequence of the bulge [111]. The new
data indicates that the CGU loop results in greater kinking of the RNA
molecule in the unfolded state in the absence of Mg** ions, as well as in the

folded state in the presence of Mg®* ions as observed in Kt-7.

Further exchange of positions in Kt-7, in addition to the loop, with sequence
elements from box C/D, result in lower final Ergret values (Fig. 18) suggesting
the impairment of metal ion-dependant k-turn folding. In opposition to the
enhancing properties of the CGU loop, this confirms the repressive
contribution of the box C/D sequence elements, -1b:-1n=G:C, 3b:3n=U:U
and 4b:4n=G:C, towards k-turn folding properties in Mg®* ions, which work
additively. For example, the subsequent modification of the 4b:4n position
with the G:C base pair in the L=CGU modified Kt-7, results in the reduction of
the final Efrer value from 0.56 to 0.39. This final Errer value is further
reduced to 0.36 when the 3b:3n position is additionally modified to U:U
suggesting the additive effect of the various positions on k-turn folding
properties in Mg®* ions. Nevertheless, the -1b:-1n position exerts the greatest
effect since only the -1b:-1n=G:C modification can completely abolish the
folding of the L=CGU modified Kt-7 as dictated by the final Errer value of
<0.30. Thus, modification of the -1b:-1n position from the C:G to the G:C

base pair can convert a completely well folded k-turn into a non-foldable one
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suggesting the utmost criticality of this sequence element in determining the

folding properties of k-turns in metal ions.

The enhancing effect of the CGU loop on k-turn folding in Mg** ions,
however, is not apparent in box C/D which is unable to fold with both the
CGU and GAA loops (Fig. 17). Interestingly, the 3b:3n=A:G modification
promotes the folding of the GAA loop-containing box C/D k-turn although to a
very weak extent as depicted by the final Erret value of 0.32. However, the
same modification still renders the CGU loop-containing box C/D k-turn
unable to fold in Mg®* ions with a final Errer value of <0.30. This suggests
the CGU loop to have a repressive effect on k-turn folding in Mg?* ions, while
the GAA loop has a promotive effect. Similarly, the most well folded box C/D
k-turn is modified with all four Kt-7 sequence elements, -1b:-1n=C:G,
3b:3n=A:G, 4b:4n=C:G as well as L=GAA. In this construct, the reversion of
the loop back to the wild-type CGU loop results in the reduction of the final
Errer value from 0.51 to 0.48, i.e. kink-turn folding is impaired to a slight
extent. This again implies the preference of the GAA loop over the CGU loop

to promote folding of the k-turn.

Overall, the loop can have both promotive and repressive effects on k-turn
folding in metal ions although the magnitude of effect is rather small and
overwhelmed by the effect exerted by the other positions studied. Both CGU
and GAA loop-containing k-turn sequences are found spanning the entire
range of final Errer values (Fig. 18), i.e. both loop sequences are present in
well folded k-turns as well as in non-foldable ones, suggesting that the loop
sequence is not important for influencing the k-turn folding properties in Mg®*

ions and that its effect is rather negligible.

5.2.3 The 3b:3n and 4b:4n Positions have Intermediate
Importance in Conferring Kink-Turn Folding Properties in

Mg* lons

Kt-7 has the 3b:3n=A:G and 4b:4n=C:G sequence elements, while box C/D

has the 3b:3n=U:U and 4b:4n=G:C sequence elements. These sequence
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elements were individually exchanged between the two k-turn sequences
such that the modified Kt-7 k-turn had either the 3b:3n=U:U or 4b:4n=G:C
sequence element, while the modified box C/D k-turn had either the
3b:3n=A:G or 4b:4n=C:G sequence element. These modified Kt-7 and box
C/D k-turns were then analysed for their folding properties in Mg?* ions by
FRET. The Errer data, as a function of Mg®* ion concentration, for the
3b:3n=U:U / 4b:4n=G:C modified Kt-7 and 3b:3n=A:G / 4b:4n=C:G modified
box C/D k-turns is plotted in Figures 19 and 20, respectively, alongside the
Erret data for the corresponding unmodified sequences. Subsequently, other
positions were also modified in these k-turns to determine their effect on the
k-turn folding properties in Mg?* ions. All the variant Kt-7 and box C/D k-turn
sequences were analyzed by FRET and the final Ergrer values obtained are
plotted in Figures 21 and 22 according to the identity of the 3b:3n and 4b:4n

positions, respectively.
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Figure 20: MgZ+ ion-dependent folding analysis of wild-type and 3b:3n=U:U /
4b:4n=G:C modified H. marismortui Kt-7 by FRET. Errer (y-axis) has been plotted as a
function of Mg2+ ion concentration (x-axis) and the curves for the wild-type Kt-7 (black
squares), 3b:3n=U:U modified Kt-7 (red circles) and 4b:4n=G:C modified Kt-7 (blue

triangles) are fitted to the two-state model.
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Figure 21: Mg® ion-dependent folding analysis of wild-type and 3b:3n=A:G /
4b:4n=C:G modified A. fulgidus box C/D by FRET. Egrer (y-axis) has been plotted as a
function of Mg”" ion concentration (x-axis) and the curves for the wild-type box C/D (black
squares), 3b:3n=A:G modified box C/D (red circles) and 4b:4n=C:G modified box C/D (blue

triangles) are fitted to the two-state model.
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Figure 22: Plot of final Efgrer values in accordance to the identity of the 3b:3n position
of the kink-turn sequence for all Kt-7 and box C/D variant sequences analysed by
FRET for folding properties in Mg®* ions. The final Erger values for the Kt-7 and box C/D
sequences are plotted on the left and right halves of the diagram, respectively. The
unmodified Kt-7 and box C/D sequences are shown as red and blue filled circles to the
extreme left and right sides of the diagram, respectively. The number of modifications in the
Kt-7 sequence increase moving from the left to middle of the diagram. Similarly, the number
of modifications in the box C/D sequence increase moving from right to middle of the
diagram. Modified Kt-7 and box C/D sequences are represented by red and blue outlined
circles, respectively, with 3b:3n=A:G and 3b:3n=U:U containing sequences represented by

pink and light blue filled circles, respectively.
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Figure 23: Plot of final Efgrer values in accordance to the identity of the 4b:4n position
of the kink-turn sequence for all Kt-7 and box C/D variant sequences analysed by
FRET for folding properties in Mg®* ions. The final Erger values for the Kt-7 and box C/D
sequences are plotted on the left and right halves of the diagram, respectively. The
unmodified Kt-7 and box C/D sequences are shown as red and blue filled circles to the
extreme left and right sides of the diagram, respectively. The number of modifications in the
Kt-7 sequence increase moving from the left to middle of the diagram. Similarly, the number
of modifications in the box C/D sequence increase moving from right to middle of the
diagram. Modified Kt-7 and box C/D sequences are represented by red and blue outlined
circles, respectively, with 4b:4n=C:G and 4b:4n=C:G containing sequences represented by

pink and light blue filled circles, respectively.
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Modification of the Kt-7 sequence with the 3b:3n=U:U sequence element of
box C/D reduces the final Erret value from 0.49 to 0.38, while modification
with the 4b:4n=G:C sequence element of box C/D reduces the final Eprer
value to 0.41 (Fig.19). Thus, inclusion of the 3b:3n=U:U and 4b:4n=G:C
sequence elements convert a well folding k-turn into one with intermediate
folding ability in Mg?* ions suggesting their repressive effect on k-turn folding
properties in metal ions. In combination, the 3b:3n=U:U and 4b:4n=G:C
sequence modifications further reduce the final Epgrer value of Kt-7 to 0.32
(Fig. 21 and 22) resulting in even weaker folding of the k-turn in Mg?* ions.
This suggests that the 3b:3n and 4b:4n positions work additively to influence

k-turn folding properties in Mg®* ions.

A further example of the additive effect on the k-turn folding properties in
Mg?* ions is revealed by the subsequent modification of the 3b:3n=U:U +
4b:4n=G:C modified Kt-7 sequence with the -1b:-1n=G:C sequence element
which results in complete abolishment of the k-turn folding ability in Mg?* ions
as depicted by the final Errer value of <0.30 (Fig. 21 and 22). The singly
modified Kt-7 with the -1b:-1n=G:C sequence element, on the other hand, is
still able to weakly fold in Mg* ions with a final Errer value of 0.31,
confirming that the -1b:-1n position works in addition to positions 3b:3n and
4b:4n to prevent folding of the triply modified Kt-7 k-turn. Thus, the various
positions have an additive effect on k-turn folding properties in Mg?* ions,
although the strongest effect is exerted by the -1b:-1n position. This is further
shown by the incorporation of the -1b:-1n=G:C sequence element into the
3b:3n=U:U modified Kt-7 and the 4b:4n=G:C modified Kt-7 sequences which
also result in k-turns with no folding ability in Mg®* ions as revealed by the
final Erret values of <0.30. This implies that the folding enhancement effect
of the 4b:4n=C:G and 3b:3n=A:G sequence elements in the two respective k-
turns is overwhelmed by the greater repressive effect of the -1b:-1n=G:C
sequence element. Therefore, the -1b:-1n position can be regarded as being
more important than the 3b:3n and 4b:4n positions in influencing k-turn
folding properties in Mg?* ions. Nevertheless, the 3b:3n and 4b:4n positions
also affect the k-turn folding properties in metal ions, although to a lesser

extent than the -1b:-1n position.
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Similarly, the enhancing effect of the 3b:3n=A:G and 4b:4n=C:G sequence
elements is not apparent in box C/D as the incorporation of these sequence
elements into box C/D still render the k-turns unable to fold in Mg?* ions as
depicted by the decrease in Errer upon titration with Mg?* ions to the final
Erret values of <0.30 (Fig. 20). Again, this is due to the presence of the wild-
type -1b:-1n=G:C sequence element in the box C/D k-turn sequence whose
repressive effect outweighs the promotive effects of the 3b:3n=A:G and
4b:4n=C:G sequence elements. Nevertheless, in the -1b:-1n=G:C modified
box C/D k-turn, the incorporation of the 3b:3n=A:G or 4b:4n=C:G sequence
element increases the final Egrer value from 0.35 to 0.43 or 0.45,
respectively (Fig. 21 and 22). Thus, the weakly folding k-turn is converted
into one with intermediate folding ability in Mg®" ions, confirming the
promotive effect of the 3b:3n=A:G and 4b:4n=C:G sequence elements on k-
turn folding in Mg®* ions. Combined together these modifications further
increase the final Erret value of the triply modified box C/D k-turn to 0.48,
suggesting the better folding of the k-turn. This again confirms the additive

effect of the various positions on k-turn folding properties in Mg?* ions.

On the whole, the 3b:3n=A:G and 4b:4n=C:G sequence element-containing
k-turns span the entire range of final Erger values (Fig. 21 and 22), i.e. the
3b:3n=A:G and 4b:4n=C:G sequence elements are present in both well
folded and non-foldable k-turns. The 3b:3n=U:U and 4b:4n=G:C sequence
elements, however, are only present in k-turns with intermediate or non-
folding ability in Mg?* ions. This suggests that for the complete folding of the
k-turn the 3b:3n=A:G and 4b:4n=C:G sequence elements are necessary,
suggesting their importance in promoting Mg?* ion-induced folding of the k-
turn. However, the presence of the 3b:3n=A:G and 4b:4n=C:G sequence
elements by themselves does not guarantee k-turn folding in Mg?* ions
suggesting their magnitude of effect to be comparatively lower than of the
utmost critical -1b:-1n sequence element. Hence, the 3b:3n and 4b:4n
positions can be regarded as having intermediate importance in

determination of the k-turn folding properties in metal ions.
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5.2.4 The Transition from Kt-7 to box C/D and vice versa: A
Summary of the Additive Effect of the Various Sequence

Elements

The Kt-7 k-turn was converted into the box C/D k-turn, and vice versa, by the
incorporation of the four box C/D sequence elements, -1b:-1n=G:C,
3b:3n=U:U, 4b:4n=G:C and L=CGU, and the four Kt-7 sequence elements, --
1b:-1n=C:G, 3b:3n=A:G, 4b:4n=C:G and L=GAA, into the Kt-7 and box C/D
k-turn sequences, respectively. The sequence elements were introduced one
at a time in the order of least to most significant inKt-7 and vice versa in box
C/D. Each modified Kt-7 and box C/D k-turn was analysed for its folding
properties in Mg?* ions using FRET. The resulting final Errer values for each
modified Kt-7 and box C/D k-turn are plotted in Figures 23A and 24A,
respectively, along with some representative plots of Errer as a function of
Mg?* ion concentration (Figures 23B and 24B). Furthermore, the final Errer
values for all the variant Kt-7 and box C/D k-turn sequences analyzed by
FRET are plotted in Figure 25.
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Figure 24: Transition from the Kt-7 to the box C/D kink-turn sequence. A. A plot of the

final Ergrer values for the Kt-7 k-turn sequences subsequently modified with the box C/D

sequence elements in the order of least to
3b:3n=U:U and -1b:-1n=G:C. B. Egrer (y-axis)

most significant, i.e. L=CGU, 4b:4n=G:C,
has been plotted as a function of Mg ion

concentration (x-axis) and the curves fitted to the two-state model for the wild-type Kt-7
(black squares), 3b:3n=U:U modified Kt-7 (red circles) and 3b:3n=U:U + -1b:-1n=G:C

modified Kt-7 (blue triangles).
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Figure 25: Transition from the box C/D to the Kt-7 kink-turn sequence. A. A plot of the

final Errer values for the box C/D k-turn sequences subsequently modified with the Kt-7

sequence elements in the order of most to least significant, i.e. -1b:-1n=C:G, 3b:3n=A:G,
4b:4n=C:G and L=GAA. B. Errer (y-axis) has been plotted as a function of Mg2+ ion
concentration (x-axis) and the curves fitted to the two-state model for the wild-type box C/D
(black squares), -1b:-1n=C:G modified box C/D (red circles), -1b:-1n=C:G + 3b:3n=A:G
modified box C/D (blue triangles) and -1b:-1n=C:G + 3b:3n=A:G + 4b:4n=C:G + L=GAA
modified box C/D (green triangles).
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Figure 26: Plot of final Ergrer values for all Kt-7 and box C/D variant sequences

analysed by FRET for folding properties in Mg2+ ions. The final Egrer values for the Kt-7

and box C/D sequences are plotted on the left and right halves of the diagram, respectively.

The unmodified Kt-7 and box C/D sequences are shown as red and blue filled circles to the

extreme left and right sides of the diagram, respectively. The number of modifications in the

Kt-7 sequence increase moving from the left to middle of the diagram. Similarly, the number

of modifications in the box C/D sequence increase moving from right to middle of the

diagram. Modified Kt-7 and box C/D sequences are represented by red and blue outlined

circles, respectively.
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The incorporation of box C/D sequence elements into Kt-7 results in the
overall reduction of the final Erger from 0.49 to <0.30 (Fig. 23A), i.e. a well
folding k-turn is converted into one with no folding ability in Mg?* ions. The
successive incorporation of the box C/D sequence elements, 4b:4n=G:C,
3b:3n=U:U and -1b:-1n=G:C, results in the decrement of the final Erger value
showing their repressive effect on k-turn folding in Mg®* ions and that they
work additively to completely prevent folding of the k-turn. The exception is
the L=CGU sequence element which results in a slight increase in the final
Errer value suggesting that it has an enhancing effect on k-turn folding in
Mg2+ ions compared to the L=GAA sequence element. Nevertheless, the
greatest effect is exerted by the -1b:-1n=G:C sequence element, the
incorporation of which leads to the prevention of k-turn folding in M92+ ions.
Moreover, the incorporation of the -1b:-1n=G:C sequence element along with
just one other box C/D sequence element, either 3b:3n=U:U, 4b:4n=G:C or
L=CGU, leads to the complete abolishment of k-turn folding in Mg?* ions (Fig.
25). For example, Figure 23B shows that incorporation of the -1b:-1n=G:C
sequence element into the 3b:3n=U:U modified Kt-7 k-turn reduces the final
Errer value from 0.38 to <0.30, i.e. prevents k-turn folding in Mg®" ions.
Therefore, the magnitude of repressive effect exerted by the -1b:-1n=G:C
sequence element is greater than the promotive effect of the 4b:4n=C:G
sequence element in the context of the Kt-7 sequence. Thus, overall, the -
1b:-1n position exerts the greatest effect on k-turn folding properties in metal

ions and therefore is of utmost importance.

Conversely, the incorporation of Kt-7 sequence elements into the box C/D k-
turn result in an overall increase of the final Erger value from below 0.30 to
0.51 (Fig. 24), i.e. a non-folding k-turn is converted into a completely folded
k-turn in Mg2+ ions. The successive incorporation of the Kt-7 sequence
elements, -1b:-1n=C:G, 3b:3n=A:G, 4b:4n=C:G and L=GAA, result in the
increment of the final Egrer value confirming their promotive effect on k-turn
folding in Mg®* ions and that they work additively to completely fold the k-turn
into the kinked conformation. Interestingly, in this case the GAA loop has a
promotive effect on k-turn folding in Mg2+ ions, as opposed to the promotive

effect of the CGU loop in Kt-7 mentioned above. This suggests that the loop
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can have both small repressive and promotive effects, and is generally not a
significant determinant of the folding characteristics of k-turns in metal ions.
Nevertheless, of the sequence elements exchanged, the greatest effect is
exerted by the -1b:-1n=C:G sequence element which not only results in the
biggest increase in the final Erger value of box C/D, but also is the sole
sequence element which, upon incorporation, can induce folding of the singly
modified box C/D k-turn (Fig. 25). Thus, the -1b:-1n position is the most

critical sequence determinant for k-turn folding properties in metal ions.

Overall, the -1b:-1n, 3b:3n and 4b:4n positions all influence k-turn folding
properties in metal ions. The relatively small and non-definitive effect of the
loop on k-turn folding in Mg®* ions renders it to be rather negligible. On the
other hand, the -1b:-1n position has the most influence on k-turn folding
properties with all the -1b:-1n=C:G sequence element-containing k-turns
folding to some extent in Mg2+ ions, while -1b:-1n=G:C sequence element-
containing k-turns are mostly unable to fold in Mg®* ions. Thus, the -1b:-1n
position is the most critical sequence determinant for k-turn folding properties
in metal ions. The 3b:3n and 4b:4n positions also influence k-turn folding
properties in metal ions although to a lower extent than the -1b:-1n position,
hence have intermediate importance in determining folding characteristics of

k-turns in metal ions.
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-1b,-1n Loop 3b,3n 4b,4n Initial Errer Final Errer +L7he
EFRET
Kt-7 CG GAA AG CG 0.21 0.49 0.63
1 change GC 0.14 0.31
Cl 0.21 0.38
CGU 0.33 0.56
SAA NF 0.45
GSA NF 0.18
GAS 0.24 0.57 0.67
uu 0.23 0.38
GC 0.14 0.41
2 changes GC CGU NF 0.64
GC AAA NF 0.62
GC CAA NF 0.60
GC SAA NF 0.26
GC uu NF 0.62
GC AC NF 0.56
GC UG 0.36 0.50 0.54
GC GC 0.19 0.29
CGU uu 0.28 0.52 0.64
CGU GC 0.25 0.39
uu GC 0.22 0.32
Cl uu 0.27 0.36
3 changes GC CGU GC NF
GC uu GC NF
GC CGU UG 0.28 0.44 0.58
CGU uu GC 0.24 0.36 0.64
4 changes GC CGU uu GC NF 0.58
box C/D GC CGU uu GC NF 0.63
1 change CG 0.31 0.35
GAA NF
AG NF
CG NF
2 changes CG GAA 0.29 0.30
CG AG 0.34 0.43
CG CG 0.37 0.45
GAA AG 0.27 0.32
GAA CG NF
AG CG NF
3 changes CG GAA AG 0.26 0.46 0.56
CG GAA CG 0.36 0.42
CG AG CG 0.40 0.48
4 changes CG GAA AG CG 0.32 0.51 0.61

Table 10: Initial and final FRET efficiencies of H. marismortui Kt-7 and A. fulgidus box
C/D kink-turns and their variants with exchanged sequence elements. The initial and

final Errer values on titration with Mg2+ ions, for Kt-7 and box C/D k-turns in which the -1b:-
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1n, loop, 3b:3n and 4b:4n sequence elements have been exchanged in different
combinations. For some of these constructs, 1uM L7Ae was added after the final addition of
Mg2+ ions and the value of Egrer is tabulated. NF = no folding. | = inosine. S = spacer

(nucleotide with no nucleobase).

5.3 Folding Analysis of the Kt-7 Kink-Turn and its Variants by

Comparative Gel Electrophoresis

The folding properties in Mg2+ ions of unmodified Kt-7 and its variants with
either the -1b:-1n=G:C or L=CGU sequence element or both, were analysed
by the alternative method of polyacrylamide gel electrophoresis. The
electrophoretic mobility of the RNA in the gel depends on the conformation it
adopts (see Materials and Methods). The more bent the k-turn i.e. the more
completely folded the k-turn, the greater the electrophoretic retardation of the
k-turn species in the gel [67]. The constructs used in this method of study
comprise of 65bp DNA/RNA/DNA duplexes which contain a central core of k-
turn-containing RNA. The complete sequences of these duplexes are
presented in Materials and Methods. The samples were electrophoresed in a
13% polyacrylamide gel in non-denaturing conditions in the presence of
either 2mM EDTA or 2mM MgCl,. The gel electrophoresis analysis of Kt-7
and its variants is shown in Figure 26. To provide a reference, a mixture of
two equivalent duplexes containing the A; and A7 bulges in place of the k-
turns were electrophoresed alongside the Kt-7 samples. The A7 bulge kinks
the axis of the helix in a manner similar to that of a well folded k-turn, while

the Az bulge results in a smaller kink that is similar to an unfolded k-turn.
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Figure 27: Analysis of the Mg®* ion-dependent folding of H. marismortui Kt-7 and its
variants by gel electrophoresis. The 65bp DNA/RNA/DNA duplexes with centrally located
k-turn-containing RNA regions were electrophoresed in a 13% polyacrylamide gel in the
presence of A. 2mM EDTA or B. 2mM Mg2+ ions. For reference, two equivalent duplexes, in
which the k-turns were replaced by the A; or A; bulges, were mixed and electrophoresed in
lane 1. Lane 2 contains a Kt-7 variant in which the three G:A base pairs have been changed
to Watson-Crick G:C base pairs by the substitutions of A1nC, A2bC and A3bC. Lanes 3 to 6
contain Kt-7 and its variants modified with sequence elements taken from the Af boxC/D k-
turn. Lane 3 is the wild-type Kt-7; lane 4 is the L=CGU modified Kt-7; lane 5 is the -1b:-
1n=G:C modified Kt-7; and lane 6 is the -1b:-1n=G:C + L=CGU modified Kt-7.

A Kt-7 variant with Watson-Crick base pairs in positions 1, 2 and 3 (A1nC,
A2bC and A3bC, i.e. this is a simple 3-nucleotide bulge) co-migrates with the
As bulge in gels electrophoresed in both EDTA (Fig. 26A, lane 2) and Mg**
ions (Fig. 26B, lane 2). This suggests that this Kt-7 variant is unable to fold
into the kinked conformation even in the presence of Mg?* ions and behaves
like a simple three nucleotide bulge-containing RNA molecule. Certainly, this
is consistent with the requirement of frans G(sugar edge):A(Hoogsteen edge)
base pairs in positions 1 and 2 of the NC helix to determine a standard k-turn

structural motif with the ability to undergo metal ion-induced folding into the
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kinked conformation[37, 54]. Also, the requirement of a non-Watson-Crick
base pair in the 3b:3n position to induce folding in the presence of MgZ+
ions[66] has previously been explored. Thus, the Watson-Crick base pairs in

positions 1, 2 and 3 render this Kt-7 variant unable to fold in Mg®* ions.

The wild-type Kt-7 k-turn co-migrates with the Az bulge and the A7 bulge in
the absence of metal ions (Fig. 26A, lane 3) and presence of metal ions (Fig.
26B, lane 3), respectively. This implies that the unmodified Kt-7 k-turn is
unable to fold in the absence of Mg?* ions but does fold well into the kinked
conformation in the presence of Mg?* ions, consistent with the FRET results.
Modifying the loop of Kt-7 to CGU results in greater electrophoretic
retardation than the unmodified Kt-7 in the presence of both EDTA (Fig. 26A,
lane 4) and Mg®* ions (Fig. 26B, lane 4). However, the magnitude of
retardation is much greater in the presence of EDTA than in the presence of
Mg®* ions in which there is only slightly more retardation. This implies that
the L=CGU modified Kt-7 has a more bent structure than the unmodified Kt-7
in the unfolded state in the absence of Mg®* ions, consistent with the higher
initial Errer value of the L=CGU modified Kt-7 compared to the unmodified k-
turn (Fig. 16). Furthermore, the small increase in the final Ergrer value of the
L=CGU modified Kt-7 compared to the unmodified Kt-7 (Fig. 16) supports the
slightly greater electrophoretic retardation of the L=CGU modified Kt-7 in the
presence of Mg®" ions. Again, this implies the small positive effect of the

CGU loop on k-turn folding in Mg®* ions although to a very small extent.

The folding of the -1b:-1n=G:C modified Kt-7 in the presence of Mg** ions is
severely diminished, with a migration intermediate between the unmodified
Kt-7 and the Aj bulge (Fig. 26B, lane 5). This implies that the -1b:-1n=G:C
modified Kt-7 does fold to some extent in Mg®* ions but not completely like
the wild-type Kt-7, consistent with the FRET results (Fig. 13). Similarly, the -
1b:-1n=G:C + L=CGU modified Kt-7 has lower electrophoretic retardation
compared to both the wild-type Kt-7 and the -1b:-1n=G:C modified Kt-7, in
the presence of Mg?* ions (Fig. 26B, lane 6). This again implies the
impairment of k-turn folding in Mg®* ions, consistent with the FRET results.
On the other hand, the -1b:-1n=G:C + L=CGU modified Kt-7 has greater
electrophoretic retardation than the wild-type and the -1b:-1n=G:C modified
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Kt-7 in the presence of EDTA (Fig. 26A, lane 6). This construct migrates with
the L=CGU modified Kt-7 suggesting a similarly more bent structure of the k-
turn in the unfolded state in the absence of Mg®" ions. Again, this is due to
the presence of CGU loop in the k-turn sequence which, in the unfolded
state, produces a greater kink in the axis of the RNA molecule than the GAA

loop.

Overall, it can be stated that wild-type Kt-7 and its variants are unfolded in
the absence of Mg?* ions. However, the CGU loop-containing k-turns are
more bent in the unfolded state than the GAA loop-containing k-turns.
Nevertheless, -1b:-1n=C:G sequence element-containing k-turns undergo
complete Mg®* ion-induced folding into the kinked conformation irrespective
of the identity of the loop. This implies that the -1b:-1n=C:G sequence
element promotes Mg®* ion-induced folding of the k-turn and that its effect is
much greater in magnitude than that of the loop. On the other hand, the -1b:-
1n=G:C sequence element-containing k-turns undergo limited Mg®" ion-
induced folding into the k-turn conformation. This implies the repressive
effect of the -1b:-1n=G:C sequence element on k-turn folding properties in
Mg2+ ions. Thus, on the whole, in opposition to the negligible loop, the -1b:-
1n position is a key sequence determinant for k-turn folding properties in

metal ions.

5.4 The Effect of the N®-methyladenine Modification on Kt-7
Folding Properties Analysed by FRET

The adenine nucleobases in positions 1n, 2b, 3b, as well as L3, in the Kt-7 k-
turn sequence were individually substituted by N°-methyladenine (m6A). The
modified k-turns were then analysed for their folding properties in Mg?* ions
using FRET. The Erger data, as a function of Mg2+ ion concentration, for the
modified Kt-7 k-turns is plotted in Figure 27, alongside the Erret data for the
unmodified Kt-7 k-turn. After the final addition of Mg?* ions, 1uM L7Ae
protein was added to the k-turn RNA to observe its protein-induced folding

ability. The Erret value obtained after the addition of L7Ae to each construct,
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as well as the initial and final Errer values observed with the Mg®* ion

titrations, is listed in Table 2.
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Figure 28: MgZ+ ion-dependent folding analysis of wild-type H. marismortui Kt-7 and
its Ne-methyladenine modified variants by FRET. Erre7 (y-axis) has been plotted as a
function of Mg2+ ion concentration (x-axis) and the data for the wild-type Kt-7 (black
squares), L3:m6A modified Kt-7 (red circles), 1n:m6A modified Kt-7 (green triangles),
2b:m6A modified Kt-7 (blue triangles) and 3b:m6A modified Kt-7 (pink triangles) are fitted to

the two-state model. The structure of m6A is displayed on the right.

Initial Erret Final Erger + L7Ae Erret
Kt-7 wt 0.21 0.49 0.63
Kt-7 1n:m6A NF 0.39
Kt-7 2b:m6A 0.20 0.44 0.62
Kt-7 3b:m6A NF 0.67
Kt-7 L3:m6A 0.19 0.48 0.62

Table 11: FRET analysis of Mg®* ion and L7Ae protein-dependent folding of the wild-
type H. marismortui Kt-7 kink-turn and its NG-methyIadenine modified variants. The

initial and final Erget values obtained on titration with Mg2+ ions, as well as the Erret value
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obtained after the addition of 1uM L7Ae, are tabulated for the unmodified Kt-7 k-turn and for
the various Kt-7 k-turns modified with the N°-methyladenine substitution at positions 1n, 2b,
3b and L3. NF = no folding.

The N°-methylation of the adenine in position L3 of Kt-7 leads to no change
in the k-turn folding properties relative to the unmodified Kt-7 k-turn. The
L3:m6A modified and unmodified constructs fold similarly well in Mg®* ions
with final Erret values of 0.49 and 0.48, respectively (Fig. 26). This suggests
that the m6A modification of the L3 nucleobase does not perturb the k-turn’s
folding ability which is consistent with the non-involvement of the L3
nucleobase in any k-turn stabilizing interactions (Fig. 6) making this position
tolerant of any modifications. This is further confirmed by the complete
removal of the nucleobase from the L3 position of the Kt-7 k-turn sequence
which, also, still allows the construct to undergo Mg?* ion-induced folding into
the kinked conformation similar to the unmodified Kt-7, as observed by FRET
(Appendix Fig. 1C). Furthermore, the protein-induced folding ability is also
not perturbed by the L3:m6A modification as revealed by the Erger value of
0.62 obtained upon L7Ae binding, comparable to the 0.63 Erret value of the
unmodified Kt-7 (Table 2). Thus, overall, the N6-methylation of the L3:A

nucleobase does not affect the folding properties of the k-turn.

On the other hand, the N°®-methylation of the adenine in the 1n position of Kt-
7 results in complete abolishment of k-turn folding ability in Mg?* ions as
revealed by the reduction of the final Erger value from 0.49 to <0.30 (Fig.
26). Furthermore, the L7Ae protein-induced folding ability is also impaired as
depicted by the decrease in the Errer value, obtained upon addition of 1uM
L7Ae, from 0.63 to 0.39 (Table 2). This clearly suggests the strongly
perturbing effect of the m6A modification of the A1n nucleobase which not
only converts a well folded k-turn into one with no folding ability in Mg®* ions,
but also impairs its protein-induced folding ability. Thus, this 1n modification

has a marked effect on the k-turn folding properties.

Similarly, the N°-methylation of the adenine in the 3b position of Kt-7 also
results in complete abolishment of k-turn folding ability in Mg®* ions as
revealed by the reduction of the final Ergrer value from 0.49 to <0.30 (Fig.

26), converting a well folded k-turn into one with no folding ability in Mg**
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ions. However, in this case, the protein-induced folding ability is not affected
as the 3b:m6A modified construct folds just as well with an Egrger value of
0.67 upon L7Ae binding, comparable to the 0.63 Erger value of the
unmodified construct (Table 2). Thus, the 3b:m6A modification strongly
affects the Mg®* ion-induced folding ability of the k-turn but not the protein-
induced folding ability. Therefore, this 3b modification has implications for k-

turn folding properties in metal ions alone.

The N°-methylation of the adenine in the 2b position of Kt-7 has a rather
smaller effect on Mg?* ion-induced folding ability. The final Errer value is
reduced from 0.49 to 0.44 (Fig. 26), suggesting only slight impairment of k-
turn folding in Mg®* ions. The protein-induced folding ability is also not
affected with an Erret value of 0.62 depicted upon L7Ae binding, comparable
to the 0.63 Errer value of the unmodified construct (Table 2). Thus, the m6A
modification of the A2b nucleobase only slightly affects the k-turn folding
properties in metal ions, while the protein-induced folding ability remains
unaffected. This implies the little significance of this modification in the 2b

position of the k-turn sequence on determination of k-turn folding properties.

Overall, the m6A modification has a variable effect on k-turn folding
properties dependent on its location in the k-turn sequence. In the L3 and 2b
positions this modification is tolerated resulting in little or no influence on k-
turn folding properties in M92+ ions. In the 1n and 3b positions, however, the
m6A modification results in complete prevention of k-turn folding in Mg®*
ions. Thus, in these two positions, the m6A modification exerts a strong
detrimental effect on k-turn folding properties in metal ions. Nevertheless, it
is in the 1n position that the m6A modification exerts its maximal effect on k-
turn folding properties, with neither metal ion-dependent or protein-induced
folding occurring. By contrast, the protein-induced folding ability remains
unaffected for the m6A modification in the 3b position, as well as in the L3
and 2b positions. Thus, overall, this variable effect of the m6A modification
renders the 1n position of the k-turn sequence to be the most influential for
general k-turn folding properties upon N°-adenine methylation, while the 3b
position has implications for k-turn folding properties in metal ions alone, as

opposed to the rather non-significant L3 and 2b positions.
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6. Discussion

The ability of the ribosomal HmKt-7 k-turn to fold in metal ions, and the
inability of the AfboxC/D snoRNA k-turn to fold in metal ions, has revealed
the existence of sequence elements that influence the folding properties of k-
turns. The 3b:3n has previously been identified as a critical determinant of
metal ion-induced k-turn folding. However, the U3b:U3n sequence element
of the AfboxC/D k-turn allowed moderate metal ion-induced folding of the
3b:3n=U:U modified HmKt-7. This indicated the existence of sequence
elements, other than 3b:3n, which also affect the folding properties of k-turns
in metal ions. The comparison of the HmKt-7 and AfoxC/D k-turn
sequences revealed three other sequence elements that differed between
the two k-turns, which could potentially affect their folding properties. These
were the -1b:-1n and 4b:4n positions, as well as the loop. The exchange of
these sequence elements between the HmKt-7 and AfoxC/D k-turns has
revealed their relative importance for the determination of standard k-turn
folding properties in response to the addition of metal ions. While the loop
has a negligible effect, the -1b:-1n, 3b:3n and 4b:4n positions all affect the k-
turn folding properties in an approximately additive manner. However, the
largest effect is exerted by the -1b:-1n position, which is the major contributor
amongst all positions studied, towards k-turn folding properties in Mg?* ions.
Hence, between the two k-turns that are compared, the -1b:-1n position is
the most critical sequence determinant for k-turn folding properties in metal
ions, while the 3b:3n and 4b:4n positions have intermediate importance for
influencing k-turn folding. Note that this conclusion is based on the study of

only two alternative sequence elements in each of the positions.

Interestingly, HmKt-7 has selected sequence elements, C-1b:G-1n, A3b:G3n
and C4b:G4n, which induce the folding of the k-turn in metal ions. The C-
1b:G-1n and C4b:G4n sequence elements, as well as the G3n sequence
element which coordinates Mg?* ions to stabilise the k-turn conformation
[66], are strongly conserved in all bacterial Kt-7 sequences and more
generally in ribosomal k-turns [112]. This may reflect their biological

requirement for the formation of the k-turn structure in metal ions alone, for
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the unhindered assembly of the ribosome. Indeed within the ribosome HmKt-
7 binds the L24 protein [37] but surely this is not necessary to fold the k-turn.
Rather, the L24 protein probably binds to the folded k-turn structure to
accomplish the subsequent assembly of the ribosome.

Similarly to ribosomes, a number of riboswitches also recruit k-turns as
structural elements. For these there is no known binding protein, so they
must be able to fold in metal ions alone. Therefore, these will require
sequence elements that allow folding into the kinked conformation in metal
ions alone, for the unhindered assembly of the riboswitch. For example, the
SAM-I riboswitch k-turn has strongly conserved the A3b:G3n and C-1b:G-1n
sequence elements [66, 112] which promote the metal ion-induced folding of
the k-turn. Hence, the SAM-I riboswitch k-turn has a strong tendency to
undergo folding into the kinked conformation in metal ions alone. This clearly
is a requirement of the SAM-I riboswitch k-turn and is consistent with the
absence of any known protein that binds to this riboswitch. Thus, in general,
riboswitch k-turns can fold into the kinked conformation, in the absence of
proteins, in metal ions alone by the selection of the appropriate sequence

elements.

The AmoxC/D k-turn, on the other hand, has selected sequence elements,
G-1b:C-1n, U3b:U3n and G4b:C4n, which do not facilitate k-turn folding in
metal ions. The U3b:U3n and G4b:C4n sequence elements are strongly
conserved in all archaeal and human box C/D k-turns [55, 112]. However,
the G-1b:C-1n sequence element is less conserved with the C:G base pair
predominantly found in the -1b:-1n position of the box C/D k-turn sequence.
Nevertheless, the combination of the C-1b:G-1n sequence element with the
U3b:U3n and G4b:C4n sequence elements still results in the very poor
folding of the k-turn in metal ions (Table 1). Thus, the AfoxC/D k-turn is
unable to fold in metal ions alone and requires the binding of the L7Ae-type
protein to assist folding into the kinked conformation. This again may have
biological significance such that free formation of the k-turn structure may not
be necessary, but rather folding into the kinked conformation shall take place

upon binding of the L7Ae-type protein, the recruitment of which is actually
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the first crucial step in the assembly of the biologically active box C/D

snoRNP complex [83].

While the effect of only two base pairs in each of the -1b:-1n, 3b:3n and
4b:4n positions has been studied (i.e. those found in HmKt-7 and AfboxC/D),
surely there will exist other base pairs in these various positions. For
example, in the standard k-turns, H. marismortui ribosomal Kt-46 has a G:U
base pair in the 4b:4n position, H. sapiens U4 Kt has a G:C base pair in the
3b:3n position, and B. subtilis T-box riboswitch k-turn has a U:A base pair in
the -1b:-1n position. It would be interesting to investigate how these other
base pairs fare towards k-turn folding properties in metal ions. The effect of
all sixteen possible base pair compositions in the 3b:3n position of HmKt-7
on folding properties in Mg?* ions has previously been extensively studied
[66] (Appendix Fig. 2). From our study, the well folding and intermediately
folding, 3b:3n=A:G and 3b:3n=U:U sequence element-containing Kt-7 k-
turns, respectively, are consistent with this previous research. A similar
extensive study of the -1b:-1n and 4b:4n positions could provide a valuable
insight into the effect of the various base pairs in these two positions on the
k-turn’s folding properties in metal ions, thus providing a stronger predictive

tool for standard k-turn folding in metal ions.

By far, the -1b:-1n position has been identified as the most critical sequence
determinant for k-turn folding properties in metal ions. The reason for this
criticality lies in the role of the -1n position to form key k-turn stabilising A-
minor interactions with the position A2b. Evidently, the preference of C-1b:G-
1n, that facilitates metal ion-induced folding, over the G-1b:C-1n sequence
element (that suppresses it), suggests the ability of C-1b:G-1n to form a
stronger A-minor interaction with the position A2b than the G-1b:C-1n
sequence element. In particular, the impairment of k-turn folding in Mg®* ions
upon removal of the exocyclic amine group from the G-1n nucleobase
suggests the involvement of this exocyclic amine group in the formation of
the stronger A-minor interaction. Figure 29 shows that the exocyclic amine of
G-1n forms an additional, k-turn stabilising, cross-strand hydrogen bond with
A2b in the core of the k-turn. The N2 atom of the G-1n nucleobase forms a
hydrogen bond with the O2’" atom of A2b, in addition to the hydrogen bond
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formed between O2' atom of G-1n and the A2b nucleobase, which is also
formed by the C nucleotide in the -1n position when there is a G:C base pair
in the -1b:-1n position. Thus, upon removal of the exocyclic amine group
from the G-1n nucleobase, the relative hydrogen bond is disrupted
weakening the A-minor interaction to a similar extent as to the G-1b:C-1n
sequence element, hence the k-turn structure is destabilised. Therefore, the
preference of the C:G base pair in the -1b:-1n position can be attributed to
the ability of the G-1n nucleobase to form an additional cross-strand
hydrogen bond with A2b and, therefore, a stronger k-turn stabilising A-minor

interaction.

Figure 29: The A-minor interaction of G-1n with A2b in H. marismortui Kt-7. The two
cross-strand hydrogen bonds are coloured red. One hydrogen bond is donated by the 02’
atom of G-1n ribose to the N3 atom of the A2b nucleobase. The second hydrogen bond is

formed between the N2 atom of G-1n nucleobase and the O2’ atom of the A2b ribose.

While the base pair composition of the various positions in the k-turn
sequence can affect k-turn folding properties in metal ions, the NE-
methylation of the A nucleobase has also been shown to affect the Mg?* ion-
induced folding of the standard Kt-7 k-turn. While, N®-adenine methylation in
positions L3 and 2b has none or very little effect on Mg?* ion-induced folding
of the k-turn, in the 1n and 3b positions it completely prevents folding of the
k-turn in Mg?* ions via the disruption of the trans G(sugar edge):A(Hoogsteen
edge) base pair required to form the k-turn structure [55]. Thus, N°-adenine
methylation at 1n and 3b plays an important role in influencing standard k-

turn folding properties in metal ions should it be naturally occurring.
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The consensus sequence for the METTL3-METTL14 methyltransferase
enzyme that generates N°-methyladenine in eukaryotes can be simplified to
GAC [98], where the central A is methylated. A subset of box C/D k-turns,
that have the G-1b:C-1n sequence element (e.g. AfboxC/D studied here),
have this GAC sequence motif in the [2n, 1n, -1n] region. And, interestingly,
several such human box C/D k-turns have naturally been found to be N°-
methylated at the A1n position [55]. Surely, the G-1b:C-1n sequence element
is itself sufficient to impair k-turn folding in metal ions suggesting an
alternative role for the 1n:mBA modification. Certainly, the N°-adenine
methylation of the 1n position has been found to prevent binding of the 15.5k
protein to the human box C/D k-turn and impair the folding of the k-turn [55],
consistent with this research. Therefore, although the G-1b:C-1n sequence
element itself does not affect the protein-induced folding of the k-turn but
rather only impairs the metal ion-induced folding of the k-turn, it does
predispose the k-turn to be methylated at the 1n position which prevents the
L7Ae-type protein from binding and therefore prevents the protein-induced
folding of the k-turn. Thus, the G-1b:C-1n sequence element directly affects
the metal ion-induced folding of the k-turn and indirectly affects the protein-
induced folding of the k-turn via the recruitment of the 1n:m6A modification.
Surely, in general, box C/D k-turns are unable to fold in metal ions alone due
to the selection of repressive sequence elements in the 3b:3n and 4b:4n
positions, irrespective of the base pair in the -1b:-1n position. Nevertheless,
the recruitment of the G-1b:C-1n sequence element allows the further
regulation of the protein-induced folding of the k-turn. Overall, this reveals
some potentially significant regulatory pathways that the box C/D k-turn
adopts via the selection of sequence elements and subsequent modifications
to control the formation of the k-turn structure and the subsequent assembly

of the functionally active box C/D complex.

Like the box C/D k-turn, the U4 snRNA k-turn also recruits a 3b:3n sequence
element that inhibits the metal ion-induced folding of the k-turn. However,
while box C/D recruits the intermediate folding U3b:U3n sequence element
which together with the repressive G4b:C4n sequence element strongly

impairs the metal ion-induced folding of the k-turn, the U4 snRNA k-turn
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strongly conserves the G3b:C3n sequence element [66] which itself
completely prevents the metal ion-induced folding of the k-turn. On the
contrary, U4 snRNA k-turns have conserved the C-1b:G-1n sequence
element [112] as opposed to the G-1b:C-1n sequence element which seems
largely restricted to box C/D k-turns. Despite this, the U4 snRNA k-turn is
unable to fold in metal ions alone and, like box C/D, requires the assistance
of the L7Ae-type protein to fold. This again will be in requirement to its
biological duty which, like box C/D, does not require the free formation of the
k-turn structure in metal ions alone, but rather the generation of a
ribonucleoprotein complex, the spliceosome. However, in general, unlike
selective box C/D k-turns, the U4 snRNA k-turn is unable to regulate k-turn
folding upon protein binding via N°-adenine methylation at the 1n position,
due to the lack of the G-1b:C-1n sequence element. Hence, U4 snRNA has

avoided this regulatory pathway in the biogenesis of the spliceosome.

In summary, many sequence elements in the k-turn contribute towards its
folding properties. The -1b:-1n, 3b:3n and 4b:4n sequence elements affect k-
turn folding properties in an approximately additive manner with the ultimate
effect exerted by the -1b:-1n position. Different classes of k-turns select
different sequence elements that are best adapted to their specific biological
requirement. Those that are required to freely fold in the presence of metal
ions alone select different sequence elements from those that are involved in
the biogenesis of ribonucleoprotein complexes. In general, ribosomal and
riboswitch k-turns select promotive sequence elements that facilitate folding
in metal ions, while box C/D and U4 snRNA k-turns select sequence
elements that repress their folding ability in metal ions rendering them
foldable only upon binding of the appropriate protein. Nevertheless, k-turns
can also adopt modifications, such as the NC®-adenine methylation, to
influence k-turn folding properties. The recruitment of the 1n:m6A
modification by box C/D, for example, prevents the protein-induced folding of
the k-turn, thus potentially providing a regulatory pathway for the assembly of
the biologically active box C/D snoRNP complex. Overall, this reveals the

widening ability of k-turns to control their folding properties by the selection of
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specific sequence elements pre-transcriptionally and by the recruitment of

modifications post-transcriptionally.
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8. List of Abbreviations

% percent

C degree Celsius

1XTB 90mM Tris.borate

1X TBE 90mM Tris.borate and 10mM EDTA buffer
A adenine

AV acceptor absorbance at 490nm wavelength
Asa7 acceptor absorbance at 547nm wavelength
Ac acetyl

Af Archeoglobus fulgidus

APS ammonium persulfate

C cytosine

C helix canonical helix

CE cyanoethyl

CGE comparative gel electrophoresis

CPG controlled pore glass

Dago donor absorbance at 490nm wavelength
dmf dimethylformamidino

DMSO dimethyl sulfoxide



DNA

EDTA

Erret

ETT

FRET

GMP

h-1

HCI

Hm

Hs

HPLC

iPr

ITC

IncRNA
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deoxyribonucleic acid
ethylenediaminetetraacetic acid
efficiency of fluorescence resonance energy transfer
5-Ethylthio-1H-tetrazole

fluorescence resonance energy transfer
guanine

guanosine monophosphate

hour

per hour

hydrochloric acid

Haloarcula marismortui

Homo sapiens

high pressure liquid chromatography
inosine

isopropyl

isothermal titration calorimetry

long non-coding RNA

molar

N6-methyl adenine

magnesium ion
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MgCl, magnesium chloride

mins minutes

mMiRNA micro RNA

mL millilitre

mM millimolar

mm millimetre

MRNA messenger RNA

NaCl sodium chloride

NC helix non-canonical helix

nm nanometre

nM nanomolar

Pac phenoxyacetyl

pmol picomoles

RNA ribonucleic acid

RNP ribonucleoprotein

RT room temperature

SAM S-adenosyl methionine
siRNA/RNP small interfering RNA/RNP
snoRNA/RNP small nucleolar RNA/RNP

snRNA/RNP small nuclear RNA/RNP



sRNA

T. thermophilus

Tac

t-BDMS

TCA

TEA

TEA, 3HF

TEMED

tRNA

U

UTRs

Mg

ML

UM

pumol
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small RNA

Thermus thermphilus

tert-butylphenoxyacetyl

tert-butyldimethylsilyl

trichloroacetic acid

triethylamine

triethylamine trihydrofluoride

tetramethylethylenediamine

transfer RNA

uracil

untranslated regions

volts

Watts

microgram

microlitre

micromolar

micromole
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Appendix Figure 1: Mg2+ ion-dependent folding analysis by FRET of HmKt-7 variants

modified by the individual removal of nucleobases from the loop positions. The

sequence of the core k-turn region is displayed at the top of each diagram with the

modification introduced highlighted in red. S = Spacer, a nucleotide without any nucleobase,

the structure of which is displayed on the bottom right. Errer (y-axis) has been plotted as a

function of Mg2+ ion concentration (x-axis) and the data fitted to the two-state model for A.
L1:S, B. L2:S and C. L3:S modified Kt-7 variants. After the magnesium ion titrations, 1uM

L7Ae was added and Egret calculated which is shown as the red circle.
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Appendix Figure 2: The 3b:3n grid depicting the final Erger values for all the 3b:3n
modified HmKt-7 variants analysed by FRET for folding properties in Mg ions. The
3b:3n sequences that fold well in Mg2+ ions (ErreT 2 0.5) are shaded red, while those with
intermediate folding ability are displayed as white, and ones which are unable to fold (Erret
< 0.3) are shaded blue.
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Appendix Figure 3: MgZ+ ion-dependent folding analysis of wild-type HsKt-23 and
HsKt-42 by FRET. The sequences of the wild-type Kt-23 (A) and Kt-42 (B) constructs used
in the FRET experiments are displayed at the top. Egrrer (y-axis) has been plotted as a
function of Mg2+ ion concentration (x-axis) and the data fitted to the two-state model for A.
wild-type Kt-23 and B. wild-type Kt-42. After the magnesium ion titrations, 1uM L7Ae was

added and Egret calculated which is shown as the red circle.
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Appendix Figure 4: Mg2+ ion-dependent folding analysis by FRET of HmKt-7 variants
doubly modified with AfboxC/D sequence elements. The sequence of the core k-turn
region is displayed at the top of each diagram with the modifications introduced highlighted
in red. Erger (y-axis) has been plotted as a function of MgZ+ ion concentration (x-axis) and
the data fitted to the two-state model for A. -1GC + LCGU, B. -1GC + 4GC, C. LCGU +3UU,
D. LCGU + 4GC, and E. 3UU + 4GC modified Kt-7 variants.
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Appendix Figure 5: Mg2+ ion-dependent folding analysis by FRET of HmKt-7 variants
triply modified with AfboxC/D sequence elements. The sequence of the core k-turn
region is displayed at the top of each diagram with the modifications introduced highlighted
in red. Erget (y-axis) has been plotted as a function of Mg2+ ion concentration (x-axis) and
the data fitted to the two-state model for A. -1GC + LCGU + 4GC, B. -1GC + 3UU + 4GC
and C. LCGU +3UU + 4GC modified Kt-7 variants.
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Appendix Figure 6: Mg2+ ion-dependent folding analysis by FRET of HmKt-7 modified
with all four AfboxC/D sequence elements. The sequence of the core k-turn region is
displayed at the top with the modifications introduced highlighted in red. Egrer (y-axis) has
been plotted as a function of Mg®* ion concentration (x-axis) and the data fitted to the two-
state model for the -1GC + LCGU + 3UU + 4GC modified Kt-7 variant. After the magnesium

ion titrations, 1uM L7Ae was added and Egrer calculated which is shown as the red circle.



Kt-7

0.60 -
0.55
0.50 -
0.454

FRET
0.354

0.25+
0.20 4

0.15

112

GAAAGAAC

C AGGG
+L7Ae—>»

1E-8

0.60
0.55
0.50 o
0.45 4
0.40 4
FRET
0.35
0.30
0.25

0.20

0.154

T l - .l
1E-6 1E-5 1E-4 1E-3 0.01 0.1

[Mg™] /M

GAAGAUC
| AGUG

1E-8

0.60
0.55
0.50 4
0.45
EFRET 040
0.35
0.30
0.25
0.20 4

0.154

T
1E-7

T il il il
1E-6 1E-5 1E-4 1E-3 0.01 0.1
2
(Mg™]/ M

cSAAGAUC
C AGGG

ey

1E-8

™ "y T ol il T
1E-6 1E-5 1E-4 1E-3 0.01 0.1

(Mg™) /M

FRET

FRET

FRET

0.35+

0.304

0.25+

0.20 4

0.154

cCAAGAAC
C AGGG

+L7Ae —>*

0.604

0.554

0.504

0.45 4

0.40 o

0354

0.304

0254

0204

0154

r . T
1E6 1ES  1E4 1E3 001 01
2.
Mg ]/M

GGAAGAAC
C AGCG

+ L7Ae >«

1E-8

0604

0.55+

0504

0.45 -

0.40 o4

0354

0.304

0254

0.204

0.154

T
1E-7

. ﬂ r r - T
1E6 1E5 B4 1E3 001 0.1
2
Mg™]/M

c¢GUgauc
c AGGG

+L7Ae —>»

1E-8

| ™ ol ™~

1E6  1E-5 1B 1E3 001 0.1
2
Mg™1/ M

Appendix Figure 7: Mg2+ ion-dependent folding analysis of modified HmKt-7 variants

by FRET. The sequence of the core k-turn region is displayed at the top of each diagram

with the modifications introduced highlighted in red. Errer (y-axis) has been plotted as a

function of Mg2+ ion concentration (x-axis) and the data fitted to the two-state model for A.
-1GC + L1:A, B. -1GC + L1:C, C. -1n:l +3UU, D. -1GC + 3AC, E. -1GC + 3UG and F. -1GC

+ LCGU + 3UG modified Kt-7 variants. In some cases, after the magnesium ion titrations,

1uM L7Ae was added and Erret calculated which is shown as the red circle.
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Appendix Figure 8: Mg2+ ion-dependent folding analysis by FRET of AfboxC/D
variants doubly modified with HmKt-7 sequence elements. The sequence of the core k-
turn region is displayed at the top of each diagram with the modifications introduced
highlighted in red. Eggrer (y-axis) has been plotted as a function of MgZ+ ion concentration (x-
axis) and the data fitted to the two-state model for A. -1CG + LGAA, B. -1CG + 4CG, C.
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LGAA +3AG, D. LGAA + 4CG, and E. 3AG + 4CG modified boxC/D variants.
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Appendix Figure 9: Mg2+ ion-dependent folding analysis by FRET of AfboxC/D
variants triply modified with HmKt-7 sequence elements. The sequence of the core k-
turn region is displayed at the top of each diagram with the modifications introduced
highlighted in red. Eggret (y-axis) has been plotted as a function of MgZ+ ion concentration (x-
axis) and the data fitted to the two-state model for A. -1CG + LGAA + 3AG, B. -1CG + LGAA
+4CG and C. -1CG + 3AG + 4CG modified boxC/D variants.



