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PEG — polyethylene glycol

U - uridine

UV - ultraviolet
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1. Abstract

The structural characterization of RNA molecules remains challenging due to the high
conformational flexibility of nucleotide residues, their propensity to adopt multiple secondary
and tertiary structures, and their susceptibility to structural rearrangements induced, for
example, by experimental conditions. Although X-ray crystallography is an effective method for
determining high-resolution RNA structures, crystallizing RNA molecules is often difficult and
becomes the limiting step in the structural analysis process. For instance, RNA hairpins tend to
unfold and form alternative duplex structures at high RNA and salt concentrations typically used
for crystallization. Consequently, many biologically important native RNA motifs cannot be

captured in a homogeneous crystalline state without additional stabilization strategies.

The aim of this dissertation was to develop new strategies for stabilizing RNA structures. Two
approaches were applied: covalent stabilization using non-nucleosidic linkers and stabilization

using a small-molecule ligand.

In the first strategy, a series of aromatic linkers were designed, synthesized, and incorporated
into the RNA chain to covalently connect the 3’ and 5’ ends while preserving the native RNA
geometry. In the second approach, the ability of a naphthyridine carbamate dimer (NCD) to
stabilize RNA was investigated. It was demonstrated that the binding of a small-molecule ligand
can stabilize RNA structures through mechanisms fundamentally different from covalent
methods. NCD acts as a clamp linking nucleotide residues localized either within the same RNA

molecule or between two adjacent RNA molecules, serving as a “molecular glue”.

The final part of this thesis focuses on the biophysical and biochemical evaluation of the
modified RNA constructs, including thermal denaturation studies monitored by UV
spectroscopy, circular dichroism measurements, and in vitro cleavage assays using Dicer
nuclease. These methods were used to assess how different stabilization strategies influence

the RNA structural integrity, folding behavior, and biological compatibility.

In summary, this dissertation presents two strategies for stabilizing RNA molecules for structural
studies. The results obtained expand our understanding of how both covalent non-nucleosidic
linkers and small-molecule ligands can be used to overcome the challenges associated with RNA

crystallization.
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2. Streszczenie

Charakterystyka strukturalna czgsteczek RNA pozostaje wyzwaniem ze wzgledu na wysokg elastycznosé
konformacyjng reszt nukleotydowych sktonnos¢ do przyjmowania wielu struktur drugorzedowych i
trzeciorzedowych oraz podatno$¢ na rearanzacje strukturalne indukowane np.: warunkami
eksperymentalnymi. Chociaz krystalografia rentgenowska jest skuteczng metodg wyznaczania struktury
RNA o wysokiej rozdzielczosci, krystalizacja czasteczek RNA jest czesto trudna i limitujgca caty proces
analizy strukturalnej. Przyktadowo, struktury spinek RNA majg duzg tendencje do rozplatania sie i
tworzenia alternatywnych struktur dupleksow przy wysokich stezeniach RNA i soli, typowo stosowanych
podczas krystalizacji. W konsekwencji, wielu biologicznie istotnych natywnych motywdw RNA nie mozna

uchwyci¢ w jednorodnym stanie krystalicznym bez dodatkowych strategii stabilizacyjnych.

Celem niniejszej rozprawy byto opracowanie nowych strategii stabilizacji struktur czgsteczek RNA.
Zastosowano dwa podejscia: kowalencyjna stabilizacja za pomocg nienukleozydowych linkeréw oraz

stabilizacja z uzyciem matoczgsteczkowego ligandu.

W przypadku pierwszej strategii zaprojektowano, zsyntetyzowano i wigczono do tancucha RNA serie
aromatycznych linkerow, majgcych na celu kowalencyjne potgczenie koncdéw 3'i 5’ przy jednoczesnym
zachowaniu natywnej geometrii RNA. W drugim podejsciu przebadano zdolnos¢ stabilizacji RNA za
pomocg dimeru karbaminianu naftyrydyny (NCD). Wykazano, ze wigzanie mafoczgsteczkowego ligandu
moze stabilizowa¢ strukture RNA poprzez mechanizmy zasadniczo odmienne od metod
kowalencyjnych. NCD dziata jak klamra spinajgca reszty nukleotydowe zaréwno w obrebie tej samej jak

i dwdch sasiednich czgsteczek RNA dziatajgc jako , klej molekularny”.

Ostatnia czes$¢ pracy koncentruje sie na ocenie fizykochemicznej i biochemicznej konstruktéw RNA,
obejmujgcej badania denaturacji termicznej monitorowane spektroskopig UV, pomiary dichroizmu
kotowego oraz analizy ciecia RNA in vitro z uzyciem nukleazy Dicer. Techniki te pozwolity oceni¢ wptyw
zastosowanych strategii stabilizacji na integralnos¢ strukturalng RNA, jego wiasciwosci fatdowania oraz

aktywnos¢ biologiczna.

Podsumowuijac, niniejsza rozprawa przedstawia dwie strategie ukierunkowane na stabilizacje czgsteczek
RNA w badaniach strukturalnych. Uzyskane wyniki poszerzajg wiedze na temat mozliwosci
wykorzystania zaréwno kowalencyjnych t3cznikdw  nienukleozydowych, jak i liganddw

matoczgsteczkowych w pokonywaniu barier krystalizacji RNA.
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3. The aim of the study

The aim of this doctoral work is to develop, validate, and structurally characterize innovative
chemical strategies for stabilizing RNA molecules, facilitating their use in high-resolution
crystallographic studies. RNA molecules often exhibit significant structural flexibility, dynamic
conformational equilibria, and a strong tendency to form alternative, secondary structures.
All of these features severely limit their ability to crystallize and hinder reliable structural
characterization. This PhD thesis aims to address these challenges by introducing covalently
bonded non-nucleosidic linkers and ligand-mediated stabilization as complementary

approaches to enforce RNA structural homogeneity.
Achieving these goals required the implementation of the following tasks:

1. Design and synthesis of a series of non-nucleotidic linkers derived from pyromellitic and
naphthalene compounds and incorporate them into RNA oligonucleotides. The goal of these
modifications is to achieve stabilization of RNA hairpin and duplex architectures, by covalent
joining 3’ and 5’ ends of RNA strands, without perturbing the native base pairing or overall

RNA topology.

2. Crystallization and structural analysis of stabilized RNA. Determination of the impact of
incorporated non-nucleotidic linkers on RNA structure and formation of the crystal lattice

constants.

3. Elucidation of RNA stabilization and crystal lattice formation by the naphthyridine
carbamate dimer (NCD) molecule. This task includes determining crystal structures of RNA—
ligand complexes and unbounded RNA to define the binding mode and structural effect on

RNA upon ligand binding.

4. Biophysical and biochemical evaluation of stabilized RNA construct using thermal
denaturation of RNA monitored by UV spectroscopy, circular dichroism and in vitro cleavage

of modified RNA using Dicer nuclease.
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4. Introduction

4.1. RNA Structure and Stability

RNA molecules exhibit extraordinary functional diversity within biological systems, ranging
from catalytic activity to the regulation of gene expression, a versatility that critically depends
on their ability to fold into complex three-dimensional structures (1, 2). This structural
heterogeneity, which spans the primary sequence, secondary motifs, and tertiary interactions,
enables RNA to participate in complex molecular recognition events and perform diverse
cellular roles (3). Messenger RNAs (mMRNAs) serve as essential carriers of genetic information,
transferring the DNA code to ribosomes, where it is translated into proteins with the help of
transfer RNAs (tRNAs) (4-7). In addition, small RNAs such as small nuclear RNAs (snRNAs),
microRNAs (miRNAs), and small interfering RNAs (siRNAs) are key regulators of gene
expression, influencing splicing, degradation, or translational repression of specific mRNAs (6,
8). Other classes of RNA further expand this repertoire: riboswitches in bacteria sense cations
and small metabolites, adopting alternative conformations that inhibit protein synthesis (9,
10), whereas catalytic RNAs (ribozymes) mediate cleavage and ligation reactions during the
processing of viral, bacterial, and eukaryotic RNAs (11). Collectively, these examples highlight
the central role of RNA not only as an information carrier but also as a dynamic regulator and

catalyst in fundamental biological processes.

With the growing interest in RNA biology has come the recognition that understanding RNA
activities requires detailed knowledge of their structures and conformational dynamics (12).
Such insights often combine mechanistic studies of catalytic reactions with structural
characterizations of ground states, transition states, and functional groups involved in
catalysis (13). RNA structure is typically described at three levels: the primary structure,
corresponding to the nucleotide sequence; the secondary structure, consisting of Watson—
Crick base pairs and common motifs such as helices, hairpins, bulges, internal loops, and
junctions. Various types of single-stranded regions occur between helices, including hairpin
loops (linking the two sides of a single helix), bulges and internal loops (connecting two
helices), and multi-branched loops (joining three or more helices) (14). The tertiary structure
arises from interactions between distinct secondary elements. While the secondary structure

is relatively well understood, predicting or determining tertiary contacts has long posed a

18



major challenge, which has only recently been overcome by advances in structural methods
such as X-ray crystallography and NMR spectroscopy (13, 15). High-resolution RNA structures,
including tRNA (16-18), the hammerhead ribozyme (19-22), the P4-P6 domain of the
Tetrahymena group | intron (23), and the hepatitis delta virus ribozyme (24), have
demonstrated that tertiary interactions are crucial for shaping the global fold of the molecule.
Thus, RNA folding can be viewed as a hierarchical process in which the primary sequence
dictates the secondary structure, which in turn constrains the tertiary organization, with only

minimal alteration of the initial base-pairing pattern (25).

4.2. Crystallography of RNA: Principles and Challenges

RNA plays a central role in diverse cellular processes, and in many cases, its biological activity
is dictated by its three-dimensional structure. High-resolution RNA structures are most reliably
obtained using X-ray crystallography, which enables comparisons between related RNAs and
identification of conformational changes associated with their function. However,
crystallization remains a major bottleneck in RNA structure determination, as obtaining well-
ordered crystals suitable for diffraction is inherently challenging. The crystal structures of
ribozymes and ribosomal subunits have provided crucial insights into the principles of RNA
folding, including the packing of helices into compact structures that create catalytic centers
and binding sites. Yet, much of RNA biology can only be elucidated through further

crystallographic studies (12, 26).

Despite their importance, RNA 3D structures remain rare compared to proteins (27, 28). This
scarcity reflects the intrinsic properties of RNA, such as conformational flexibility, misfolding,
and the ability to adopt multiple folded states (29—-31). Unlike proteins, whose chemically
diverse side chains facilitate crystal contacts, RNA presents a largely uniform, negatively
charged phosphate backbone that hinders lattice formation (12, 32, 33). Moreover, RNA
molecules are often elongated and loosely packed, with high solvent content, and their
relatively weak tertiary interactions further increase their flexibility and inter-domain motion.
Consequently, many nucleic acid crystals diffract poorly and only at low resolutions (34).
Although strategies such as the engineering of modular RNA domains can promote
crystallization, RNA and RNA—protein complexes remain significantly more difficult to

crystallize than proteins.
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The crystallization of RNA molecules beyond simple oligonucleotide duplexes remains a major
challenge for X-ray structure determination. Even biochemically, covalently, and
conformationally homogeneous RNA molecules often fail to form sufficiently large crystals for
data collection. When crystals are obtained, they frequently diffract to low resolution, which
is insufficient for detailed structural analysis. This difficulty arises from the largely
undifferentiated molecular surface, which is dominated by the negatively charged phosphate
backbone. During crystal nucleation and growth, neighboring molecules may pack out of
register, leading to premature termination of crystal growth and disorder (34). Additional
factors, such as conformational heterogeneity, flexible termini and loops, and the chemical

lability of the 2'-hydroxyl group, further hinder the formation of well-ordered crystals (35).

To mitigate these challenges, one strategy involves reducing large nucleic acid molecules to
functionally important domains while preserving their biological activity (36, 37). Since RNA
folding follows a hierarchical process from primary to secondary and subsequently to tertiary
structures, such modular domains can serve as useful building blocks for both experimental
and computational studies. Modern prediction tools, including RNAStructure and
RNAComposer, exploit structural data deposited in the Protein Data Bank by assembling
fragments of experimentally solved three-dimensional structures to model the architecture of

novel RNAs (38-40).

RNA hairpin structures serve as illustrative example. However, these motifs often unfold
under experimental conditions, such as those employed in crystallographic or nuclear
magnetic resonance (NMR) studies. The primary reason is that hairpins are
thermodynamically unstable at the high RNA and/or salt concentrations typically required for
crystallization. Under such conditions, they tend to unfold and form duplexes. This process is
thermodynamically driven, and sequence alterations do not resolve the issue, as any hairpin
with complementary ends can readily form a duplex with another strand of the same
sequence (Figure 1) (41-43) This intrinsic instability is reflected in the near-absence of RNA

hairpin crystal structures reported in the literature.
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Figure 1. Hairpin destabilization under crystallization conditions. High RNA or salt concentrations
promote unfolding of RNA hairpins and formation of intermolecular duplexes.

4.3. Stabilization methods - Chemical modifications that increase

RNA stability

Chemical modifications of RNA have become indispensable tools for improving stability in
therapeutic contexts and structural biology (44—47). A wide range of backbone, sugar, and
nucleobase modifications, such as 2’-O-methyl, 2’-fluoro (2'-F), locked nucleic acids (LNA),
phosphorothioates, bridged nucleic acids (BNA), and complete backbone replacements, are
now routinely employed to increase resistance to nuclease degradation and enhance thermal
stability (48-51). Moreover, site-specific chemical substitutions, such as selenium
derivatization, offer distinct advantages for phasing in crystallographic studies (52—-56). These
modifications often enhance the hybridization affinity and overall molecular robustness.
However, they can also introduce local structural perturbations that complicate high-
resolution structural analyses. Therefore, it is crucial to carefully evaluate each modification
method. The balance between biochemical stability and the risk of structural artifacts must

be considered when designing RNA molecules for crystallographic or functional studies.

4.3.1. Non-nucleosidic linkers & covalent restraints: concepts and types

In structural studies of nucleic acids and their complexes, controlling molecular flexibility is
often crucial to obtain well-ordered crystals and reproducible conformations suitable for high-
resolution analysis. One of the most effective strategies for achieving this control is the
introduction of non-nucleosidic linkers and covalent restraints, which help rigidify specific

regions of the molecule or stabilize defined spatial arrangements (57-59).
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These are known as interstrand crosslinking agents (ICL) (Figure 2A). Cross-linking agents are
substances capable of reacting with two distinct sites on oligonucleotide sequences, leading
to various lesions. These compounds facilitate interstrand cross-linking by covalently bonding
to both ends of the same strand, preventing their separation (60). Their bifunctional groups
can covalently link the 3'- and 5'-OH ends of nucleic acids, acting as interstrand linkers (Figure
2B). When they connect opposing strands, they are referred to as linkers (Figure 2C).
Commercially available ICL compounds include 4,4'-dimethoxytrityl and (2-cyanoethyl)-(N,N-
diisopropyl)]-phosphoramidite groups, which are essential for their integration into RNA/DNA

sequences through solid-phase chemical synthesis (61-63).

A) B) C)

Figure 2. Schematic representation of interstrand and intrastrand linker compounds (ICLs).
A) Bifunctional groups such as 4,4'-dimethoxytrityl and (2-cyanoethyl)-(N,N-diisopropyl)-
phosphoramidite can covalently connect the 3'- and 5’-hydroxyl ends of nucleic acids. Symbol L
corresponds to the core of the linker. B) interstrand linker C) intrastrand linker.

Cross-linking agents, through their capacity to stabilize molecular structures and modulate
biological interactions, has emerged as a crucial tool in the development of novel therapeutic
strategies. This approach relies on the formation of covalent bonds to modify molecular
characteristics, enabling the design of biomaterials with tailored mechanical and functional
properties for diverse healthcare applications (60, 64, 65). These compounds can be
integrated at any point within an oligomer, enabling the precise manipulation of DNA or RNA
properties. ICL compounds may exhibit specific physicochemical characteristics, such as
fluorescence, which allow modified DNA/RNA oligomers to serve as molecular probes in
diagnostics and as tools for monitoring biological processes. A notable application of these

oligomers is in studying of the mechanisms of DNA repair systems within cells (36, 60, 66).
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In the context of nucleic acids, cross-linking can elucidate and irreversibly stabilize secondary
and tertiary structures. For instance, the discovery of a DNA—RNA hybrid-type G-quadruplex
through copper-based cycloaddition illustrates how cross-linking can reveal complex
structural motifs (60, 67-69). In chemotherapeutics, numerous cross-linking agents with
intrinsic  reactivity—particularly bifunctional alkylating agents and platinum-based
compounds—are employed to inhibit cell replication and transcription by covalently

modifying nucleic acids (60, 70-72).

This principle extends to various nucleic acid-based therapeutic modalities, including
antisense therapy, transcription factor decoy oligonucleotides, and RNA interference, where
precise molecular anchoring can enhance target specificity and therapeutic efficacy.
Introducing cross-links between the strands of a decoy duplex—or closing the duplex on both
ends to form cyclic or dumbbell structures—significantly increases stability toward
endonuclease degradation (73-76). Such stabilization has been correlated with successful
inhibition of target protein expression (73, 77, 78). Furthermore, cross-linking has been
demonstrated to augment the inhibitory effects of oligonucleotides in RNA interference
pathways, as exemplified by psoralen-modified analogues that exhibit superior RISC function

inhibition compared to their unmodified counterparts (60, 79, 80).

4.3.1.1. Linear non-nuclosidic linkers

Linear non-nucleosidic linkers serve as crucial tethers in chemical biology, facilitating the
controlled connection of molecular entities in both reversible and irreversible systems (81). In
the context of synthetic oligonucleotides and nucleic acid analogues, these linkers act as
versatile structural elements that introduce flexible, chemically stable spacers between
nucleotide residues. This spacing allows the fine-tuning of molecular conformation,

hybridization behavior, and the spatial orientation of functional groups.

Chemically, these linkers typically consist of an aliphatic carbon chain interspersed with amino
or glycol groups (often termed glycol linkers). They are available in various lengths, typically
ranging from 3 to 18 carbon atoms (Figure 3) (37, 82). Short carbon linkers are used in RNA-
protein functional studies (83, 84) and as an effective inhibitor of DNA polymerase activity in

PCR reactions (85, 86).
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Figure 3. Examples of linear linkers. A) C12 linker B) Hexaethylene glycol linker

Glycol linkers (PEG) are hydrophilic and structurally flexible. They serve as substitutes for
apical loops in RNA hairpins (Figure 4B), oligomer-based catalysts, and self-assembly systems
(82, 87-90). They are commonly incorporated during solid-phase oligonucleotide synthesis to
add specific functionalities or spatially separate domains within RNA constructs (91). This
approach enables site-specific labeling, allowing for a detailed investigation of RNA structure,

environment, and interactions in cellular contexts.

A) B) C)
A=A . N
G A [ ] G----C
A--U A----U Gomnn
G--C G----C C G
G--C G----C
C--G C----G [,
C--G C----G I~
G--C G----C G----C
G--C G----C G----C
C--G C----G C----G

Figure 4. Examples of bifunctional linker applications: a) hairpin structure in native form b)
replacement of the apical loop of the hairpin with a non-nucleotide linker c) intercalation of the RNA
helix by the linker resulting from the absence of a nucleobase.

In the most direct strategy, crosslinks can substitute nucleotide sequences to connect distinct
domains within higher-order nucleic acid structures. They may also function as tethers
between independently hybridized regions or between a nucleic acid and an external ligand
or reporter. Among the possible linkers, ethylene glycol chains offer a particular advantage:
their hydrophilic ether—ethyl pattern favors hydration and an extended conformation in
aqueous environments, unlike simple carbon chains that tend to collapse owing to

hydrophobic effects. This property allows ethylene glycol-based linkers to efficiently bridge
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distant sites within macromolecules, and their derivatives are readily available and easily

modified for cross-linking applications.

Oligonucleotides incorporating such polyethylene linkers exhibit valuable properties,
including enhanced stability in biological environments, improved cellular uptake, and
optimized hybridization efficiency (92). In particular, oligonucleotides with modified apical
loops are resistant to nuclease degradation in cellular media and often demonstrate greater
thermodynamic stability than their native counterparts (37, 82, 86, 86, 89, 93). However, the
stability of such RNA molecules is highly dependent on the length of the introduced linker and

the type of counterions present in the aqueous buffer.

Furthermore, replacing nucleotide sequences with suitable linkers can significantly simplify
the structure of functional nucleic acid domains without substantial loss of biological activity
(36, 37). Another major advantage of substituting nucleotides with linkers is the substantial
reduction in the number of synthesis steps required, which decreases production costs and
accelerates the overall synthesis timeline, as a single extended linker can replace multiple
nucleotide residues. Additionally, conjugation with small synthetic molecules enables precise
modulation of oligonucleotide function, further broadening their potential in structural and

therapeutic applications (94-97).

Linear non-nucleotide linkers have valuable applications in structural biology. They facilitate
structural simplification of functional nucleic acid domains while maintaining biological
activity, thus acting as stabilizing elements for RNA structures. For instance, hexaethylene
glycol linker (commercial: spacer 18) have been employed to stabilize RNA in its hairpin form.
These non-nucleotide linkers are positioned opposite to the apical loop, forming the base of
the hairpin. The hairpin structure was circularized via an enzymatic approach, specifically
through ligation using T4 RNA ligase, which connects the 5-phosphate and 3’-OH groups.
Although certain structural and sequential criteria must be met for efficient ligation, this

method retains the native backbone of the hairpin RNA (Figure 5) (98).
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Figure 5. Stabilization of the hairpin structure by non-nucleotide linkers (-L-) following enzymatic
circularization.

There is one reported structure of DNA containing C12-alkyl linker forming loop region. Alkane
linkers derived from a,w-alkane diols have been used in the synthesis of DNA mini-hairpins to
probe short base-pair domains. Structural studies using NMR revealed that an n-dodecane
(C12) linker adopts a curved conformation parallel to adjacent base pairs, resulting in a
shortened P—P distance (~15.4 A) relative to B-DNA. Despite this compression, canonical
Watson—Crick pairing was preserved, suggesting that the linker enhances structural stability

through hydrophobic interactions while maintaining native duplex geometry (99).

Figure 6. Hairpin of A-T basepairs having a C12-alkyl linker (cyan) forming the loop region (pdb code:
2L13).
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4.3.1.2. Aromatic non-nucleosidic linkers

The second type of non-nucleosidic linker is comprised of aromatic compounds. Unlike linear
linkers, they contain at least one aromatic ring substituted with a phosphate group on one
side and a hydroxyl group on the other connected through an aliphatic chain. These aromatic
linkers exhibit lower conformational flexibility and greater structural compatibility with
nucleic acids, making them attractive for constructing the tertiary structures of DNA and RNA.
The aromatic ring enables stacking interactions with nitrogenous bases (100), supporting the
maintenance of native nucleic acid structure and biological functionality. Compounds that
serve as suitable representatives of this group of linkers include a) stilbene (93, 101-103), b)

phenanthrene, and c) pyrene and its derivatives (Figure 7) (104-109).

A) B) c)
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Figure 7. Aromatic linkers: A) Stilbene, B) Phenanthrene, C) Pyrene

4.3.1.2.1. Stilbene linkers

The stilbenedicarboxamide linker was particularly effective in stabilizing the structures of
short RNA/DNA duplexes and triplexes. It features a relatively rigid core that restricts the
structural flexibility of the linker, along with a fluorescent photoreactive chromophore that
acts as a reporter group or induces photoinduced conformational changes in the linker,
thereby influencing the hybridization properties of oligonucleotides (101-103, 110). Similarly
to hexaethylene glycol, stilbene linker was used in stabilization of RNA hairpin structure

(Figure 5) (98).

Stilbene linkers, particularly stilbenediether linkers, have been successfully employed in
crystallography to investigate the structural properties of nucleic acid constructs, such as DNA
hairpins (101, 103, 111, 112). These linkers are crucial for stabilizing molecular architecture
and studying specific interactions. The crystal structure of a DNA hairpin containing a bis(2-
hydroxyethyl)stilbene-4,4'-diether linker, resolved at 1.5 A, revealed that the linker exhibits
notable conformational flexibility, adopting both face-to-face and edge-to-face orientations

with adjacent base pairs (101). These linkers promote m-stacking interactions and facilitate
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unique lattice contacts that are distinct from those in the canonical B-form DNA (111). The
compact arrangement of the stilbene chromophore, with a plane-to-plane separation of
approximately 3.25 A from the neighboring G:C base pair, enhanced the structural stability of
the hairpin (103). These findings underscore the role of stilbene linkers in modulating the

nucleic acid architecture and intermolecular interactions (Figure 8).

Figure 8. Crystal structure of the hairpin d(GT4G)-Sd»-d(CA4C) determined at 1.5 A resolution. The
asymmetric unit contains two molecules differing in both the linker (magenta) and stem
conformations. In one molecule, the planar stilbene moiety stacks directly on the adjacent G:C base
pair, whereas in the other, the stilbene exhibits a significant rotation between the phenyl rings and
adopts an unusual edge-to-face orientation relative to the base pair.

4.3.1.2.2. Phenanthrene and Pirene linkers

Aromatic linkers based on phenanthrene and pirene compounds are essential non-nucleosidic
components in nucleic acid chemistry, used to introduce specific functionalities, spatially
separate domains, and enhance structural stability. As in the case of stilbene linkers, its
relatively rigid aromatic core constrains the conformational flexibility of the linker. Common
examples include porphyrin, azo-benzene, perylene, phenanthrene, pyrene, phenanthroline,
stilbene, and tetrathiafulvalene derivatives, typically incorporated into oligonucleotides via
phosphoramidite chemistry (113). Their defining feature is the ability to engage in strong n—
stacking interactions with neighboring bases and with each other, markedly increasing duplex

stability (113). Phenanthroline and phenanthrene derivatives, for instance, form particularly
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stable hybrids, with phenanthrolines yielding greater duplex stability owing to their higher

dipole moment and stronger interstrand stacking (105, 106).

Linkers based on phenanthrene and pyrene have also been used in the synthesis of
therapeutic oligomers that act as molecular “prostheses” for damaged DNA (114). During
depurination or depyrimidization, mutations involving the loss of nitrogenous base —DNA
strands are prone to cleavage and degradation, ultimately leading to cell death (115-118).
When opposite apurinic or apyrimidinic sites are incorporated, phenanthrene and pyrene
linkers can intercalate with neighboring bases, thereby stabilizing the double helix and
protecting DNA from further degradation (Figure 4C) (119, 120). The length and flexibility of
these aromatic linkers remain crucial, as sufficient conformational freedom enables optimal
stacking and alignment within the duplex, particularly in constructs containing abasic sites

(105, 106).

Aromatic linkers also serve as scaffolds for the ordered arrangement of aromatic systems,
such as pyrenes, within DNA or RNA frameworks, facilitating the design of complex molecular
architectures (121). They have been employed to replace hairpin loops in RNA, forming stable
mimics with enhanced hybridization properties, and expanding the utility of modified nucleic

acids across diagnostics, materials science, and medicinal chemistry (104-106, 113).

Crystallographic analysis revealed distinct aromatic stacking interactions between the pyrene
and phenanthrene moieties incorporated within the B-DNA duplex framework. In duplexes
containing a single modification in each strand near the terminal region, the two polyaromatic
hydrocarbons adopted a face-to-face stacking orientation, indicative of strong mn—n
interactions. However, due to crystal packing constraints and steric effects, the terminal GC
base pairis disrupted in all three crystal structures, resulting in a non-ideal stacking geometry
of the aromatic chromophores in two of the complexes. In the hybrid containing three pyrene
modifications, crystal lattice-induced end-to-end stacking of individual DNA duplexes gave rise
to an extended m-stack comprising four co-axially aligned pyrene units, with their aromatic
planes oriented in a parallel fashion. These observations underscore the ability of hydrophobic
polyaromatic systems to drive supramolecular DNA assembly, and demonstrate the utility of
co-crystallization with the recombinant binding domain of the restriction enzyme Bpull to
elucidate the structural organization of DNA-assembled oligochromophores at atomic

resolution (107).
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Figure 9. Structure of the BpuJI:DNA complex (pdb code: 5SHNF). The protein is represented in light
pink. The phosphate backbone of the DNA is linked to the phenanthrene (lime) and pyrene

(magenta) modifications.

In structural research 8-aminomethyl-2-quinolinecarboxylic acid and 8-amino-2-
quinolinecarboxylic acid dimer was used as a both a B-DNA duplex hairpin turn and a single
helical (MQ)n extension, thereby placing the grooves and arrays of negative charges of the
two segments in register (122, 123). Single-crystal X-ray diffraction studies revealed that the
diamide quinoline—based linker effectively connects DNA and aromatic foldamer segments,
while preserving the structural alignment between their helices. Despite their different
chemistries, the linker maintains the helical register and groove continuity characteristics of
B-DNA. Circular dichroism confirmed that the foldamer’s M-handedness was directed by the
d-stereochemistry of DNA, and molecular modeling supported the observed compatibility.
These findings demonstrate that the linker enables stable DNA hairpin architecture and
provides a structural basis for developing DNA—foldamer hybrids as selective inhibitors of

DNA-binding proteins (124).
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Figure 10. Racemic crystal structure of a synthetic DNA Hairpin (blue) with diquinoline linker
(magenta) (pdb code: 8Q60).

4.3.2. Ligand-Induced Stabilization of RNA Structures

RNA forms intricate three-dimensional structures that play diverse functional roles in human
biology and disease. Efforts to therapeutically target these RNA structures with small
molecules are actively advancing and supported by key developments in the field. These
include the creation of computational tools that predict evolutionarily conserved RNA
structures, and the formulation of strategies that broaden the mode of action and enhance
interactions with cellular machinery (125-130). Gaining a deeper insight into the fundamental
principles of molecular recognition remains essential concerning RNA conformational
dynamics and the biophysical intricacies of RNA-ligand interactions (131-135). These
interactions, which are central to biological processes such as gene regulation via
riboswitches, involve high-specificity recognition mediated by hydrogen bonding, electrostatic
interactions, van der Waals forces, and stacking interactions, often engaging nearly all
functional groups of the ligand (136—141). The intrinsic flexibility of non-coding RNAs, enabling
multiple conformations, is crucial for their regulatory roles yet complicates small-molecule

design (142-147).
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Targeting nucleic acids with small molecules has recently emerged as a promising therapeutic
strategy, particularly for cancer and bacterial and viral diseases. Modulating gene expression
at the mRNA level offers a method to influence otherwise undruggable proteins without
altering the genome. Despite this potential, most molecular docking tools remain optimized
for proteins (144, 148-152). RNA’s inherent structural flexibility of RNA complicates the design
of selective small-molecule binders and underscores the importance of elucidating how ligand
interactions modulate their conformational landscape (132, 139, 144, 152, 153). The
negatively charged nature of RNA favors interactions with positively charged groups, metal
ions, or solvating water molecules, whereas its binding pockets are typically shallow, polar,
and hydrated, which are distinct from those in proteins (134, 139, 148, 154—158). A deeper
structural understanding of RNA-ligand recognition is therefore essential for the rational
design of RNA-targeting therapeutics, particularly given the limited number of high-resolution

RNA-ligand complex structures currently available (134, 135, 151, 157, 159-161).

4.3.2.1. Mismatch binding ligands in RNA Crystallization

Accurate determination of RNA three-dimensional structures remains a significant challenge
due to inherent difficulties in crystallization, including low yields of pure, properly folded RNA,
limited sequence diversity for crystal contacts (29). A promising strategy to address these
challenges involves the use of small molecules known as mismatch-binding ligands (MBLs),
which selectively recognize non-canonical base pairs or mismatches in RNA (159). MBLs are
synthetic molecules that were originally designed in silico based on the concepts of hydrogen
bonding and semi-intercalation with nucleic acids. Most MBLs consist of two heterocyclic
aromatic units possessing hydrogen-bonding surfaces that are fully or partially
complementary to those of the nucleotide bases. In this design, each heterocycle interacts
with one of the mismatched bases via hydrogen bonding to form pseudo-base pairs that stack
with the adjacent canonical base pairs (162). The aromatic components of MBLs are typically
engineered to complement the hydrogen-bonding patterns of nucleobases (163, 164).
Structural analyses using NMR spectroscopy and X-ray crystallography have demonstrated
that these ligands interact directly with nucleotides, forming Watson-Crick-like pairs (163,
165-168). In certain cases, ligand binding is associated with conformational rearrangements

in the RNA structure (163, 166). By stabilizing specific RNA conformations, MBLs promote
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crystal formation, reduce structural heterogeneity, and increase the probability of generating

well-ordered crystal lattices (35).

4.3.2.1.1. Naphthyridine Carbamate Dimer (NCD)

Naphthyridine carbamate dimers (NCDs) were developed from first-generation naphthyridine
derivatives to enhance binding affinity toward G-rich sequences and improve chemical
stability by replacing the labile amide linkage with a more robust carbamate linkage (Figure
9A) (162, 164). This structural modification significantly strengthened binding to G-G
homomismatches and increased molecular stability, establishing the carbamate linkage as a
superior guanine recognition motif (162, 169-171). The optimized NCD scaffold enables
effective recognition of 5-CGG-3'/5'-CGG-3' sequences, which frequently occur in slip-out
structures of expanded trinucleotide repeats that are notoriously difficult to target
therapeutically (162, 167, 172—174). Moreover, previous studies have demonstrated that NCD
functions as a molecular glue, promoting the assembly and stabilization of higher-order
nucleic acid architectures. NCD and its multimeric derivatives have been employed to induce
DNA folding into tetrahedral structures, modulate RNA aptamer activity, and enhance the

catalytic efficiency of hammerhead ribozymes (175-178).

Recently, the naphthyridine carbamate dimer (NCD) was shown to specifically recognize
pathogenic RNA repeats 5-UGGAA-3'/5'-UGGAA-3’ associated with spinocerebellar ataxia
type 31 (SCA31) (179). SCA31 is an autosomal neurodegenerative disorder characterized by
the abnormal expansion of r(UGGAA) pentanucleotide repeats, which sequester various RNA-
binding proteins (RBPs) through the formation of toxic nuclear foci (174, 180-184). In vitro
pulldown assays demonstrated that NCD disrupted the interaction between r(UGGAA)n
repeat RNA and several RBPs. Consistent with these findings, NCD treatment suppressed the
formation of RNA foci in Hela cells overexpressing r(UGGAA)n RNA and inhibited the assembly
of endogenous nuclear stress bodies (nSBs) upon thermal stress, thereby affecting nSB-
dependent splicing regulation (159, 174, 185, 186). Furthermore, administration of NCD to
Drosophila larvae expressing toxic r(UGGAA)n repeats led to marked alleviation of the disease
phenotype, likely resulting from the inhibition of RBP—RNA interactions, as confirmed both in
vitro and in cellular models. These studies demonstrate the therapeutic potential of small
molecules that directly target toxic repeat RNAs. Nuclear magnetic resonance (NMR) analysis

of the NCD-UGGAA complex (Figure 9C) revealed a distinct bound RNA conformation
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characterized by hydrogen bonding between the naphthyridine and guanine residues, zigzag
binding orientation of two NCD molecules at the pentad site (Figure 9B), adenine base flipping,

and adoption of a syn glycosidic conformation by all NCD-bound guanines (159, 186).
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Figure 11. Interactions between NCD ligand and nucleic acids. A) Chemical structure of NCD
molecule. B) Secondary structure diagrams and C) tertiary structures of interactions between the
UGGAA motif and NCD molecules (purple) in NMR models.
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5. Materials and methods

5.1. Materials

5.1.1. Chemical and biochemical reagents

Most reagents were purchased from Merck, Biosynth, Fluorochem, Acros Organics, Bio-Rad,

and Honeywell. All reagents were of the highest quality and free from ribonucleases. All filters

were purchased from Millipore or Sartorius, and NAP-25 columns from GE Healthcare.

Phosphoramidites for chemical synthesis with a 2'-O-TriisopropylsilylOxyMethyl protection

group were obtained from Chemegene. Spacer 18 was purchased from LGC Link.

Crystallization screens were obtained from Hampton Research.

5.1.2. Enzymes

T4 RNA ligase, T7 DNA polymerase, FastAP™ alkaline phosphatase, T4 Polynucleotide Kinase

were purchased from Thermo Fisher.

5.1.3. Aqueous solutions

Electrophoresis buffer under denaturing conditions

10x TBE 890 mM Tris, 890 mM boric acid, 20 mM EDTA, pH 8.3
40% polyacrylamide gel solution (29:1)

193.33 g acrylamide, 6.66 g bisacrylamide, H,O up to 500 mL

Gel for RNA electrophoresis under denaturing conditions

8% 10% 12% 15% 20%
40% ACRYLAMIDE/BISACRYLAMIDE 10ml  125ml 15ml 18,75ml 25ml
SOLUTION, 29:1 (W/W)
10x TBE (FINAL CONCENTRATION 1x) 5 ml 5 ml 5 ml 5 ml 5ml
UREA (FINAL CONCENTRATION 8 M) 21g 21g 21g 21g 21g
H20 (TO 50ML) 14ml  11,5ml 9,5ml 5,25 ml -

Buffer for UV melting and CD spectra

0,1 M sodium chloride, 40 mM sodium cacodylate pH 7
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In vitro transcription buffer

0,4M HEPES pH 7,5, Spermidine 0,1M, 0,1% TRITON X-100, 0,2M MgClz, 10mM TCEP Tris(2-

carboxyethyl)phosphine

Ligation buffer

0,5M TRIS-HCI pH 7,5, 0,1M MgCl,, 0,1M dithiothreitol
Buffer for RNA cleavage by Dicer

0,25mM NaCl, 20mM Tris-HCl pH 7,5

Crystallization buffer

10mM Sodium Cacodylate

Loading-denaturing buffer

BB: 8 M urea; 0.2% (w/v) bromophenol blue; 0.2% (w/v), XC: 8 M urea, xylene cyanol; 0.2%
(w/v)

5.1.4. Oligonucleotides

SUMMARY OF RNA SEQUENCES USED IN THE WORK

NAME | Sequence 5’2 3’

T1 CUGCUGCUG

T2 CUGCUGCUG-3a-CUGCUGCUG
T3 CUGCUGCUG-3b-CUGCUGCUG
T4 CUGCUGCUG-3¢c-CUGCUGCUG
T5 CUGCUGCUG-3d-CUGCUGCUG
T6 CUGCUGCUG-3e-CUGCUGCUG
T7 GCAGCUGCUG-3a-CUGCUGCUG
T8 GACGCUGCUG-3d-CUGCUGCUG
T9 GCAGCUGCUG-3f-CUGCUGCUG
T10 CGCUG-3a-CUGCG

T11 CGCUG-3d-CUGCG

T12 CGCUG-3f-CUGCG

T13 GCUGC

T14 GCUGdC-3a-dGCUGC

T15 GCUGdC-3b-dGCUGC

T16 GCUGdC-3¢c-dGCUGC

T17 GCUGdC-3d-dGCUGC

T18 GCUGdC-3e-dGCUGC

T19 GCUGdC-3f-dGCUGC

T20 GCUGdC-3g-dGCUGC
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T21
T22
T23
T24
T25
T26
T27
T28
T29
T30
T31
T32
T33
T34
T35
T36
T37
T38

T39

T40

T41

T42

3A

CCGUGAG-3a-dCCGUGG

CCGUGAG-3b-dCCGUGG

CCGUGAG-3d-dCCGUGG

CCGUGAG-3e-dCCGUGG

UGCUCCUAGUACGAGAGGACCGGAGUG SRL
AGGACCGGAGCdG-3a-dUGCUCCUAGUACGAG
AGGACCGGAGCdG-3d-dUGCUCCUAGUACGAG

GGAGCCUGGGAGCUCCTAR

GAGCCdC-3a-dGGGCCUGG

GAGCCdC-3d-dGGGCCUGG

GAGCCdC-3f-dGGGCCUGG

GAGCCdC-518-dGGGCCUGG

GGUCGGUCCCAGACGACC R06

CAGACGCdC-3a-dGGCGGUCC

CAGACGCdC-3d-dGGCGGUCC

CAGACGCdC-3f-dGGCGGUCC

CAGACGCdC-S18-dGGCGGUCC
UAGCUUAUCAGACUGAUGUUGACUGCCGAAUCUCAUGGCAACACCAGUC
GAUGGGCUGU premir-21
UCUCAUGGCAACACCAGUCGAUGGGCUGU-S18-UAGCUUAUCAGACUGAUGUU
GACUGUUGAA Pre mir-21518
GGGACUGGAAGUGCUAGCUUAUCAGACUGAUGUUGACUGUUGAAUCUCAUGGCA
ACACCAGUCGAUGGGCUGUGCACUGGAAGUCC PREMIR 21 NCD
GCACUCCGGUAGCUUAUCAGACUGAUGUUGACUGUUGAAUCUCAUGGCAACA
CCAGUCGAUGGGCUGUCCAUU premir U1A
AGGACCGGAGCG-S18-UGCUCCUAGUACGAG

CEPO

b b, me

QDMT ODMT

3D 2
N AN ODMT /\/\/OU
CEPO i OO /\/\/

[s]

Q, O o] ODMT J—/'UDMT
/I ) t:' zNJ_/ 4/—/7
cerd o © CEPO

518
CEPO/\/O\/\O/\/O\/\O/\/O\/\ODMT
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5.1.5. Aparature
e Laboratory centrifuge MIKRO 200 R Hettich
e Vortex Bender and Hobein
e Thermoblock BioSan TS-100C
e Mini shaker IKA MS3 basic
e Nanophotometer IMPLEN N60
e MicroCal PEAQ-DSC Malvern
e 392 ABI DNA/RNA Synthesizer
e Amersham™ Typhoon™ biomolecular imager
e Spectrometer NMR 400 MHz (9.39 T) AVANCE Il Bruker
e Jasco J-815 Circular Dichroism (CD) Spectrometer
e Jasco V-650 UV VIS spectrophotometer
e Gryphon crystallization robot Art Robbins Instruments

e Advanced laboratory rotary evaporator - Rotavapor® R-300

5.2. Methods

5.2.1. Thin layer and column chromatography

The progress of the chemical reactions was monitored using thin-layer chromatography
(TLC). Chromatograms were developed on glass plates coated with a 0.25 mm layer of silica
gel 60 F254. Column chromatography was performed using Merck silica gel 60 (particle size

0.063-0.200 mm).

5.2.2. NMR spectroscopy and mass spectrometry

Nuclear magnetic resonance (NMR) spectra were recorded at the NMR Laboratory of the
Institute of Bioorganic Chemistry in Poznan using Bruker Avance spectrometers operating at
400 mHz Chemical shifts are reported in parts per million (ppm) and coupling constants in
hertz (Hz). The chemical shifts were referenced to tetramethylsilane (TMS) for both *H and 3C

spectra, and to H3PO, in D,0 for 3P spectra.
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All samples were prepared by dissolving approximately 20 mg of the compound in deuterated

solvents, either DMSO-ds, CDCl3 or methanol-ds.

High-resolution mass spectrometry (HRMS) analyses were conducted using electrospray
ionization (ESI) and MALDI-TOF techniques at the Mass Spectrometry Laboratory of the
Institute of Bioorganic Chemistry and the European Centre for Bioinformatics and Genomics

in Poznan.

5.2.3. Synthesis of aromatic linkers based on pyromellitic and naphthalene

derivatives

5.2.3.1. Synthesis of N,N’-bis(2-hydroxyethyl)-1,2,4,5-benzenetetracarboxylic
diimide (1a)

A suspension of 1 g (4.58 mmol) of benzene-1,2,4,5-tetracarboxylic dianhydride in 5 ml dimethylformamide with
the addition of 2 eq. of 2-aminoethanol (553 pl, 9.16 mmol) was heated under reflux at 140 °C for 4 h. After the
reaction, the mixture was poured onto ice. Lowering the temperature led to the formation of a precipitate. The
precipitate was filtered on a Buchner funnel and left in a desiccator to dry. The precipitate was recrystallized
from dimethylformamide to obtain N,N’-bis(2-hydroxyethyl)-1,2,4,5-benzenetetracarboxylic diimide TLC
(DCM/MeOH 9:1): Rf 0.67. (1.224g, 88% yield). *H NMR (400 MHz, DMSO, 25°C, TMS, ppm): 6 =8.16 (s; 2H), 4.35
(t, J=5,3Hz; 2H), 3.69 (t, J = 5.5 Hz; 4H), 3.61 (t, J=5.5Hz, 4H); *C NMR (101 MHz, DMSO) & 166.36, 136.98, 116.99,
57.83, 40.90.

5.2.3.2. Synthesis of N,N’-bis(3-hydroxypropyl)-1,2,4,5-benzenetetracarboxylic
diimide (1b)

A solution of 0.5 g (2.29 mmol) of benzene-1,2,4,5-tetracarboxylic dianhydride in dimethylformamide with the
addition of 2 eq. of 3-aminopropanol (357 pl, 4.58mmol) was heated under reflux at 140 °C for 4 h. After the
reaction, the mixture was poured onto ice. Lowering the temperature led to the formation of a precipitate. The
precipitate was filtered on a Buchner funnel and left in a desiccator to dry. The precipitate was recrystallized
from dimethylformamide to give N,N'-bis(3-hydroxypropyl)-1,2,4,5-benzenetetracarboxylic diimide TLC
(DCM/MeOH 9:1): Rf 0.76 (660.9 mg, 87% yield). *H NMR (400 MHz, DMSO, 25°C, TMS, ppm): & = 8.1 (s, 2H),
3.67 (t, ) = 6.4 Hz, 4H), 3.45 (t, ] = 6.2 Hz 4H), 1.76 (g, 4H).23C NMR (101 MHz; DMSO) 6 166.47, 137.08, 117.13,;
58.73, 35.95, 30,92.
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5.2.3.3. Synthesis of N,N’-bis(4-hydroxybutyl)-1,2,4,5-benzenetetracarboxylic
diimide (1c)

A solution of 1 g (4.58 mmol) of benzene-1,2,4,5-tetracarboxylic dianhydride in dimethylformamide with the
addition of 2 eq. of 4-aminobutanol (845 pl, 9.16 mmol) was heated under reflux at 140 'C for 4 h. After the
reaction, the mixture was poured onto ice. Lowering the temperature led to the precipitation of a precipitate.
The precipitate was filtered on a Buchner funnel and left in a desiccator to dry. The precipitate was recrystallized
from dimethylformamide to obtain N,N’-bis(4-hydroxybutyl)-1,2,4,5-benzenetetracarboxylic diimide. TLC
(DCM/MeOH 9:1): Rf 0.64 (1.5 g, 91% yield). *H NMR (400 MHz, DMSO, 25°C, TMS, ppm): 6 = 8.15 (s, 2H, 4.11 (t,
2H), 3.62 (t, J = 7.0 Hz, 4H), 3.40 (t, ] = 6.2 Hz, 4H), 1.65 (q, 4H), 1.43 (g, 4H). 3C NMR (101 MHz, DMSO0) &6 166.30,
136.89, 117.08, 60.13, 37.95, 29.70, 24.59.

5.2.3.4. Synthesis of N2,N6-bis(3-hydroxypropyl)naphthalene-2,6-dicarboxamide
(1d)

A suspension of 300 mg (1.22 mmol) of dimethyl 2,6-naphthalene dicarboxylate in dimethylformamide with 2
eq of 3-aminopropanol (235 pl, 2.44 mmol) was heated to 160 ‘C under reflux for 4 h. After the reaction, the
solution was evaporated under reduced pressure, and the precipitate was re-dissolved in dimethylformamide
for recrystallization. N2,N6-bis(3-hydroxypropyl)naphthalene-2,6-dicarboxamide TLC (Hexane/AcOEt 8:2): Rf
0.044 (265.2 mg, 60%) was obtained. 'H NMR (400 MHz; DMSO) & 8.69 (d, J = 5.6 Hz, 2H), 8.22 (dd, J = 8.6, 2.2
Hz; 2H), 8.03 (dd, J = 8.6, 1.5 Hz, 2H), 4.36 (t, J = 6.3 Hz, 2H), 3.41 (t, J = 6.3 Hz, 4H), 3.18 — 3.08 (m, 4H), 1.55 (p,
J=6.6Hz, 4H). 3CNMR (101 MHz, DMSO) 6 167.22,; 134.28,134.16, 130.17, 129.99, 126.16, 58.33, 34.37, 32.27.

5.2.3.5. Synthesis of N2,N6-bis(4-hydroxybutyl)naphthalene-2,6-dicarboxamide (1e)

A suspension of 300 mg (1.22 mmol) of dimethyl 2,6-naphthalene dicarboxylate in dimethylformamide with 2
eq of 4-aminobutanol (226 pl, 2.44 mmol) was heated to 160 'C under reflux for 4 h. After the reaction, the
solution was evaporated under reduced pressure, and the precipitate was re-dissolved in dimethylformamide
for recrystallization. N2,N6-bis(3-hydroxypropyl)naphthalene-2,6-dicarboxamide TLC (Hexane/AcOEt 8:2): Rf
0.04 (242.15 mg, 55%) was obtained. *H NMR (400 MHz, DMSO-d6, 25°C, TMS, ppm): & = 8.70 (s, 2H, NH), 8.26
(d, ) =8.6 Hz, 2H, H-1, H-5), 8.20 (dd, J = 8.5, 4.3 Hz, 2H, H-4, H-8), 8.01 (dd, J = 37.7, 11.0 Hz, 2H, H-3, H-7), 3.93
(s, 2H, OH), 3.50-3.32 (m, 4H, CH,0H), 3.06 (q, J = 11.6, 5.6 Hz, 4H, NHCH,), 1.46-1.36 (m, 8H, CH,CH,CH,CH>).
13C NMR (101 MHz, DMSO-d6, 25°C, TMS. ppm): § = 165.9, 134.2, 130.2, 130.0, 129.1, 125.7, 60.3, 35.8, 29.8,
25.7.
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5.2.3.6. Synthesis of 2,7-bis(3-hydroxypropyl)benzo[3,8]phenanthroline-
1,3,6,8(2H,7H) (1f)

A suspension of 200 mg (0.746 mmol) of 1,4,5,8-naphthalenetetracarboxylic dianhydride in 4 ml anhydrous
pyridine with the addition of 4 eq. of 3-aminopropanol (230 pl, 3 mmol) and 1,25eq. zinc acetate dihydrate (100
ul, 0.954 mmol) was heated under reflux at 120 °C for 16 h. After cooling to room temperature, the pyridine was
removed under reduced pressure, and the crude product was dry-loaded onto a silica column and purified by
elution with a dichloromethane:methanol solvent mixture. TLC (DCM/MeOH 9:1): Rf 0.69 (211,3 mg, 74% yield).
'H NMR (400 MHz, CDCl5) 6 8.79 (s, 4H), 4.38 (t, ) = 6.3 Hz, 4H), 3.65 (dd, J = 11.4, 5.8 Hz, 4H), 2.59 (t, ) = 6.5 Hz,
2H), 2.07 — 1.92 (m, 4H).

5.2.3.7. Synthesis of 2,7-bis(4-hydroxybutyl)benzo[3,8]phenanthroline-
1,3,6,8(2H,7H)-tetraone) (1g)

A suspension of 423 mg (1.6 mmol) of 1,4,5,8-naphthalenetetracarboxylic dianhydride in 7 ml anhydrous
pyridine with the addition of 4 eq. of 4-aminobuthanol (650 pl, 6.32 mmol) and 1,25eq. zinc acetate dihydrate
(210 pl, 2 mmol) was heated under reflux at 120 °C for 16 h. After cooling to room temperature, the pyridine
was removed under reduced pressure, and the crude product was dry-loaded onto a silica column and purified
by elution with a dichloromethane:methanol solvent mixture. TLC (DCM/MeOH 9:1): Rf 0.43 (530 mg, 82%
yield). *H NMR (400 MHz, CDCl3) & 8.76 (s, 4H), 4.26 (t, J = 7.4 Hz, 4H), 3.75 (dd, J = 11.0, 5.6 Hz, 4H), 1.95 — 1.76
(m, 4H), 1.71 (q, J = 6.6 Hz, 4H).

5.2.3.8. Synthesis of 2-(2-(bis(4-methoxyphenyl)(phenyl)methoxy)ethyl)-6-N,N’-
bis(2-hydroxyethyl)-1,2,4,5-benzenetetracarboxylic diimide (2a)

A 200 mg of N,N’-bis(2-hydroxyethyl)-1,2,4,5-benzenetetracarboxylic diimide (1a) (0.66 mmol) was dissolved in
pyridine. The mixture was stirred until the precipitate dissolved. To the stirring solution was added 1.2eq of
dimethoxytrityl chloride (267 mg, 0.79 mmol) and a catalytic amount of 4-dimethylaminopyridine. The mixture
was stirred for 2.5 h. After the reaction, the mixture was extracted from methylene chloride in an aqueous
solution of sodium bicarbonate. The organic layer was dried over anhydrous magnesium sulfate and then
evaporated under reduced pressure. After evaporation, the residue was dissolved in methylene chloride and
subjected to isolation by column chromatography using silica gel in an eluent of hexane:ethyl acetate.
Concentration of the eluate resulted in the precipitation of a yellow solid of 2-(2-(bis(4-
methoxyphenyl)(phenyl)methoxy)ethyl)-6-N,N'-bis(2-hydroxyethyl)-1,2,4,5-benzenetetracarboxylic ~ diimide
TLC (DCM/MeOH 9:1): Rf 0.65 (290 mg, 76%). *H NMR (400 MHz, CDCls, 25°C, TMS, ppm): & = 8.23 (s, 2H), 7.32
(d, ) = 8.3 Hz, 9H), 7.2 (dd, J = 9.0, 2.6 Hz, 4H), 5.28 (s, 1H), 3.73 (s, 6H, OMe), 3.44 (dd, J = 6.4, 3.8 Hz, 4H). 13C
NMR (101 MHz, CDCls) 6 166.56, 158.3, 144.45, 137.20, 136.97, 135.70, 129.84, 127.93, 127.74, 126.70, 113,
86.24, 60.24, 58.33, 55.09, 41.14, 38.85.
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5.2.3.9. Synthesis of 2-(2-(bis(4-methoxyphenyl)(phenyl)methoxy)propyl)-6-N,N’-
bis(3-hydroxypropyl)-1,2,4,5-benzenetetracarboxylic diimide (2b)

A 100 mg of N,N’-bis(3-hydroxypropyl)-1,2,4,5-benzenetetracarboxylic diimide (1b) (0.3 mmol) was dissolved
in pyridine. The mixture was stirred until the precipitate dissolved. To the stirring solution was added 1.2 eq of
dimethoxytrityl chloride (122.8 mg, 0.36 mmol) and a catalytic amount of 4-dimethylaminopyridine. The
mixture was stirred for 2.5 h. After the reaction, the mixture was extracted from methylene chloride in an
aqueous solution of sodium bicarbonate. The organic layer was dried over anhydrous magnesium sulfate and
then evaporated under reduced pressure. After evaporation, the residue was dissolved in methylene chloride
and subjected to isolation by column chromatography using silica gel in an eluent of hexane:ethyl acetate.
Concentration of the eluate resulted in the precipitation of a yellow precipitate of 2-(2-(bis(4-
methoxyphenyl)(phenyl)methoxy)propyl)-6-N,N'-bis(3-hydroxypropyl)-1,2,4,5-benzenetetracarboxylic diimide
TLC (DCM/MeOH 9:1): Rf 0.71 (82.7 mg, 43%). *H NMR (400 MHz, CDCls, 25°C, TMS, ppm): 6 = 8.18 (s, 2H, H-4,
H-8), 7.37-7.08 (m; 5H; DMT), 6.82 (d, J = 8.9 Hz, 4H) 6.71 (d, J = 8.9 Hz, 4H, Harom), 3.91 (t, J = 6,5 Hz; 1H; OH),
3.75 (s, 6H, OMe), 3.67 (t, J = 5.7 Hz, 4H, OHCH,CH2), 3.15 (t, J = 5.6 Hz, 4H, CH,ODMT), 2.06-1.99 (m, 2H,
CH,CH,0ODMT), 1.97-1.9 (m, 2H, OHCH,CH,). 3C NMR (101 MHz, CDCl;) § 166.7, 158.2, 144.5, 137.4, 136.9,
129.9, 129.1, 128.1, 127.7, 126.6, 118, 86.2, 61.6, 55.1, 36.9, 35.2, 31, 28.4.

5.2.3.10. Synthesis of 2-(2-(bis(4-methoxyphenyl)(phenyl)methoxy)butyl)-6-N,N’-
bis(4-hydroxybutyl)-1,2,4,5-benzenetetracarboxylic diimide (2c)

200 mg of N,N’-bis(4-hydroxybutyl)-1,2,4,5-benzenetetracarboxylic diimide (1c) (0.56 mmol) was dissolved in
pyridine. The mixture was stirred until the precipitate dissolved. To the stirring solution was added 1.2 eq of
dimethoxytrityl chloride (228 mg, 0.67 mmol) and a catalytic amount of 4-dimethylaminopyridine. The mixture
was stirred for 2.5 h. After the reaction, the mixture was extracted from methylene chloride in an aqueous
solution of sodium bicarbonate. The organic layer was dried over anhydrous magnesium sulfate and then
evaporated under reduced pressure. After evaporation, the residue was dissolved in methylene chloride and
subjected to isolation by column chromatography using silica gel in an eluent of hexane:ethyl acetate.
Concentration of the eluate resulted in the precipitation of a vyellow solid of 2-(2-(bis(4-
methoxyphenyl)(phenyl)methoxy)butyl)-6-N,N'-bis(4-hydroxybutyl)-1,2,4,5-benzenetetracarboxylic diimide TLC
(DCM/MeOH 9:1): Rf 0.81 (136.5 mg, 36.7%). *H NMR (400 MHz, CDCls, 25°C, TMS, ppm): & = 8.25 (s, 2H, H-4. H-
8), 7.35-7.12 (m, 9H, DMT), 6.80 (d, J = 8.8 Hz, 4H, Harom.), 3.96 (s, 1H, OH), 3.78 (s, 6H, OMe), 3.76-3.66 (m, 4H,
NCH,CH,), 3.08 (t, J= 6.2 Hz, 4H, HOCH,CH,), 1.86-1.75 (m, 8H, CH,CH,). 3C NMR (101 MHz, CDCI3) § 166.2,
158.1, 148.8, 137, 136.3, 129.8, 127.9, 127.5, 123.9, 112.8, 85.6, 63.8, 54.9, 38.5, 29.4, 27.2, 25.2.
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5.2.3.11. Synthesis of 2-(3-(bis(4-methoxyphenyl)(phenyl)methoxy)propyl)-N6-(3-
hydroxypropyl)naphthalene-2,6-dicarboxamide (2d)

250 mg of N2,N6-bis(3-hydroxypropyl)naphthalene-2,6-dicarboxamide (1d) (0.76 mmol) was suspended in
pyridine. The mixture was heated to 60°C and stirred until the precipitate dissolved. To the stirring solution was
added 1.2 eq of dimethoxytrityl chloride (346.8 mg, 1.02 mmol) and a catalytic amount of 4-
dimethylaminopyridine. The mixture was stirred for 2h. After the reaction, the mixture was extracted from
methylene chloride in an aqueous solution of sodium bicarbonate. The organic layer was dried over anhydrous
magnesium sulfate and then evaporated under reduced pressure. After evaporation, the residue was dissolved
in methylene chloride and subjected to column chromatography using silica gel in an eluent of hexane:ethyl
acetate. Concentration of the eluate resulted in the precipitation of vyellow 2-(3-(bis(4-
methoxyphenyl)(phenyl)methoxy)propyl)-N6-(3-hydroxypropyl)naphthalene-2,6-

dicarboxamide TLC (DCM/MeOH 9:1): Rf 0.88 (224.3 mg, 47%). 'H NMR (400 MHz, CDCls, 25°C, TMS, ppm):
5=7.97 (s, 2H, NH), 7.38 (d, J=8.0 Hz, 2H, H-4, H-84rom), 7.27 (d, J=8.8 Hz, 2H H-3, H-7arom), 7.23 (dd, J =
10.3 4.8 Hz, 9H, 1,8-Harom.), 6.77 (d, J = 8.7 Hz, 4H, DMTarom. H Ar—-OMe), 4.05 (d, J = 7.1 Hz, 1H, OH), 3.70 (s, 6H,
OMe), 3.33 (dd, J = 12.4, 6.3 Hz, 2H, CH,0H), 3.13 (t, J = 5.8 Hz, 4H, NHCH,), 1.78-1.72 (m, 4H, CH,CH,CH,). 33C
NMR (101 MHz, CDCls, 25°C, TMS, ppm): 6 = 162.1, 158.1, 144.7, 135.8, 129.6, 127.7, 112.7, 85.7, 61.0, 54.8,
36.0, 35.7, 30.9, 29.1.

5.2.3.12. Synthesis of 2-(3-(bis(4-methoxyphenyl)(phenyl)methoxy)butyl)-N6-(4-
hydroxybutyl)naphthalene-2,6-dicarboxamide (2e)

225 mg of N2,N6-bis(4-hydroxybutyl)naphthalene-2,6-dicarboxamide (1e) (0.63 mmol) was suspended in
pyridine. The mixture was heated to 60°C and stirred until the precipitate dissolved. To the stirring solution was
added 1eq of dimethoxytrityl chloride (415 mg, 1.22 mmol) and a catalytic amount of 4-dimethylaminopyridine.
The mixture was stirred for 2 h. After the reaction, the mixture was extracted from methylene chloride in an
aqueous solution of sodium bicarbonate. The organic layer was dried over anhydrous magnesium sulfate and
then evaporated under reduced pressure. After evaporation, the residue was dissolved in methylene chloride
and subjected to column chromatography using silica gel in an eluent of hexane:ethyl acetate. Concentration of
the eluate resulted in the precipitation of yellow 2-(3-(bis(4-methoxyphenyl)(phenyl)methoxy)butyl)-N6-(4-
hydroxybutyl)naphthalene-2,6-dicarboxamide TLC (DCM/MeOH 9:1): Rf 0.83 (181 mg, 24%). *H NMR (400 MHz,
CDCls, 25°C, TMS, ppm): & = 7.99 (s, 2H, NH), 7.38 (d, J = 7.9 Hz, 2H, H-1, H-5.r0m.), 7.27 (d, J = 8.8 Hz, 2H, H-4, H-
8arom.), 7.2 (t, J = 7.6 Hz. 1H, DMTarom.), 7.12 (t, J = 7.3 Hz, 6H, DMTarom), 6.76 (d, J = 8.9 Hz, 6H, DMTarom) 4.04 (q,
J=7.1Hz, 1H, OH), 3.68 (s, 6H, OMe), 3.17 (g, J = 6.2 Hz, 4H, NHCH,), 3.03 (m, 4H, CH,OH), 1.15 (dt, J = 18.4,
5.6 Hz, 8H, CH,CH,CH,CH,). 3C NMR (101 MHz, CDCls, 25°C, TMS, ppm): § = 162.1, 158.0, 144.9, 136.1, 127.7,
126.2, 112.6, 85.4, 62.5, 54.7, 37.6, 30.9, 27.1, 26.0.

43



5.2.3.13. Synthesis of 2-(3-(bis(4-methoxyphenyl)(phenyl)methoxy)propyl)-7-(3-
hydroxypropyl)benzo[3,8]phenanthroline-1,3,6,8(2H,7H)-tetraone (2f)

200 mg (0.52 mmol) NDI diol 2,7-bis(3-hydroxypropyl)benzo[3,8]phenanthroline-1,3,6,8(2H,7H) (1f) was dissolved
in 4 ml anhydrous pyridine, with the mixture heated to 60 °C to ensure complete dissolution. Subsequently, 1.25
equivalents of dimethoxytrityl chloride (221.5 mg, 0.654 mmol) were added, and the reaction was stirred for 2
hours. The solvent was then removed under reduced pressure, and the crude product was dissolved in
dichloromethane, washed with saturated aqueous sodium bicarbonate, and dried over anhydrous magnesium
sulfate. Purification was carried out by column chromatography using a solvent system of hexane:ethyl acetate
supplemented with 1% triethylamine. TLC (DCM/MeOH 9:1): Rf 0.8 (174.8 mg, 49 % yield) *H NMR (400 MHz, CDCls)
68.72(d, ) =7.6 Hz, 4H), 7.32 (d, ) = 7.3 Hz, 5H), 7.21 - 7.13 (m, 4H), 6.63 (d, J = 8.8 Hz, 4H), 4.36 (dt, J = 14.0, 6.6
Hz, 4H), 3.73 (s, 6H), 3.66 (t, J = 5.6 Hz, 4H), 3.22 (t, J = 5.6 Hz, 2H), 2.10 (t, ) = 6.3 Hz, 2H)

5.2.3.14. Synthesis of 2-(4-(bis(4-methoxyphenyl)(phenyl)methoxy)butyl)-7-(4-
hydroxybutyl)benzo[3,8]phenanthroline-1,3,6,8(2H,7H)-tetraone (2g)

90 mg (0.22 mmol) NDI diol 2,7-bis(4-hydroxybutyl)benzo[3,8]phenanthroline-1,3,6,8(2H,7H)-tetraone (1g) was
dissolved in 4 ml anhydrous pyridine, with the mixture heated to 60 °C to ensure complete dissolution.
Subsequently, 1.25 equivalents of dimethoxytrityl chloride (92.75 mg, 0.27 mmol) were added, and the reaction
was stirred for 2 hours. The solvent was then removed under reduced pressure, and the crude product was
dissolved in dichloromethane, washed with saturated aqueous sodium bicarbonate, and dried over anhydrous
magnesium sulfate. Purification was carried out by column chromatography using a solvent system of hexane:ethyl
acetate supplemented with 1% triethylamine. TLC (DCM/MeOH 9:1): Rf 0.6 (58.3 mg, 37.3 % yield) *H NMR (400
MHz, CDCl3): 8.16 (d, J = 6.7 Hz, 4H), 7.43 (4H, 7.31 (tt, J = 7.4, 1.4 Hz), 7.35 (dddd, J = 8.0, 7.4, 1.6, 0.6 Hz, 5H),
6.91 (ddd, J = 8.4, 1.1, 0.5 Hz, 2H), 7.01 (ddd, J = 8.4, 1.3, 0.5 Hz, 2H), 6.84-7.07 (m, 4H), 3.86 (t, J = 6.8 Hz, 4H),
3.86 (t, J = 6.8 Hz, 4H), 3.76 (s, 6H), 3.48 (t, J = 7.5 Hz, 2H), 3.34 (2H, t, J = 7.0 Hz), 1.80 (tt, J = 7.1, 7.0 Hz, 2H),
1.78 (tt, J= 7.5, 7.5 Hz, 2H).

5.2.3.15. Synthesis of 2-(6-(2-(bis(4-methoxyphenyl)(phenyl)methoxy)ethyl)-1,3,5,7-
tetraoxo-3,5,6,7-tetrahydropyrrolo[3,4-flisoindol-2(1H)-yl)ethyl(2-
cyanoethyl)diisopropylphosphoramidite (3a)

133 mg of 2-(2-(bis(4-methoxyphenyl)(phenyl)methoxy)ethyl)-6-N,N’-bis(2-hydroxyethyl)-1,2,4,5-
benzenetetracarboxylic acid diimide (2a) (0.2 mmol) dried overnight under a vacuum pump was dissolved in
methylene chloride in an inert gas environment (argon) and cooled to 0°C in an ice bath. To the mixture were
added 3.5 eq of diisopropylethylamine (140 pul, 0.8mmol) and 1.2 eq of N,N-
diisopropylaminocyanoethylphosphonamidochloride (61 ul, 0.27 mmol). The reaction was carried out for 2.5 h.

After the reaction, the mixture was extracted from methylene chloride in an aqueous solution of sodium
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hydrogen carbonate. The organic layer was dried over anhydrous magnesium sulfate and then evaporated under
reduced pressure. Then the solution was subjected to isolation on a chromatographic column using silica gel in
methylene chloride. Concentration of the eluate resulted in a colorless oil of 2-(6-(2-(bis(4-
methoxyphenyl)(phenyl)methoxy)ethyl)-1,3,5,7-tetraoxo-3,5,6,7-tetrahydropyrrolo[3,4-flisoindol-2(1H)-
yl)ethyl(2-cyanoethyl)diisopropylphosphoramidite TLC (Hexane/AcOEt 8:2): Rf 0.84 (106.14 mg, 60%), which was
dried under a vacuum pump. *H NMR (400 MHz, CDCl3) 6 8.19 (s, 2H), 7.32 (d, J = 7.6 Hz, 9H), 7.20 (d, ) = 8.8 Hz,
2H), 6.70 (dd, J = 8.9, 2.5 Hz, 2H), 3.90 (d, J = 4.7 Hz, 1H), 3.71 (s, 6H), 3.55 — 3.41 (m, 2H), 2.95 — 2.89 (m, 2H),
2.76 (t,J = 5.6 Hz, 1H), 1.35 (d, J = 6.4 Hz, 12H).

5.2.3.16. Synthesis of 2-(6-(2-(bis(4-methoxyphenyl)(phenyl)methoxy)propyl)-
1,3,5,7-tetraoxo-3,5,6,7-tetrahydropyrrolo[3,4-flisoindol-2(1H)-yl)propyl(2-
cyanoethyl)diisopropylphosphoramidite (3b)

104 mg of 2-(2-(bis(4-methoxyphenyl)(phenyl)methoxy)propyl)-6-N,N’-bis(3-hydroxypropyl)-1,2,4,5-
benzenetetracarboxylic acid diimide (2b) (0.16 mmol) dried overnight under a vacuum pump was dissolved in
methylene chloride in an inert gas environment (argon) and cooled to 0°C in an ice bath. To the mixture were
added 3.5 eq of diisopropylethylamine (100 ul, 057 mmol) and 1.2 eq of N,N-
diisopropylaminocyanoethylphosphonamidochloride (45 pl, 0.2 mmol). The reaction was carried out for 2.5 h.
After the reaction, the mixture was extracted from methylene chloride in an aqueous solution of sodium
hydrogen carbonate. The organic layer was dried over anhydrous magnesium sulfate and then evaporated under
reduced pressure. Then the solution was subjected to isolation on a chromatographic column using silica gel in
methylene  chloride.  Concentration of the eluate resulted in colorless  2-(6-(2-(bis(4-
methoxyphenyl)(phenyl)methoxy)propyl)-1,3,5,7-tetraoxo-3,5,6,7-tetrahydropyrrolo[3,4-flisoindol-2(1H)-
yl)propyl(2-cyanoethyl)diisopropylphosphoramidite TLC (Hexane/AcOEt 8:2): Rf 0.93 (80.2 mg, 58%), which was
dried under a vacuum pump. *H NMR (400 MHz): 6 8.76 (2H, d, J = 0.5 Hz), 7.35 (dddd, J = 8.0, 7.4, 1.6, 0.6 Hz,
9H), 7.31 (tt, ) = 7.4, 1.4 Hz, 2H), 6.91 (ddd, J = 8.4, 1.1, 0.5 Hz, 2H), 3.87 (t, J = 6.9 Hz, 2H), 3.76 (s, 6H), 3.67-3.94
(m, 2H), 2.98-3.18 (m, 2H), 2.01 (tt, ) = 6.9, 5.0 Hz), 1.18 (12H, d, J = 6.9 Hz).

5.2.3.17. Synthesis of 2-(6-(2-(bis(4-methoxyphenyl)(phenyl)methoxy)butyl)-1,3,5,7-
tetraoxo-3,5,6,7-tetrahydropyrrolo[3,4-flisoindol-2(1H)-yl)butyl(2-
cyanoethyl)diisopropylphosphoramidite (3c)

113 mg of 2-(2-(bis(4-methoxyphenyl)(phenyl)methoxy)butyl)-6-N,N’-bis(4-hydroxybutyl)-1,2,4,5-
benzenetetracarboxylic acid diimide (2c) (0.17 mmol) dried overnight under a vacuum pump was dissolved in
methylene chloride in an inert gas environment (argon) and cooled to 0°C in an ice bath. To the mixture were

added 3.5 eq of diisopropylethylamine (104 ul, 0.6 mmol) and 1.2 eq of N,N-
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diisopropylaminocyanoethylphosphonamidochloride (46 pl, 0.2 mmol). The reaction was carried out for 2.5 h.
After the reaction, the mixture was extracted with methylene chloride in an aqueous solution of sodium
hydrogen carbonate. The organic layer was dried over anhydrous magnesium sulfate and then evaporated under
reduced pressure. Then the solution was subjected to isolation on a chromatographic column using silica gel in
methylene  chloride.  Concentration of the eluate resulted in colorless  2-(6-(2-(bis(4-
methoxyphenyl)(phenyl)methoxy)butyl)-1,3,5,7-tetraoxo-3,5,6,7-tetrahydropyrrolo[3,4-f]isoindol-2(1H)-
yl)butyl(2-cyanoethyl)diisopropylphosphoramidite TLC (Hexane/AcOEt 8:2): Rf 0.72 (88.2 mg, 60%), which was
dried under a vacuum pump. *HNMR (400 MHz): § 8.76 (d, J = 0.5 Hz, 2H), 7.35 (dddd, J = 8.0, 7.4, 1.6, 0.6 Hz,
9H), 7.24-7.43 (m, 2H), 6.93 (ddd, J = 8.4, 1.1, 0.5 Hz, 2H), 3.85 (t, J = 6.8 Hz, 2H), 3.84 (t, J = 6.8 Hz, 2H), 3.85 (t, J
= 6.9 Hz, 2H), 3.76 (s, 6H), 3.64-3.92 (m, 2H), 2.98-3.18 (m, 2H), 1.18 (, d, J = 6.9 Hz, 12H)

5.2.3.18. Synthesis of 3-(6-((3-(bis(4-
methoxyphenyl)(phenyl)methoxy)propyl)carbamoyl)2-
naphthamido)propyl(2-cyanoethyl)diisopropylphosphoramidite (3d)

175.7 mg of 2-(3-(bis(4-methoxyphenyl)(phenyl)methoxy)propyl)-N6-(3-hydroxypropyl)naphthalene-2,6-
dicarboxamide (2d)(0.28 mmol) dried overnight under a vacuum pump was dissolved in methylene chloride in
an inert gas environment (argon) and cooled to 0°C in an ice bath. To the mixture was added 5eq of
diisopropylethylamine (170 ul, 0.98 mmol) and 2 eq of N,N-diisopropylaminocyanoethylphosphonamido chloride
(74 ul, 0.33 mmol). The reaction was carried out for 2.5 h. After the reaction, the mixture was extracted with
methylene chloride in an aqueous sodium hydrogen carbonate solution. The organic layer was dried over
anhydrous magnesium sulfate and then evaporated under reduced pressure. Then, the solution was subjected
to column chromatography using silica gel in methylene chloride. Concentration of the eluate resulted in
colorless 3-(6-((3-(bis(4-methoxyphenyl)(phenyl)methoxy)propyl)carbamoyl)2-naphthamido)propyl(2-
cyanoethyl)diisopropylphosphoramidite TLC (Hexane/AcOEt 8:2): Rf 0.79 (138.8 mg, 60%), which was dried
under a vacuum pump. *H NMR (400 MHz, CDCls, 25°C, TMS, ppm): & = 8.09 (s, 1H), 7.35 (d, J = 7.5 Hz, 3H), 7.24
(d, J=8.7 Hz, 9H), 6.77 (d, J = 9.0 Hz, 6H), 3.73 (s, 6H), 3.34 (q, J = 6.2 Hz, 2H), 3.15 (t, J = 5.7 Hz, 2H), 2.54 (t,
J=6.3Hz, 1H), 1.78-1.71 (m, 2H), 1.20 (dd, J = 12.5, 6.1 Hz, 6H), 1.09 (d, J = 6.8 Hz, 3H), 0.98 (t, J = 7.1 Hz, 4H).
31p NMR (162 MHz, CDCls, 25°C, TMS, ppm): & = 150,81 (s).

5.2.3.19. Synthesis of 4-(6-((4-(bis(4-
methoxyphenyl)(phenyl)methoxy)butyl)carbamoyl)-2-
naphthamido)butyl(2-cyanoethyl)diisopropylamidophosphite (3e)

175.8 mg of 2-(3-(bis(4-methoxyphenyl)(phenyl)methoxy)propyl)-N6-(3-hydroxypropyl)naphthalene-2,6-

dicarboxamide (2e) (0.27 mmol) dried overnight under a vacuum pump was dissolved in methylene chloride in
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an inert gas environment (argon) and cooled to 0°C in an ice bath. 5 eq of diisopropylethylamine (160 pl, 0.92
mmol) and 2 eq of N,N-diisopropylaminocyanoethylphosphonamide chloride (70ul, 0.31mmol) were added to
the mixture. The reaction was carried out for 2.5 h. After the reaction, the mixture was extracted with methylene
chloride in an aqueous sodium hydrogen carbonate solution. The organic layer was dried over anhydrous
magnesium sulfate and then evaporated under reduced pressure. Then, the solution was subjected to column
chromatography using silica gel in methylene chloride. Concentration of the eluate resulted in colorless 3-(6-((3-
(bis(4-methoxyphenyl)(phenyl)methoxy)propyl)carbamoyl)2-naphthamido)propyl(2-
cyanoethyl)diisopropylphosphoramidite TLC (Hexane/AcOEt 8:2): Rf 0.76 (150.4 mg, 65%), which was dried
under a vacuum pump. *HNMR (400 MHz): & 8.03 (dddd, ) =7.4, 1.7, 0.5, 0.4 Hz, 2H), 7.35 (dddd, ] = 8.0, 7.4, 1.6,
0.6 Hz, 3H), 7.24-7.43 (m, 9H), 6.93 (ddd, J =8.4, 1.1, 0.5 Hz, 2H) 6.87-7.07 (m, 2H), 3.84 (t,J = 6.8 Hz, 2H), 3.76
(s, 6H), 3.51 (t, J = 7.4 Hz, 2H), 3.16 (t, ) = 7.5 Hz, 2H), 3.08 (p, J = 6.9 Hz, 2H), 1.75-1.93 (m, 2H), 1.63 (tt,J = 7.5,
7.4 Hz, 3H), 1.18 (d, J = 6.9 Hz, 12H)

5.2.3.20. Synthesis of 3-(7-(3-(bis(4-methoxyphenyl)(phenyl)methoxy)propyl)-
1,3,6,8-tetraoxo-3,6,7,8-tetrahydrobenzo[3,8]phenanthrolin-2(1H)-
yl)propyl (2-cyanoethyl) diisopropylphosphoramidite (3f)

70 mg (0.07 mmol) NDI-DMT derivative 2-(3-(bis(4-methoxyphenyl)(phenyl)methoxy)propyl)-7-(3-
hydroxypropyl)benzo[3,8]phenanthroline-1,3,6,8(2H,7H)-tetraone  (2f) was dissolved in  anhydrous
dichloromethane and placed under an argon atmosphere. The reaction mixture was cooled in an ice bath, followed
by the addition of 5 equivalents of diisopropylethylamine (90 pl, 0.36 mmol) and 2 equivalents of 2-cyanoethyl N,N-
diisopropylchlorophosphoramidite (32 ul, 0.14 mmol). The reaction was allowed to gradually warm to room
temperature over the course of 2 hours, after which it was quenched by pouring into a solution of 2% triethylamine
in dichloromethane. The resulting mixture was washed with saturated aqueous sodium bicarbonate and dried over
anhydrous magnesium sulfate. Purification was carried out by column chromatography using 2% triethylamine in
ethyl acetate as the eluent. TLC (DCM/MeOH 9:1): Rf 0.9 (51.1 mg, 56 % yield) *H NMR (400 MHz): 8.16 (d, /= 6.8
Hz), 7.35 (dddd, J = 8.0, 7.4, 1.6, 0.6 Hz), 7.31 (tt, J = 7.4, 1.4 Hz), 7.24-7.43 (m, 3H), 6.84-7.07 (m, 6H), 3.88 (t, J =
2.7 Hz), 3.8 (t, J= 7.0 Hz), 3.76 (s, 6H), 3.73 (t, J = 7.0 Hz), 2.98-3.18 (m, 4H), 2.00 (tt, J = 2.7, 2.7 Hz), 1.93-2.10
(m, 4H), 1.18 (12H, d, J = 6.9 Hz).

5.2.3.21. Synthesis of 4-(7-(4-(bis(4-methoxyphenyl)(phenyl)methoxy)butyl)-1,3,6,8-
tetraoxo-3,6,7,8-tetrahydrobenzo[3,8]phenanthrolin-2(1H)-yl)butyl (2-
cyanoethyl) diisopropylphosphoramidite (3g)

50 mg (0.1 mmol) NDI-DMT derivative 2-(4-(bis(4-methoxyphenyl)(phenyl)methoxy)butyl)-7-(4-
hydroxybutyl)benzo[3,8]phenanthroline-1,3,6,8(2H,7H)-tetraone  (2g) was dissolved in  anhydrous

dichloromethane and placed under an argon atmosphere. The reaction mixture was cooled in an ice bath, followed
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by the addition of 5 equivalents of diisopropylethylamine (62 pl, 0.52 mmol) and 2 equivalents of 2-cyanoethyl N,N-
diisopropylchlorophosphoramidite (50 pl, 0.22 mmol). The reaction was allowed to gradually warm to room
temperature over the course of 2 hours, after which it was quenched by pouring into a solution of 2% triethylamine
in dichloromethane. The resulting mixture was washed with saturated aqueous sodium bicarbonate and dried over
anhydrous magnesium sulfate. Purification was carried out by column chromatography using 2% triethylamine in
ethyl acetate as the eluent. TLC (DCM/MeOH 9:1): Rf 0.93 (38.3 mg, 60 % yield). tHNMR (400 MHz): 6 8.22 (d, J =
6.8 Hz, 4H), 7.22-7.4 (m, 4H), 7.01 (ddd, J = 8.4, 1.3, 0.5 Hz), 6.91 (ddd, J = 8.4, 1.1, 0.5 Hz, 6H), 3.86 (t, J = 6.8 Hz),
3.84(t, )= 6.8 Hz), 3.73 (s, 6H), 3.62-3.9 (m, 4H), 3.48 (t, ] = 7.5 Hz, 2H), 3.08 (t, J = 6.8 Hz, 2H), 1.85 (tt, J=7.3, 7.2
Hz), 1.54-1.94 (m, 12H).

5.2.4. Oligonucleotide synthesis and purifying

All oligonucleotides were synthesized using standard synthesis protocol. RNA oligomers were
synthesized on an Applied Biosystems 392 DNA/RNA synthesizer using the solid-phase
phosphoramidite method with controlled pore glass (CPG) support. All syntheses were
performed on a 1-umol scale using commercially available 2’-O-TOM-protected
phosphoramidites. Base-labile protecting groups were removed, and the oligomers were
cleaved from the solid support by incubating the CPG resin with an ammonia/methylamine
solution (1:1, v/v) for up to 4 h. DMT-ON oligomers were subsequently detritylated and
purified using Glen-Pak DNA or RNA cartridges (Glen Research) according to the
manufacturer’s instructions. For RNA oligomers synthesized in the DMT-OFF format, the 2’-O-
TOM protecting group was removed using 1 M triethylamine trihydrofluoride (TEA-3HF) in
DMSO at 65°C for 2.5 h. All oligomers were desalted using Illustra NAP-25 columns (GE
Healthcare). The purity of the obtained RNA was assessed using 10-20% denaturing
polyacrylamide gel electrophoresis. Synthesis and purification process were described in

publication: Overview of Methods for Large-Scale RNA Synthesis (187).

5.2.5. UV melting measurement

Ultraviolet (UV) thermal melting studies were performed on a Jasco V-700 spectrometer with
a thermoprogrammer. The RNA oligomers were dissolved in a buffer containing 100 mM
sodium chloride and 40 mM sodium cacodylate (pH 7.0). Oligonucleotides were prepared in
nine different concentrations. The UV absorption versus temperature was measured at 260

nm at a heating rate of 0.5 °C / min in the range 5-90 °C (188). The melting curves were
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analyzed using Microsoft Excel software to calculate the first derivative of the UV-melting

curves and melting temperature.

UV melting procedure for RNA oligonucleotides with NCD ligand was described in publication:
Naphthyridine carbamate dimer ligand induces formation of Z-RNA-like fold of disease-related

RNA and exhibits a molecular glue characteristics in crystal lattice formation (159).

5.2.6. Circular dichroism

Circular dichroism (CD) spectra were recorded using a JASCO J-815 spectropolarimeter
(Cremella (LC), Italy). Each oligonucleotide sample was evaporated to dryness and
subsequently dissolved in 1 ml of buffer containing 100 mM NaCl and 40 mM sodium
cacodylate, yielding a final concentration of 6.0 uM. Spectra were acquired five times over the
210-410 nm wavelength range at 20 °C, and the buffer baseline was subtracted from each

sample spectrum.

5.2.7. RNA concentration measurement

The concentration of the prepared oligonucleotides was determined by measuring
absorbance at 260 nm using a Implen Nanophotometer®. The absorbance values were
subsequently converted to concentrations using the Lambert-Beer law, applying extinction
coefficients specific to each oligoribonucleotide. These coefficients were calculated using the
RNA Molecular Weight Calculator (https://www.aatbio.com/tools/calculate-RNA-molecular-

weight-mw). Any introduced chemical modifications were excluded from the calculations.

5.2.8. RNA purification on polyacrylamide gel

Preparative-scale electrophoresis was performed on 15-20% polyacrylamide gels, with the gel
concentration selected based on the length of the RNA. Each run was conducted in 1x TBE
buffer and preceded by a pre-electrophoresis step at a constant current of 10 mA. Prior to
loading, gel was prepared by increasing constant current to 50 mA for better sample
penetration into the gel. Samples were mixed in a 1:1 ratio with an 8 M urea solution to ensure
denaturation. Electrophoresis was carried out under gradually increasing current until a

maximum of 50 mA was reached.
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5.2.9. RNA elution

Following separation on a polyacrylamide gel, bands corresponding to the desired RNA
fragments were visualized under UV light, excised from the gel, and eluted using two different
methods: electroelution and the "crush and soak" technique. For electroelution, the gel slice
containing the RNA was placed into a ThermoFisher SnakeSkin dialysis bag, which was then
filled with 1x TBE buffer. The bag was submerged in the same buffer, and a voltage of 120V
was applied. Electroelution was carried out for 1 hour. Afterward, the eluate containing the
RNA was transferred from the dialysis bag to an Eppendorf tube, and the RNA was precipitated
using isopropanol. In the second method, RNA was recovered by incubating the gel slice in

deionized water overnight at 4 °C with gentle shaking.

5.2.10. Nucleic acid precipitation

Oligomers were precipitated in the presence of 1 eq. volume of 96% ethanol, 100 mM sodium
acetate buffer (pH 5.3) and 10 pul of glycogen. Samples were precipitated for 1 hour at -20 °C
and then centrifuged for 30 minutes at 14,000 rpm at 4 °C. After removing the supernatant,
the pellet was dried and resuspended in deionized water. Nucleic acid concentrations were

determined by measuring absorbance at A = 260 nm using a NanoDrop spectrophotometer.

5.2.11. Nucleic acids desalting

Salt-contaminated or low-molecular-weight impurity-contaminated nucleic acid samples were
purified using commercially available NAP-25 columns packed with Sephadex G-25 resin. A
0.8—1 mL aliquot of the sample was applied to the column, which was then washed with
deionized water. The first two fractions were collected in 1 ml volumes, followed by
subsequent fractions collected in 500 pl volumes, totaling 6 ml. Fractions containing nucleic

acids were identified by measuring absorbance at 260 nm.

5.2.12. In Vitro Transcription

All RNA molecules analyzed in this study were synthesized using the EurX in vitro transcription
kit and T7 RNA polymerase produced in-house. Transcription reactions were performed using
1 ug of chemically synthesized DNA as the template. Each reaction mixture contained 30 pg
of T7 RNA polymerase, 3.75 uM of each NTP, 9mM GTP and transcription buffer. Prior to
transcription, DNA templates were denatured at 95 °C for 5 minutes, followed by renaturation

at room temperature for 10 minutes. The transcription reactions were incubated overnight in
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37 °C. Subsequently, residual DNA templates were digested with 10 units of DNase | at 37 °C
for 15 minutes. To dissolve precipitated inorganic pyrophosphate, 50 mM EDTA was added to
the reaction mixture. The resulting RNA products were purified using 8-12% denaturing
polyacrylamide gel electrophoresis, eluted by electroelution, and precipitated with

isopropanol.

5.2.13. Dephosphorylation

FastAP™ alkaline phosphatase was used to remove phosphate groups from the 5’ end of the
RNA oligomer. The reaction was performed in the manufacturer-supplied buffer, using
160 pmol of RNA in a total volume of 50 ul, and incubated at 37 °C for 10 minutes. Enzyme
inactivation was achieved by heating the reaction mixture at 75°C for 10 minutes.
Subsequently, RNA oligomers were desalted using Zeba™ Spin Desalting Columns following

the manufacturer’s protocol.

5.2.14. Phosphorylation 5’ end of RNA and labeling of RNA at the 5' end with

the radioactive isotope 3?P
RNA at concentration of 10 pmol/ul were labeled using T4 polynucleotide kinase. Prior to the
reaction, the RNA was denatured for 5 minutes at 90 °C and subsequently incubated on ice
for 10 minutes. The reaction mixture contained the supplied enzyme buffer, 1 ul of [y-32P]ATP
with a specific activity of 40005000 Ci/mmol (0.02 mCi) or 0.015 mM ATP, and 10 U of the

enzyme. The labeling reaction was carried out for 30 minutes at 37 °C.

5.2.15. RNA circularization

The reaction mixture contained RNA at a concentration of 10 pmol/ul, and was incubated in
50 mM KCl for 5 min at 95°C, 10 min at 0°C, and 10 min at room temperature. The prepared
RNA was then circularized using 20u of T4 RNA ligase in the presence of 1 mM ATP in 1x
ligation buffer for 4 hours. Subsequently, RNA oligomers were desalted using Zeba™ Spin
Desalting Columns following the manufacturer’s protocol. Circularization efficiency was
evaluated on a denaturing polyacrylamide gel using a control sample of unligated RNA for
comparison. The product of ligation was purified using 12-20% polyacrylamide gel. For
radiolabeled RNA, the circularization products were separated in a polyacrylamide gel with
8M urea and then visualized by autoradiography using a Fluorescent Image Analyzer FLA-5100

radioactivity scanner - FujiFilm.
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5.2.16. Formamide hydrolysate

32p_labeled RNA was mixed with formamide at a 1:5 ratio in the presence of 10 mM MgCl,.
The mixture was incubated at 100 °C for 10 minutes to denature the RNA. Following
incubation, an equal volume of formamide loading buffer containing electrophoretic tracking
dyes was added, and the sample was immediately transferred to dry ice. The reaction products
were subsequently separated on a 15% polyacrylamide gel in 1x TBE buffer. Radiolabeled RNA
fragments were visualized using either a FLA-5100 scanner (Fujifilm) or an Amersham Typhoon
5 Biomolecular Imager, and image analysis was performed with ImageQuant TLv10.1 software

(Cytiva).

5.2.17. RNA cleavage by Dicer

Hydrolysis reactions of the radiolabeled RNA substrate were performed in Dicer RNA cleavage
reaction buffer. Dicer prepared in human HEK293T cell lines (final concentration: 15 nM), was
used to catalyze the reaction. Incubation was carried out at 37 °C for 30 minutes. To terminate
the reaction, an equal volume of EDTA and urea solution was added. The reaction products
were subsequently separated on a 15% polyacrylamide gel in 1x TBE buffer. Radiolabeled RNA
fragments were visualized using either a FLA-5100 scanner (Fujifilm) or an Amersham Typhoon
5 Biomolecular Imager, and image analysis was performed with ImageQuant TLv10.1 software

(Cytiva).

5.2.18. Crystallization

Lyophilized RNA oligomers were dissolved in deionized water, followed by the addition of
sodium cacodylate to a final concentration of 10 mM. Final concentration of RNA was set to
1mM. The RNA solution was denatured by heating at 95 °C for 2—5 minutes, then rapidly
cooled on ice for 10 minutes and subsequently incubated at room temperature for an

additional 10 minutes to facilitate proper folding.

Crystals were obtained using the vapor diffusion method, which relies on the principle that a
closed system will naturally progress toward equilibrium. In this approach, a small drop
containing the RNA sample is suspended above a reservoir solution that contains a higher
concentration of a precipitating agent. The drop is composed of a mixture of RNA solution and
precipitant at a defined ratio, resulting in an initial precipitant concentration that is lower than

that of the reservoir. Over time, the volatile components—typically water and buffer—diffuse
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between the drop and the reservoir. This gradual equilibration increases the concentration of
the precipitating agent within the drop, leading the RNA to reach a supersaturated state,
which promotes nucleation and subsequent crystal growth or, in some cases, precipitation

(189-191).

Crystallization conditions were screened using commercially available kits, including Natrix 1,
Natrix 2, and Crystal Screen (Hampton Research), at incubation temperatures of 19 °C and
35 °C. RNA samples were mixed with crystallization solutions at ratios of 1:1, 1:2, and 2:1 (v/v).
Crystallization was carried out either manually or using the Gryphon crystallization robot (Art

Robbins Instruments) using sitting drop method.

5.2.19. Diffraction measurements

Synchrotron radiation refers to the high-intensity, continuous-spectrum X-ray light produced
by electron storage rings and is widely utilized in biocrystallography. Compared to
conventional X-ray sources, it offers significantly brighter and more tightly collimated beames,
leading to enhanced signal-to-noise ratios and reduced radiation damage. Its tunable
wavelength capability allows for precise energy selection and more effective absorption
corrections, making it particularly well-suited for investigating large unit cells, such as those
found in viral structures. Moreover, synchrotron radiation facilitates time-resolved data

collection, enabling the study of dynamic processes in macromolecular reactions.

Diffraction data were collected using synchrotron radiation in EMBL on beamline P13 PETRA
Il storage ring (DESY, Hamburg, Germany) (192, 193). Prior to collecting data, crystals were
frozen in liquid nitrogen and transported in dryshipper maintaining temperature under 100K.
Collecting data was also performed in temperature of 100K. The lower temperature limits

radiation damage that can occur to the crystal during measurement.

Radiation damage in crystals is mainly caused by direct interactions between the beam and
molecules, leading to heat generation and bond breakage. This primary damage depends on
the radiation dose. Two main mechanisms create reactive radicals: directly (e.g., damaging
the polypeptide) and indirectly (via H* or OH* from water breakdown). These reactive species
can diffuse through the crystal, causing secondary damage, which is influenced by time and

temperature. At cryo-temperatures (~100 K), diffusion is minimal, limiting damage to the
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exposed area. At room temperature, radicals spread, leading to widespread destruction.

Therefore, cooling samples during data collection greatly reduces radiation damage (194).

Data collection in X-ray diffraction experiments involves capturing the scattering of X-rays by
crystalline samples to reveal their atomic structures. The primary goal is to measure a large
number of reflection intensities (195). During data collection, several hundred diffraction
images are typically captured as the crystal rotates around an axis perpendicular to the X-ray
beam. Each image corresponds to a small rotation (0.2—-2.0 °) and involves exposing the crystal
for a specified duration, which can range from a fraction of a second to several tens of seconds,
depending on the beam intensity and diffraction quality of the crystal. To acquire a complete
dataset, reflections must be measured over an appropriate angular range determined by the
symmetry of the space group and the orientation of the crystal. To minimize measurement
errors, it is advisable to record each reflection multiple times by measuring the intensities of

the symmetry-related reflections.

5.2.20. Data processing and scaling

The diffraction images are processed into structure factors using programs such as HKL (196)
or XDS (197). In this work XDS program was used. During this stage, the space group and unit
cell parameters were determined, and reflections with the highest intensities (I) were
identified. The integrated intensities of these reflections were then scaled and merged to
produce a complete set of structure factors essential for calculating the electron density maps
(198). In programs such as XDS, indexing and integration typically rely on default settings,
whereas scaling and merging are performed with modules such as XSCALE and XDSCONYV,
using standard parameters for non-anomalous diffraction data (199). The XDS output log file,
particularly the XDS.INP tab, provides detailed information on the processing steps, including
data quality metrics from the COLSPOT, IDXREF, DEFPIX, INTEGRATE, and CORRECT stages.
These outputs enable researchers to mask untrusted detector regions, refine the integration

parameters, and correct for absorption effects (200).

XSCALE standardizes the datasets obtained from XDS processing by placing them on a
common scale and, when required, merging them into one or several sets of unique
reflections. The program offers the option of merging these datasets into one or several sets

of unique reflections, while also providing key quality indicators such as data completeness
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and the reliability of the integrated intensities. XSCALE also applies corrections for absorption
effects, variations in detector sensitivity across the detector plane, and radiation damage. For
cases in which radiation damage is significant, reflections can be individually corrected by
extrapolation to their initial intensities at zero dose. In contrast, XDSCONV is a tool for
converting reflection data files generated by XDS or XSCALE into the specific formats required
by various software packages used in crystal structure determination. Beyond mere format
conversion, XDSCONYV can generate test reflections or import previously defined ones, which
are then used to calculate the free R factor, a crucial metric for assessing the accuracy and

progress of the structure refinement (197).

Finally, a statistical analysis is conducted to evaluate the quality of the obtained reflection set
based on parameters such as completeness, I/sigma, and Rmerge. Completeness refers to
the ratio of recorded reflections to the theoretical or expected number of reflections at a
specific resolution, which should be at least 85%. I /o represents the average signal-to-noise
ratio and should exceed 2, indicating that the reflection intensity is twice as large as the
measurement error. Rmerge provides information about the intensity difference between
symmetrical reflections, which should be identical; thus, the value of this parameter should
be as low as possible. This parameter is derived from the ratio of the total number of
reflections to the number of independent reflections and is known as the multiplicity or
redundancy (201). Rmerge serves as a quality indicator of the diffraction data, as given by

the following equation:

Yhi 2illi(hkl) — (I (hkD))|
Yinkt 2i 1;(hkl)

Rmerge (I) =

5.2.21. Definition of the phase problem and methods for its solution

When electromagnetic radiation with a wavelength comparable to the interatomic distances
interacts with a crystalline sample, each atom behaves as a scattering center. The constructive
and destructive interference of scattered waves gives rise to diffraction. A crystal can be
described in terms of lattice planes indexed by the Miller indices (hkl). The condition for

constructive interference is given by Bragg’s law:
/1 = Zdhleine
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where A is the radiation wavelength, dna the interplanar spacing, and 26 the diffraction angle
relative to the incident beam. For any crystal system, dnu can be expressed in terms of the

unit-cell parameters a, b, c, , 8, y through trigonometric relations (202).

In a diffraction experiment, the intensity of the observed spots varies according to the electron
density distribution of the unit cell. These intensities are connected to the underlying electron
density through a mathematical operation known as Fourier transform (Bragg, 1915) (203).
Each diffraction spot corresponds to scattering from planes in the crystal, indexed by Miller
indices (hkl), with the amplitude of the scattered wave |Fjy;| being proportional to the square
root of the measured intensity. The electron density at any point (x, y, z) within the unit cell
can then be reconstructed by summing the contributions of all such scattered waves, each

weighted by its amplitude and combined with the correct phase relationship.

I(hkl) = |Fppl?

p(xyz) = lz |Fhkl|e—2m'(hx+hy+hz)—<p(hkl)
v hkl

where IV is the volume of the unit cell and hkl is the phase associated with the structure-factor
amplitude |Fy;|. X-ray diffraction measurements of crystals cannot experimentally determine

the phase angle ¢(hkl), a limitation referred to as the phase problem.

Molecular replacement (MR) is the most widely used and straightforward method for
overcoming the crystallographic phase problem (204-206). In MR, the initial phases are
derived from a known homologous structure that serves as a phase model. The success of this
approach depends on the structural similarity between the model and target molecule, and
~30% sequence identity is typically sufficient (207). The orientation and translation of the
model in the new unit cell are determined using Patterson-based methods, which employ
a map calculated from squared structure factor magnitudes with all phases set to zero. Peaks
in the Patterson map correspond to interatomic vectors rather than atomic positions, allowing
the identification of rotational and translational relationships. The molecular replacement
procedure thus involves solving the rotation function to establish the model orientation,
followed by the translation function to position the model correctly within the unit cell. Once
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both are defined, the model provides approximate phases for all reflections, enabling the
calculation of the electron density maps. These maps, derived from model phases and
observed amplitudes, can be interpreted and refined to reveal the unknown structure (208—

210).

All structures presented in this work were solved using the program PHASER from the CCP4
suite. Phaser enables the phasing of macromolecular crystal structures through both
molecular replacement and experimental phasing approaches. The program incorporates
advanced algorithms based on maximum likelihood and multivariate statistics, which
significantly improve the reliability of the phase determination (211). In crystallography,
maximum likelihood methods provide a powerful framework for statistical inference because
they identify the model that explains the observed diffraction data with the highest

probability.

5.2.22. Model refinement

The goal of crystallographic refinement is to optimize the agreement between the observed
diffraction data and the calculated data derived from an atomic model, while simultaneously
maintaining chemically reasonable local geometry and non-bonded interactions (212). A well-
refined model is essential for the meaningful interpretation of the structure, including its
biological function and interactions with other molecules. Following real-space model
building, numerous small stereochemical and conformational inaccuracies typically remain,
which are corrected through reciprocal-space restrained refinement. In this process,
structural parameters, such as atomic coordinates, atomic displacement parameters (B-
factors), and global corrections (e.g., scale factors, bulk solvent contributions, or anisotropy
corrections), are iteratively adjusted against all available experimental data (213). The quality
of the refinement was quantitatively assessed using residual indices, most notably the R-value,
which measures the agreement between the observed F,,, and calculated F_,;. structure

factor amplitudes:

_ thl |Fobs (hkl) - Fcalc(hkl)l

R
thl Fobs (hkl)
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To prevent overfitting, cross-validation was conducted by calculating a similar statistic, Reyee

on a randomly chosen subset of reflections that were excluded from refinement:

R _ Yukter |Fops(hkl) — Feqic(hkD)|
free thleT Fobs (hkl)

where T denotes the test set of reflections. Together, these indicators provide a rigorous
assessment of the global fit between model and data, while safeguarding against model bias

and over-parameterization (214).

Refinement was performed in successive cycles, each consisting of manual model adjustments
followed by computational optimization to minimize the differences between the observed
and calculated structure factor amplitudes. Model building was performed using the
molecular graphics program Coot, which allows corrections to be guided by electron density
maps. The 2Fo,—Fc maps provide an overall representation of the electron density and assist in
accurate atom placement, whereas the Fo—Fc difference maps highlight discrepancies
between the model and experimental data, indicating incorrectly positioned atoms or
unmodeled features. This iterative process, which combines manual rebuilding in Coot (215)
with refinement calculations performed using REFMAC5 (216), aims to optimize both the
stereochemical quality of the model and its fit to the diffraction data. The progress of
refinement and accuracy of the resulting structure were assessed using statistical indicators
R and Rfy... For well-refined structures, the R index should typically not exceed 20%, and the
difference between Rfree and R should generally remain within approximately 3-7
percentage points (195). Following refinement, a new electron density map is generated from
the improved structure, serving as the basis for subsequent model reconstruction cycles (195,

217-219).

Effective refinement of model parameters requires the incorporation of additional restraints,
often referred to as soft constraints. These restraints provide prior information about the
expected geometry of nucleic acids, typically derived from high-resolution small-molecule
structures, and help to maintain chemically realistic conformations (220). The strength of the

applied restraints depends on the resolution and overall quality of the diffraction data: higher-
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resolution datasets allow weaker restraints, while lower-resolution data require stronger
ones. In addition to stereochemical restraints, refinement can be improved by the use of TLS
(translation, libration, screw) parameters, which describe anisotropic motions of groups of
atoms. This approach assumes that subsets of atoms behave approximately as rigid bodies,
allowing complex collective vibrations to be modeled with only a limited number of

parameters.

5.2.23. Other programs used in the work

e ChimeraX - programs for visualizing crystal structures.

e 3DNA - to analyze nucleic acid structures (221). Calculates the number of helical

parameters.
e Imagel - software used for viewing, processing, and quantitatively analyzing scientific

images.

e ChemDraw - software tool used for drawing chemical structures and reaction schemes.
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6. Results

6.1. Design and Synthesis of Aromatic Linkers

The initial phase of my doctoral thesis focused on the chemical synthesis of a series of non-
nucleosidic aromatic linkers to covalently connect the 5' and 3' ends of an RNA hairpin
structure. The linkers were designed based on pyromellitic, naphthalene, and their
derivatives. The inspiration was taken from phenanthrene- and phenanthroline-derived
linkers reported in the literature as potential DNA/RNA structural stabilizers by introducing
rigidity and m—mt stacking potential with nucleobases (105, 106, 222, 223). Although these
linkers have attractive structural properties and are fully compatible with standard solid-phase
RNA synthesis protocols, their synthesis is difficult and expensive. Therefore, the selection
of pyromellitic and naphthalene moieties of the linkers was based on the low price of

chemicals and the high yield of synthesis.

The synthesis of naphthalene- and pyromellitic-derived phosphoramidite building blocks with

linkers of different lengths is shown in Figure 12.
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Figure 12. Chemical Structures of Naphthalene- and Pyromellitic-Based Aromatic Linkers.

Naphthalene and pyromellitic derivatives were prepared from benzene-1,2,4,5-
tetracarboxylic (Scheme 1A), naphthalene-1,4,5,8-tetracarboxylic acid dianhydride (Scheme

1B) and dimethyl 2,6-naphthalene dicarboxylate (Scheme 1C). Derivatization with the
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corresponding a,w-aminoalcohols yielded amides 1a—e. These amides were subsequently
monotritylated using 4,4’-dimethoxytrityl chloride under controlled conditions. The final step
involved phosphitylation, yielding phosphoramidites 3a—g (Scheme 1). Pyromellitic (3a-c) and
naphthalene (3d-e) derivatives were proposed as new compounds, and their synthesis was

described in patent application no. 13P53836PL00.
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Scheme 1. Synthesis pathways of phosphoramidites derived from (a) pyromellitic, (b) naphthalene-
1,4,5,8-tetracarboxylic, and (c) 2,6-naphthalene precursors.
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6.2. Preparation of RNA sequences for structural research

The next step in the preparation of the stabilized RNA hairpin was the incorporation of
phenanthrene-derived phosphoramidite building blocks 3a—g during standard solid-phase
synthesis into the oligonucleotide chain. First, | designed and synthesized one set of
oligonucleotides (class I) composed of a 5'-CUGCUGCUG-3’ chain linked via an appropriate
linker to a second chain of a 5'-CUGCUGCUG-3’ sequence. The reference 5-CUGCUGCUG-3’
RNA molecule formed a self-complementary homoduplex, whereas the tethered derivatives
contained an appropriate linker spanning two RNA strands, forming a pseudo-hairpin
structure (Figure 13). Class | contained oligonucleotides consisting of only ribonucleotides
within the sequence and were used to check whether the incorporation of synthesized linkers
was feasible. After chemical synthesis, the oligomers were deblocked and purified according
to the developed procedure described in the publication: Overview of Methods for Large-Scale

RNA Synthesis (187).

Figure 13. Schematic representation of pseudo hairpin and capped structures. Ribbon represents the

chain of nucleotides, while red ball represents incorporated linker.

The purity and length of all synthesized oligonucleotides were assessed using 20% denaturing
polyacrylamide gel electrophoresis and MALDI-TOF analyses. All results consistently showed
that most class | tethered oligonucleotides were half the expected length (Figure 14 and Figure

16A), indicating cleavage of the RNA chain. Intramolecular hydrolysis and subsequent bond
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cleavage most likely occurred in the linker vicinity due to the spatial proximity of the 2’'-OH
group to the covalent bond between the aromatic linker and adjacent nucleotide. The sole
exception was the oligomer containing linker 3d, which retained its full expected length.
Nevertheless, truncated oligonucleotides preserved valuable functional features, such as the
aromatic linkers that behave as non-nucleotide caps, contributing to the structural

stabilization of the molecule (Figure 13).
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Figure 14. MALDI-TOF mass spectra of the chemically modified oligonucleotides.
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Initial experiments showed that the modified RNA oligonucleotides were unstable and

underwent cleavage. | found that this issue can be overcome by replacing the ribonucleotide

with deoxyribonucleotides in close proximity to the linker. | designed a second class of

oligomers (class Il) containing hybrid RNA-DNA oligonucleotides. This time, the oligomers

were composed of the shorter sequence 5’ -GCUGAC-linker-dGCUGC-3’ (where dC and dG

correspond to deoxycytosine and deoxyguanosine residues, respectively) to achieve the

highest yield of tethered RNA. The lengths of class Il oligomers were confirmed by 15%

denaturing polyacrylamide gel electrophoresis (PAGE) and ESI-MS analyses (Figure 15 and

16B). The separation of oligomers using PAGE showed that the tethered oligomers had an

expected migration rate relative to the control line.
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Figure 15. ESI-MS mass spectra of the chemically modified oligonucleotides.
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Figure 16. 20% Denaturating poliacrylamide gel of B) Class | oligomers and C) class Il representative
oligomers.

6.2.1. Physicochemical Evaluation of Modified Oligonucleotides

Following the design phase, the modified oligonucleotides were subjected to physicochemical

evaluation to verify their folding behavior and thermodynamic stability. These analyses

provided critical insights into which linker geometries and chemical compositions were most

compatible with the RNA scaffold.

T1
T2

T3

T4

T5

T6

T13
T14
T15
T17
Ti8
T19
T20

Oligonucleotide

CUGCUGCUG
CUGCUGCUG-3a-CUGCUGCUG

CUGCUGCUG-3b-CUGCUGCUG
CUGCUGCUG-3c-CUGCUGCUG
CUGCUGCUG-3d-CUGCUGCUG

CUGCUGCUG-3e-CUGCUGCUG

GCUGC

GCUGdC-3a-dGCUGC
GCUGdC-3b-dGCUGC
GCUGdC-3d-dGCUGC
GCUGdC-3e-dGCUGC
GCUGC-3f-dGCUGC
GCUGdC-3g-dGCUGC

Table 1. Influence of pyromellitic and naphthalene linkers on the thermal stability of RNA

dH (kcal/mol)

-57.67 £6.719
-57.3317.116

-56.00 + 1.967
-52.49 +3.747
-60.76 £ 7.631

-56.72 £ 2.335

-29.96 * 3.360
-59.62 * 6.199
-46.12 + 6.905
-53.8118.886
-64.36 1 14.555
-59.97 + 5.595
-30.07 £ 3.224

ds (cal/K-mol)

Class |
-173.90%+22.148

-171.40+£22.992
-165.71+6.374
-156.08 £12.160
-165.67 £ 28.104
-167.60+7.577

Class Il
-87.48 £10.921

-176.68 £ 20.065
-134.72£21.913
-159.13+£29.451
-193.34 +£ 48.049
179.66 £ 22.305
-87.16 £ 11.698

oligonucleotides.

dG (kcal/mol, 372C)

-3.74+0.273
-4.17 +£0.285

-4.61+0.117

-4.08 + 0.300

-9.38+1.787

-4.73 £ 0.058

-2.83 10421
-4.82 +0.192
-4.34+0.361
-4.4610.282
-4.4010.439
-4.25 1 0.542
-3.04 £ 0.462

-AG, 5 (keal/mol,
372()

0.43

0.87

0.34

5.64

0.99

1.99
151
1.63
1.57
142
0.21
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As part of the physicochemical evaluation, | performed thermal denaturation monitored by

UV spectroscopy of both classes of tethered oligomers to evaluate the influence of
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pyromellitic and naphthalene building blocks on RNA structural stability. The thermodynamic
parameters, enthalpy (AH), entropy (AS), and free energy at 37 °C (AGs;), were extracted from
the fits to the melting profiles (224). All tethered oligonucleotides displayed enhanced
thermodynamic stability compared to their native counterparts, as reflected by increases in
AGsy, ranging from 0.34 to 5.64 kcal/mol. Within class I, the T5 oligomer exhibited the greatest
stabilization and highest melting temperature (Tm). This pronounced effect is attributed to its
predominant pseudohairpin conformation, in contrast to the other class | constructs, which
mainly adopted a capped form of the oligomer (Figure 13). Among these capped variants, T6
provided the strongest stabilizing contribution (AG = 0.99 kcal/mol). For class Il, the variations
in stability were more subtle and less pronounced. Nevertheless, the highest stabilization was
observed for oligonucleotides with linkers having shorter aliphatic segments, specifically T14
and T17. A comparison of the AG values obtained for T5 of class | and T17 of class Il molecules
shows that the increase in stability is greater for the longer RNA. These observations
collectively indicate that both linker and RNA length and sequence play critical roles in

modulating the thermodynamic stability of RNA structures (Table 1 and Figure 17).
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Figure 17. Thermal melting curve of oligonucleotides containing aromatic linkers. A) Class | and B)
class Il oligonucleotides.
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6.2.2. Crystallization of RNA constructs

Based on the physicochemical evaluation of linker-modified pseudohairpins, additional RNA
constructs were designed for crystallization trials. Although these constructs were not further
characterized thermodynamically, they were intended to explore the structural compatibility

of selected linkers under crystallization conditions.

| designed and synthesized five sets of oligonucleotides: 5’-CUGCUGCUG-L-CUGCUGCUG-3*
(T2-T6); 5’-GCAGCUGCUG-L-CUGCUGCUG-3* (T7-T9); 5'-CGCUG-L-CUGCG-3 (T10-T12); 5'-
GCUGdC-L-dGCUGC-3* (T14-T20); 5'-CCGUGAG-L-dCCGUGG-3‘ (T21-T24). Two sets were
previously evaluated (T2-T6 and T14-T20). Each construct was engineered to form a stable
double stranded region, with an aromatic linker replacing the natural hairpin loop (Figure 18).
The sequences were composed primarily of G-C and C-G base pairs to enhance duplex stability
and promote crystal formation by reducing structural flexibility. All constructs contained
exclusively ribonucleotides, except for two variants (T14-T20 and T21-T24) in which two
nucleotides within the aromatic linker region were substituted with deoxyribonucleotides to
improve linker incorporation and overall RNA stability. The designed constructs were
subsequently subjected to crystallization screening to assess their ability to form ordered RNA

assemblies suitable for X-ray diffraction analysis.

A}&o& B) &% Q) D) )

Figure 18. Constructs of linker-modified oligonucleotides engineered to form a stable duplex region
with an aromatic linker replacing the natural hairpin loop. Letter L represents linker modification.
Oligonucleotides A)T2-T6 B) T9-T9 C) T10-T12 D) T14-T20 E) T21-T24

Crystallization was carried out using the sitting-drop vapor diffusion method at 19 °C.
Experiments were performed with two commercially available screening kits: Natrix™ and

Crystal Screen™ (Hampton Research). Among the tested constructs, only one sequence, 5'-
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CUGCUGCUG—-3a—CUGCUGCUG-3" (T2), produced diffraction-quality crystals (Figure 19).
Crystals were obtained under the following conditions: 0.04 M lithium chloride, 0.08 M
strontium chloride hexahydrate, 0.02 M magnesium chloride hexahydrate, 0.04 M sodium

cacodylate trihydrate (pH 7.0), 30% (v/v) (+)-2-methyl-2,4-pentanediol, and 0.012 M spermine
tetrahydrochloride.

Figure 19. Crystals of the T2 oligonucleotide.

6.2.3. X-ray diffraction experiments and data processing.
X-ray diffraction data were collected on the P13 beamline at the DESY synchrotron facility in
Hamburg. The measurement was performed at 100 K using 30% (v/v) (%)-2-methyl-2,4-

pentanediol as the cryoprotectant. 1800 diffraction patterns were recorded with a maximum

resolution of 1.5 A (Table 2).
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Data Collection
X-ray source

Space group
Cell parameters (A)

Resolution (A)

R

merge
/o

CCypp
Completeness (%)

Dectris EIGER 16M,

R32

a=40.15, b = 40.15,

c=139.91

46.64-1.5 (1.59-1.5)

0.088 (1.46)
12.7 (1.46)
0.999 (0.955)
99.8(99.0)

Redundancy 12.57 (12.23)
Number of unique 7274
reflections

Refinement

Software Refmac 5.8.0425
Number of reflections: 6902/355
work/test

Overall mean B value 48.67

(A2)

Roor/Riree 0.2459/0.3632
RNA atoms 410

Water molecules 29

RMSD in bonds (A) 0.012

RMSD in angles (°) 1.772

Table 2. Summary of X-ray data and model refinement statistics of T2 oligonucleotide.

6.2.4. Solving and refinement of the structure

Analysis of the asymmetric unit content using the Matthews coefficient (225) indicated the
presence of one duplex at a solvent content of 58.7 %. For molecular replacement, an
extracted part of the structure containing 6 CUG repeats (pdb code: 3GM7) (226) was used as
a search model. The structure was solved using the PHASER program from the CCP4 program

suite.

Despite the high resolution of the collected dataset (1.5 A), the refinement process did not
yield satisfactory Rwork/Rsree Statistics. The final values were 0.2459/0.3632 (Table 2). This
discrepancy is likely a consequence of the poor quality of the diffraction images, which
exhibited streaking and partially split, diffuse reflections (Figure 20). These features are
consistent with the presence of an order—disorder effect within the crystal lattice, leading to
a superposition of slightly shifted lattices or heterogeneous conformations. These effects

reduce the internal consistency of the measured intensities and limit the achievable accuracy
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during refinement, ultimately preventing the convergence of the model to the values

expected for data of this resolution.

A) ' - B) 2

Figure 20. Diffraction images of the T2 oligonucleotide crystal: (A) 1st frame, (B) 900th frame.

6.2.5. Structural analysis

Structural analysis of the RNA duplex revealed that the helical region adopts a canonical A-
form geometry (Figure 21A). The sugar residues predominantly occupy the C3’-endo
conformation, with occasional occurrences of C2-endo, which is fully consistent with the
typical A-RNA dynamics. Only one nucleotide adopts an O4'-endo pucker; however, this
deviation appears at the terminal base pair, where substantial structural disorder is present.
This local disorder is likely a consequence of the disrupted architecture near the site where
the non-nucleosidic linker was expected to reside, resulting in increased flexibility and poor
definition of the helix end. Helical parameters calculated using sequence-independent vectors
defined by the positions of the C1’ atoms of paired nucleotides further confirmed the A-RNA
character of the duplex with Zp > 1.5°, twist = 30.6°, and rise = 3.13 A. Deviations from the
ideal A-form values were observed only for the terminal base pairs (shear = 2.27 A, propeller
= -21.6 ° and opening = -29.8 °), reflecting the conformational disorder described above

(Table 3).
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Figure 21. Crystal structure of T2 oligonucleotide. A) Tertiary structure models of the duplex (left)
and the Fo — Fc omit map of T2. contoured at the o 1.0 level. B) Superposition of T2 crystal structure
and 3GM7 model.

The obtained model was compared with a reference structure containing three CUG repeats
derived from the crystal structure of 3GM7. For this purpose, an equivalent duplex fragment
comprising three CUG units was extracted from 3GM7 and subjected to structural alignment
with an experimentally determined model. The helical parameters of both duplexes were
highly comparable, confirming that the presence of the disordered terminal region in our
construct did not perturb the overall A-form geometry of the helix (Table 3). Superposition of
the two structures yielded an RMSD of 1.095 A calculated over the main-chain atoms (Figure
21B), demonstrating a strong structural similarity between the models and supporting the
conclusion that the ordered portion of the duplex is well defined and adopts a canonical A-

form conformation.
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T2 RNA

Base pairs Shift Slide Rise Tilt Roll Twist h-Rise Incl. Tip h-Twist Zp
1 CU/UG -0.79 —2.50 2.96 -4.77 17.99 15.90 0.26 48.16 12.77 24.44 2..52
2UG/CcU 0.70 -1.58 3.23 -0.08 9.15 35.13 2.74 14.85 0.12 36.27 271
3 GC/GC -0.07 -1.68 3.10 2.32 3.83 35.00 2.90 6.33 -3.84 35.28 2.64
4 CU/UG -0.25 -2.24 3.02 1.03 8.15 26.39 2.23 17.33 -2.18 27.62 2.74
5UG/CU -0.13 -1.75 3.20 -2.29 311.50 32.35 2.46 19.84 3.95 34.36 2.60
6 GC/GC -0.03 -1.41 3.21 0.82 8.78 32.37 2.74 15.39 -1.44 33.52 2.30
7 CU/UG 1.01 -0.99 3.49 3.29 14.21 43.16 3.10 18.69 -4.32 45.44 2,28
8UG/CU -0.18 -1.19 2.84 9.13 15.45 24,17 1.64 31.88 -18.83 30.03 2,12
ave, 0.03 -1.67 313 1.18 1113 30.56 2.26 21.56 -1.72 33.37 2.5

Base pairs Shear Stretch Stagger Buckle Propeller Opening
1C-G 2.27 -0.25 -0.07 2.26 -21.63 -29.84
2U-U -0.05 -0.93 0.23 -1.32 -18.21 -11.32
3G-C -0.59 -0.30 0.28 -7.77 -15.69 2.61
4C-G 0.19 -0.12 0.13 -3.65 -6.62 -0.56
5U-U -0.38 -0.26 -0.05 1.90 -13.67 -3.30
6 G-C -0.30 -0.16 -0.01 1.65 -8.42 -0.12
7C-G 0.41 -0.27 -0.20 5.76 -12.48 -1.05
8uU-U 2.29 -1.84 0.36 -2.14 -18.67 9.90
9 G-C -0.12 -0.17 0.04 4.39 -11.59 3.33
ave. 0.41 -0.48 0.08 0.12 -14.11 -3.37
3GM7
Base pairs Shift Slide Rise Tilt Roll Twist h-Rise Incl. Tip h-Twist  Zp
1 CU/UG -0.11 -2.33 3.56 -5.65 15.95 30.00 2.08 28.17 9.98 34.35 2.71
2 UG/cU 0.42 -1.60 3.40 -5.23 5.82 50.44 3.16 6.78 6.10 51.00 2.83
3GC/GC 0.08 -2.14 317 3.88 8.88 27.22 2.36 18.15 -7.94 28.86 2.85
4 CU/UG -1.13 -1.71 3.42 3.63 14.80 42.43 2.62 19.70 -4.83 44.97 2.56
5UG/cU 0.83 -2.30 3.06 -1.78 10.87 21.06 1.62 27.46 4,50 23.73 2.79
6 GC/GC 0.30 -1.83 3.03 2.27 3.27 34.06 2.86 555 -3.85 34.29 2.86
7 CU/UG -0.56 -1.80 3.10 -1.44 3.56 19.73 2i7d 10.27 4.14 20.10 2.67
8 UG/cU 1.34 -1.92 3.20 2.22 12.88 47.43 2.69 15.67 -2.70 49.10 3.08
9 GC/GC -0.01 -1.64 3.41 -1.03 5.61 33.98 3:41 9.52 1.75 34.44 2.58
10 CU/UG -1.13 -1.34 3.25 4,76 13.81 40.24 2.54 19.32 -6.66 42.70 2.38
11 UG/CcuU 0.77 -2.12 3.46 0.90 10.44 20.62 247 27.03 -2.33 23.10 2.30
12 GC/GC 0.73 -2.36 3.08 0.09 6.39 27.38 2.48 13.27 -0.19 28.10 2.83
13 CU/UG -1.99 -1.80 3.10 -0.44 -0.53 44.60 3.14 -0.70 0.58 44.61 271
14 UG/CU 0.74 -2.43 3.35 0.34 15.43 17.74 0.96 41.30 -0.92 23.47 2.78
15 GC/GC 0.23 -1.63 3.2% 0.04 7.96 32.58 2.74 13.94 -0.06 33.51 2.56
16 CU/UG -0.82 -1.65 3.47 4.69 14.20 42.54 2.71 18.89 -6.23 44.97 2.74
17 UG/CU 0.46 -1.77 2.88 -1.69 6.39 25.07 2.33 14.41 3.80 25.91 2.55
ave. 0.01 -1.90 3.25 0.33 9.16 32.77 2.49 16.98 -0.29 34.54 2.7
Base pairs Shear Stretch  Stagger Buckle Propeller Opening
1C-G -1.44 -0.20 -0.35 11.13 -19.16 -13.19
2U-U -2.32 -1.38 -0.18 0.89 -9.98 -21.23
3G-C 1.16 -0.45 0.22 -0.68 -7.19 -6.77
4C-G 0.22 -0.35 0.02 -0.94 -7.69 0.77
5U-U 2.27 -1.17 -0.36 -6.03 -15.03 -22.06
6G-C 0.08 -0.35 0.36 -3.33 -10.68 -3.51
7C-G 0.14 -0.43 0.30 2.58 -9.01 -1.46
8 U-U -2.50 -1.48 0.45 2.36 -11.27 -21.02
9G-C -0.14 -0.43 0.24 1.62 -10.12 -0.72
10C-G 0.31 -0.38 0.17 -5.35 -14.66 1.65
11U-U 1.71 -1.29 -0.44 -1.86 -12.20 -11.93
12 G-C -0.30 -0.44 -0.17 -7.69 -6.45 -5.13
13C-G -0.22 -0.13 0.12 -2.45 -2.51 1.85
14 U-U 2.65 -1.29 -0.23 6.92 -11.44 -28.01
15G-C -0.09 -0.47 0.19 2,55 -9.31 ~2.21
16 C-G 0.13 -0.03 0.16 2.26 -9.96 2.03
17 U-U 2.04 -1.11 -0.15 -4.69 -14.81 -14.80
18 G-C -0.20 -0.32 0.17 2.01 -7.03 1.25
ave. 0.19 -0.65 0.03 -0.04 -10.47 -8.03

Table 3. Helical parameters calculated using 3DNA, based on C1’- C1’ vectors for T2 oligonucleotide

and crystal structure of CUG repeats (pdb code: 3GM7).
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Although the refinement statistics were unacceptable and did not support a fully reliable
structural solution, the electron density maps revealed a well-defined and continuous helical
region corresponding to the ordered portion of the RNA duplex. Within the crystal lattice, this
duplex participates in pseudocontinuous stacking interactions, extending the helical axis
across symmetry-related molecules. This packing mode effectively occupies the spatial region
where the non-nucleosidic linker would normally be accommodated, leaving no available
space for its ordered incorporation. The geometry of the helix termini showed no classical
stacking interactions; instead, the bases were displaced and misaligned, relatively to
nucleotides in the reference model, a feature also reflected in the deviations of the helical
parameters at the duplex ends (Table 3). Such disrupted terminal geometry is consistent with
the presence of an order—disorder effect, which is further supported by the poor quality of

the diffraction images, indicating structural heterogeneity that likely prevented proper

refinement.

Figure 22. Unmodeled electron density attributed to nucleotide order—disorder for the terminal base
pairs 1C-9G, 2U-8U and 3G-7C.

In the area where the linker was expected, electron density was entirely absent, preventing
reliable model building (Figure 22). Only the phosphate group of the linker was well resolved
(Figure 21A). To validate the presence of this terminal phosphate, refinement was performed
using two alternative occupancy models: full occupancy (1.0) and zero occupancy (0.0). When
phosphate was omitted (occupancy 0.0), a clear positive peak appeared in the Fo—Fc omit
map, indicating missing electron density at this position. Upon refining the phosphate group
at full occupancy, the omit density disappeared, and the phosphate fit cleanly and consistently

into the electron density, confirming its presence (Figure 23).
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Figure 23. Refinement of the 3'-terminal phosphate group: (left) full-occupancy model, (right) zero-
occupancy model. P Phosphate groups are indicated by the blue arrows.

Although the presence of the phosphate group confirmed the introduction of the linker during
chemical synthesis, its presence in the crystal structure could not be confirmed by inspection
of the electron density map. Therefore, it is possible that either the linker was cleaved during
RNA deprotection after chemical synthesis or remained disordered. The elevated B-factors in
adjacent nucleotides to the linker indicate increased local flexibility, which decreases
progressively with increasing distance from the putative linker (Table 4). This increased

flexibility can be attributed to the presence of a disordered linker.

Base pair  AverageB-factorin AverageB-factorin

chain A (A2) chain B (A?)
1C-9G 80.8 72.5
2U-8U 88 59
3G-7C 73 48.4

Table 4. Average values of B-factors for terminal base pairs of T2 model.
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6.3. Development of a method for stabilizing RNA hairpin structures

under crystallization conditions

To overcome the tendency of RNA hairpin constructs to unwind or form
semicomplementary duplexes at the high concentrations required for crystallization, |
used a strategy, according to a publication by Kiliszek et. al. (98), to span the 5" and 3’
end of a stem by linker resulting in circular hairpin. In this approach, the native loop
conformation is preserved, while additional covalent stabilization and circularization are
provided to prevent RNA from unfolding during crystallization. The linker is introduced
into the hairpin sequence during RNA chemical synthesis. The resulting oligomer should
fold into a pseudo-hairpin. In the next step, the apical loop is reconstructed by ligation
of the 5’ and 3’ ends of the pseudo-hairpin using T4 RNA ligase. For the circularization
reaction, T4 RNA ligase requires the RNA molecule to possess a 5'-monophosphate and

3'-hydroxyl group.

6.3.1. Designing the sequence of RNA oligomers forming a hairpin structure

To test a method and develop protocol for stabilizing the form of the hairpin created
by RNA molecules, | used biologically significant RNA hairpin structures: sarcin-ricin
loop (SRL) (one of the longest conserved sequences in the 23S rRNA crucial for the
activity of the ribosome because it is targeted by cytotoxins such as a-sarcin and ricin
that completely abolish translation) (227); TAR loop (the trans-activating responsive
RNA element, located at the 5' untranslated end of all viral transcripts) (228, 229) and
RO6 (aptamer specific for the TAR RNA element of HIV-1 forming kissing complex)
(Figure 24) (229-232).
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Figure 24. Constructs of linker-modified oligonucleotides engineered to form hairpin. Letter L in blue
circle represents linker. Oligonucleotides A) T26-T27 B) T29-T32 C) T34-T37

6.3.2. Oligomer circularization reaction

In all oligonucleotides, the ligation site is located within the apical loop. The following linkers,
which exhibited the best stabilization properties, were incorporated into the RNA sequences:
3a and 3d. Hexaethylene glycol linker (commercially known as spacer 18) was used as
a reference molecule. After chemical synthesis, the oligomers were deblocked and purified
according to the standard procedure described in the paper: Overview of Methods for Large-
Scale RNA Synthesis (187). Oligomers were used to perform enzymatic circularization of RNA
employing T4 RNA ligase. The circularization reaction was carried out following the protocol
described in the Handbook of RNA Biochemistry and according to the publication by Kiliszek

et al. (98). Sample preparation involved several steps:

- chemical synthesis of modified oligonucleotides,

- deprotection and desalting of RNA,

- purification of crude RNA on a 20% polyacrylamide gel, and subsequent electroelution of the
RNA from the gel and then precipitated with isopropanol.

-introducing a phosphate group at the 5 end using polynucleotide kinase,
- RNA circularization with T4 RNA ligase,

- Purification of the circularized RNA hairpin on a 20% polyacrylamide gel and precipitation

with isopropanol.
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Among all the tested constructs, successful circularization was achieved only for one RNA
sequence (T35 — R06 sequence) containing the 3d aromatic linker and for the control construct
(T37) with the flexible spacer 18 linker (Figure 25). Both circularized and non-circularized RNA
oligomers were verified by MALDI TOF mass spectrometry to confirm their integrity and

expected molecular weight (Figure 26).
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Figure 25. Circularization of RNA using T4 RNA ligase. Ligation reactions resolved on an 20%
polyacrylamide gel in denaturing conditions. Open and circular forms of the RNA oligomers are
indicated. Ligation reaction for A) Sarcin-ricin loop B) TAR-RNA C) R06. D) Ligation reaction on large
scale for crystallographic studies
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Figure 26. MALDI-TOF mass spectra of the chemically modified oligonucleotide T35. A) Circularized
form and B) Open form.

The ligation reactions were analyzed on 20% denaturing polyacrylamide gels, which clearly
showed the presence of circularized products in the reaction mixture (Figure 25C and Figure

25D). In these cases, approximately 50% of the open RNA oligomers were converted into the
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circular form using T4 RNA ligase. Moreover, the circularized species migrated faster than the
open substrates, consistent with the formation of a more compact, covalently closed structure
(Figure 25C). Crystals were obtained in 0.2 M Potassium chloride, 0.01 M Calcium chloride
dihydrate, 0.05 M Sodium cacodylate trihydrate pH 6.0, 10 % w/v Polyethylene glycol 4,000
for the complex of the modified R0O6 oligonucleotide with the TAR-HIV RNA T28 (Figure 27).
However, diffraction measurements revealed that the crystals did not diffract X-rays,

indicating that the internal order of the lattice was insufficient for structural analysis.

i

Figure 27. Crystals of complex of circularized T35 form of and non-ligated T28 oligonucleotides.

6.3.3. Physicochemical evaluation of circularized RNA structure

To assess the structural integrity and thermodynamic properties of the circularized RNA
hairpin compared to its linear (open) form, thermal denaturation monitored by UV
spectrometry and circular dichroism (CD) spectroscopy were performed. These analyses
aimed to evaluate the influence of covalent circularization on the overall stability (UV melting)

and conformational behavior (CD) of the RNA.

6.3.3.1. Ultraviolet melting temperature measurements

UV melting experiments were performed for two RNA oligomers: the circularized and open
forms of the R06 construct containing the 3D linker (T35). Thermodynamic parameters,
including enthalpy (AH), entropy (AS), and free energy at 37 °C (AGsy), were derived by fitting
the individual melting curves using the MARVIN program. The results revealed that
circularization led to an increase in the thermodynamic stability of the RNA constructs, as
reflected by a change in AGs; of 1.22 kcal/mol. Consequently, the melting temperature (T,,) of

the circularized oligomers was approximately 2.1 °C higher than that of their open
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counterparts, confirming the stabilizing effect of covalent closure on the RNA hairpin structure

(Table 5 and Figure 28).

Oligonucleotide dH (kcal/mol) dS (cal/K-mol) dG;; (kcal/mol, 37°C) -AG,qg(kcal/mol, 37°C) T, (°C)
Open T35 -36.01+0.778 -105.26 + 2.59 -3.37+£0.168 - 69
Circularized T35 -47.16+1.272 -137.35+ 3.766 -4,59+£0.167 1.22 71.1

Table 5. Thermal stability of open and circularized form of T35 determined by UV melting method
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Figure 28. Physicochemical evaluation of open and circularized form of T35. A) thermal denaturation
monitored by UV spectroscopy. The first derivative of absorption ( —dA / dT) was plotted against
temperature. B) The normalized UV melting curves of the open (orange) and circular (blue) form of
the T35 RNA oligomer.

6.3.3.2. CD spectra measurements

Circular dichroism (CD) spectra were recorded to compare the secondary structure of the
native RNA sequence, open R06 construct containing the 3D linker, and its circularized form.
The CD spectra of the native and open R06 oligomers were nearly identical, indicating that the
introduction of a non-nucleosidic linker did not alter the overall RNA conformation. In
contrast, circularized R06 exhibited slight spectral changes, including a decrease in the molar
ellipticity values in the 220-230 nm, 250—-270 nm regions and a minor shift in the characteristic
bands (Figure 29). These observations suggest subtle conformational rearrangements upon
circularization, while the overall RNA secondary structure remains preserved. The observed
decrease in ellipticity can be attributed to restricted conformational dynamics and reduced
flexibility of the backbone introduced by the circularization process. Such changes are

consistent with the formation of a more rigid and compact molecule.
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Figure 29. Physicochemical evaluation of unmodified and modified R06 oligonucleotide using circular
dichroism. Three forms were measured: T33 (blue), open form of T35 (orange) and circularized form
of T35 (grey).

6.3.4. Structural characterization of circularized hairpin with linker S18

Despite many attempts, none of the aromatic-linker-modified constructs (R06, TAR, or SRL)
yielded high-quality diffraction crystals. However, the reference construct, a sarcin—ricin loop
(SRL) hairpin stabilized with the linear Spacer-18 linker, produced suitable crystals for X-ray
diffraction experiments. This construct, unlike its aromatic counterparts, crystallized
reproducibly and provided interpretable diffraction data, enabling direct insights into how a
flexible non-nucleotide linker influences the architecture of an RNA hairpin prepared for
crystallographic studies. Therefore, the obtained structure serves as a reference model for
assessing whether linear linkers can support native-like RNA folding while maintaining the

closed architecture necessary to prevent duplex formation during crystallization.

6.3.4.1. Crystallization of hairpin T42

To obtain RNA suitable for crystallographic analysis, a hairpin construct based on the sarcin—
ricin loop motif was designed with the sequence 5'-AGGACCGGAGCG-S18-
UGCUCCUAGUACGAG-3'T42, in which the Spacer-18 linker was positioned at the base of the
stem (Figure 34). Prior to crystallization, the RNA was circularized using T4 RNA ligase to
ensure a topologically constrained and structurally homogeneous sample. In the engineered
SRL sequence, the 5'-terminal uridine was removed to facilitate optimal positioning and

geometric accommodation of the linker between the two guanosines at the 5’ and 3’ ends.
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Crystallization of the SRL hairpin stabilized with the Spacer-18 linker was performed using the
sitting-drop vapor-diffusion method at 19 °C. The crystals appeared reproducibly under
conditions containing 0.02 M Magnesium chloride hexahydrate, 0.05 M Sodium cacodylate
trihydrate pH 7.0, 15% v/v 2-Propanol, 0.001 M Hexammine cobalt(lll) chloride, 0.001 M
Spermine. Drops were prepared by mixing equal volumes of RNA solution with crystallization
buffer and equilibrated against the reservoir. These conditions yielded well-formed crystals

that were suitable for subsequent data collection and structural analysis.

6.3.4.2. Data processing and structure solving

3600 diffraction patterns for the SRL hairpin stabilized with the Spacer-18 linker were
collected using a wavelength of 91.7 A and temperature of 100 K. The crystals belonged to the
C121 space group with unit-cell parameters of a = 106.15 A, b = 25.54 A, ¢ = 25.54 A. The data
were processed using XDS. The final dataset was extended to 1.27 A resolution with an overall
completeness of 96.6%, and an average (l/o(l)) of 7.45. The merging statistics (R_merge =
10.4%, CC1/2 = 99.7) indicated good internal consistency of the measurements and were

suitable for determination of x-ray structure (Table 6).

Data Collection

X-ray source Dectris PILATUS 6M-F,

Space group C121

Cell parameters (A) a=106.15. b = 25.54
c=25.046

Resolution (A) 26.53-1.27 (1.35-1.27)

Rmerse 0.104 (0.937)

I/o 7.45 (1.36)

CCypy 0.997 (0.515)

Completeness (%) 96.6(92.3)

Redundancy 3.37(3.3)

Number of unigue 33264

reflections

Refinement

Software Refmac 5.8.0158

Number of reflections: 16419/1049

work/test

Overall mean B value (A2) 19.798

Rovori/Riree 0.14988/0.19825

RNA atoms 746

Water molecules 102

RMSD in bonds (A) 0.015

RMSD in angles (°) 2.146

Table 6. Summary of X-ray data and model refinement statistics of T42 oligonucleotide.
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Analysis of the asymmetric unit content using Matthews coefficient (225) indicated the
presence of one RNA duplex per asymmetric unit, corresponding to an estimated solvent
content of 57.4%. Molecular replacement was performed using the native sarcin—ricin loop
structure (PDB ID: 1Q9A) (234) as the search model. The structure was solved using the

PHASER program in the CCP4 suite. The final refinement statistics are summarized in Table 6.

6.3.4.3. Structural analysis

The X-ray RNA model exhibited the characteristic architecture of a sarcin—ricin loop—based
hairpin (Figure 30). The molecule consists of a well-defined double-helical stem consisting of
five canonical Watson—Crick base pairs and three non-canonical pairs (AeG, AeC, and Ue()
that contribute to subtle local asymmetry while preserving the global A-form topology. The
apical loop of the hairpin consists of a conserved GAGA tetraloop, a motif known for its
structural stability in RNA molecules (234-236). The stem contains a characteristic 9U-18A
pair engaged in Hoogsteen-type hydrogen bonding, further stabilized by an interaction with a
neighboring 8G guanosine, a feature also observed in the native SRL architecture (PDB: 1Q9A),
indicating the conservation of this structural motif (Figure 30C). At the 3’ terminus of the
hairpin, three unpaired nucleotides participate in crystal-packing interactions. The 1G residue
is looped out due to the presence of the introduced spacer-18 linker, which results in its
displacement relative to the native conformation. The linker is covalently attached via
phosphodiester bonds to guanosine residues flanking the loop at the 5’ and 3’ ends of the
construct, and its position is only partially ordered in the electron-density map. Moreover in
crystal structure are present 9 of cobaltamine ions interacting with all guanosine residues

through bases of nucleotides or their phosphonate groups (Figure 30B).

The superposition of the native (PDB ID: 1Q9A) and modified models of SRL showed
high similarity, with an RMSD of 0.8 A calculated for the 5’-CUC CUA GUA CGA GAG
GAC CGG AGU-3’ fragment (Figure 31). The helical parameters remained consistent
with those expected for the A-form geometry, including preserved base pair
inclinations, helical rise and twist. No significant deviations from the reference
architecture were observed, indicating that the introduced modification did not

perturb the global SRL motif conformation.
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Figure 30. X-ray model of modified Sarcin-ricin loop containing linker spacer 18 as a covalent linkage
of 3" and 5’ ends. A) The Fo — Fc omit map of T42 model contoured at the ¢ 1.0 level. B) Tertiary
structure model of T42 C) Secondary structure diagram.

Figure 31. Superposition of T42 crystal structure (green) and 1Q9A model (purple).
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base
1c
2U

4C
5U
6U
TA
8C
96

base
1G
2C
3U
4ac
5C
6U
7U
8A

106

T4z

Base pairs Shift Slide Rise Tilt Roll Twist X-disp Y-disp h-Rise Incl. Tip h-Twist
1 CU/AG -0.26 -1.50 3.25 -3.13 6.33 32.21 -3.68 -0.06 2.92 11.25 5.57 32.96
2 UC/GA 0.47 -1.49 3.29 -0.85 5.46 34.34 -3.30 -0.91 3.02 9.18 1.42 34,76
3CC/GG -0.11 -2:21 3.46 -0.14 6.98 29.63 -5.58 0.18 2.88 13.41 0.27 30.43
4 CU/CG -0.95 -1.39 3.54 9.37 9.04 53.21 -2.07 1.61 3.09 9.92 -10.29 54.66
5 UU/AC 0.82 -0.65 6.44 8.94 0.20 31.22 -1.22 1.69 6.41 0.35 -16.19 32.44
6 UA/GA 4.98 -1.41 3.48 -1.74 2.46 -10.42 2.60 22.90 4.46 -13.18 -8.35 -10.85
7 AC/GG 0.05 -1.08 331 -2.97 1.00 62.64 -1.08 -0.18 3.29 0.96 2.85 62.71
8 CG/AG -3.94 -1.78 2.71 -5.86 -8.22 55.14 -1.46 3.88 3.29 -8.79 6.27 55.99
ave. 0.13 -1.44 3.69 0.45 2,91 36.00 -1.98 3.64 3.67 2.89 -2.43 36.64
Base pairs  Shear  Stretch  Stagger Buckle Propeller Opening
1C-G 0.18 -0.22 -0.12 8.95 -12.23 -2.93
2U-A 0.01 -0.13 -0.15 8.96 -10.06 -0.13
3C-G 0.25 -0.14 -0.09 6.66 -12.99 1.74
4C-G 0.27 -0.14 -0.03 -1.11 -4.84 0.14
5U-C 5.99 -2.32 -0.60 -2.42 -10.12 -13.88
6U-A 4.12 -1.85 -0.64 7.25 -16.49  -101.89
7A-G -6.85 -4.31 -0.16 -1.22 -2:23 -4,10
8C-G -0.03 -0.11 0.05 3.40 -1.81 -0.65
9G-A 7.80 -5.40 -0.02 26.06 9.94 -47.88
ave. 1.30 -1.62 -0.20 6.28 -6.76 -18.84
Strand | Strand Il
a B v & € 4 X base a B Y 5 €
-78.2 -158.6 51.2 81.1 -150.2 -68.7 -161.6 1G -65.1 170.5 59.0 78.7 -157.6
-70.2 179.7 49.9 78.1 -147.1 -73.0 -159.4 2A -69.9 176.5 51.2 79.1 -150.7
-66.2 166.9 58.8 80.8 -150.6 -73.5 -166.7 3G -69.2 175.1 59.6 76.8 -152.5
-65.8 175.8 57.3 77.7 -145.3 -66.8 -162.6 4G -71.5 -175.4 52.7 76.6 -153.9
-58.8 170.8 49.6 80.5 -157.2 60.8 -145.0 5C -72.6 167.9 56.8 77.5 -141.5
-74.8 157.9 42,6 90.8 -139.8 -66.5 -175.5 6A -104.5 77.6 173.2 82.9 -146.1
-74.2 178.3 52.3 80.2 -145.1 -53.1 -172.7 76 -69.8 170.5 55.7 74.9 -155.8
-74.7 177.2 529 80.1 -147.1 -62.0 -168.9 8G 142.9 -122.9 179.6 86.7 -128.1
-71.1 174.6 56.1 74.3 -122.1 -66.8 -166.6 9A -69.2 179.8 50.8 79.1 -147.6
1Q9A
Base pairs Shift Slide Rise Tilt Roll Twist X-disp  Y-disp h-Rise Incl. Tip h-Twist
1GC/GU -0.54 -1.22 3.29 -4.27 3.56 44.61 -1.92 0.33 3.23 4.66 5.59 44.93
2 CU/AG 0.42 -2.42 2.84 3.11 5.29 23.12 -7.22 -0.21 2.27 12.90 -7.59 23.91
3UC/GA 0.85 -1.46 3.17 1.07 5.13 38.25 -2.81 -1.16 2,98 7.78 -1.62 38.59
4 CC/GG -0.71 -1.93 3.34 0.00 8.18 32.01 -4.71 1.25 2.78 14.54 -0.01 33.02
5CU/CG -0.53 -1.01 3.49 7.64 8.66 54.50 -1.60 1.03 3.21 9.33 -8.23 55.62
6 UU/AC 0.64 -1.03 6.28 5.56 -3.01 32.04 -0.82 0.74 6.36 -5.40 -9.95 32.64
7 UA/GA 5.03 -1.24 3.58 -1.62 -1.26 -10.94 8.67 23.02 411 6.52 -8.40 -11.13
8AC/GG -0.02 -1.13 3.13 -2.61 3.89 59.57 -1.32 -0.11 3.06 3.91 2.63 59.73
9 CG/AG -2.69 -1.29 3.02 -6.88 6.58 49.98 -1.94 2.68 3.15 7.70 8.05 50.82
ave. 0.27 -1.42 3.57 0.22 4.11 35.90 -1.52 3.06 3.46 6.89 -2.17 36.46
Base pairs  Shear  Stretch  Stagger  Buckle Propeller Opening
1G-U -2.51 -0.76 0.29 -0.17 -15.91 -0.54
2C-G 0.39 -0.04 0.36 1.42 -10.43 -0.20
3U-A -0.39 -0.18 0.04 6.50 -13.93 -7.00
4C-G 0.29 -0.13 0.04 5.55 -17.36 1.89
5C-G 0.30 -0.15 0.00 -2.57 -12.51 -1.96
6 U-C 5.88 -2.20 -0.40 -3.86 -14.60 -13.09
7 U-A 4.14 -1.87 -0.71 6.72 -18.94  -102.88
8A-G -6.80 -4.31 -0.19 -2.39 4.17 -2.82
9C-G 0.17 -0.10 -0.19 7.46 -1.95 0.47
10G-A 7.22 -5.23 0.72 18.21 -5.01 -19.00
ave. 0.87 -1.50 -0.00 3.69 -10.65 -14.51
Strand | Strand Il
o B v ) € 4 X base a B Y ) €
-80.0 150.8 59.1 88.2 -147.4 -68.3 -169.1 1U -62.5 171.4 48.2 84.6 -157.7
-67.7 175.5 47.2 80.4 -162.6 -65.6 -157.6 2G -79.3 -173.8 61.8 74.2 -151.8
143.6 -168.8 -170.4 81.3 -131.2 -71.9 -171.8 3A -66.0 169.6 51.3 82.4 -168.7
-64.8 164.2 57.2 79.0 -156.7 -70.9 -161.6 4G -63.6 168.6 60.7 81.2 -146.0
-66.7 179.4 52.4 81.4 -148.8 -59.2 -157.1 &S -69.0 174.6 52.8 76.5 -148.8
-68.3 172.3 52.4 85.9 -101.7 -59.0 -1475 6C -64.5 163.6 53.5 84.9 -142.6
-68.8 151.9 39.3 89.4 -144.4 -63.6 -177.3 7A -106.1 76.7 166.3 81.9 -150.3
-76.2 178.7 53.1 80.5 -147.8 -53.7 -166.9 8G -64.7 172.8 57.1 79.3 -158.9
-70.9 173.3 53:2 79.4 -148.1 -63.3 -163.1 9G 1445 -136.8 179.3 84.7 -138.1
-73.2 175.6 52.2 77.9 -131.0 -64.3 -169.2 10A -71.6 178.6 50.0 82.9 -139.7

-63.5
-70.0
-74.3
-68.1
-51.0
-74.4
-76.0
-56.9
-61.8

=713
-61.9
-67.3
-79.4
-69.9
-58.0
-74.7
-79.0
-59.6
-68.4

-165.2
-167.2
-172.1
-171.5
-168.3
-178.2
-168.2
-179.0
-156.6

X

-157.2
-165.9
-162.7
-169.2
-167.6
-165.0

178.8
-164.7
-173.3
-150.2

Table 7. Helical parameters calculated using 3DNA, based on C1’- C1’ vectors for T42 oligonucleotide
and crystal structure of SRL (pdb code: 1Q9A).
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The backbone torsion angles (a, B, vy, 6, €, and ) remained highly comparable to those
observed in the reference SRL structure, with only minor fluctuations within the expected
range for A-form RNA. Likewise, the glycosidic torsion angles (x) of all nucleosides adopted
anti-conformations consistent with the canonical SRL fold (Table 7) instead of approximately
180° (237). The helical parameters, including helical rise, twist, inclination, and x-

displacement, align closely with those characteristic of the A-form geometry.

Subtle deviations from the native SRL topology were observed within the GAGA tetraloop,
primarily involving the nucleotides 13A and 14G. In the native SRL, the 13A residue forms a
stabilizing interaction with the extruded uridine at the 5’ end of the hairpin. In T42, the uridine
was removed to accommodate the Spacer-18 linker; therefore, the 13A residue adopts a
slightly altered orientation and establishes new intermolecular contacts within the crystal
lattice. Specifically, 13A forms a stacking interaction with the symmetry-related 1G” residue,
which is flipped out from the stem. In addition, 13A engages in hydrogen bonding with 20C’
residue from a neighboring symmetry-related molecule, involving the exocyclic amino group
of 13A and 02 carbonyl of 20C".” The second tetraloop nucleotide, 14G, also participates in a
distinct interaction that is absent in the native SRL structure. Whereas in the wild-type SRL,
14G interacts exclusively with water molecules, in the modified construct, it forms a nearly
canonical base-pair-like contact with 19C' from a symmetry-related RNA molecule. This
interaction involves hydrogen bonding between the exocyclic amine of 14G and the 02
carbonyl of 19C" and between the N1-H of 14G and the N3 atom of 19C' residues (Figure 32).
Together, these newly formed lattice-stabilized contacts explain the minor structural
rearrangements observed in the GAGA loop and reflect the influence of linker-induced

displacement of terminal nucleotides on the local interaction landscape.

Figure 32. Apical loop GAGA in T42 oligonucleotide crystal structure.
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In addition to the alterations observed within the loop region, the modified SRL hairpin
displayed a distinct set of interactions involving terminal guanosines of the stem. The 26G
nucleotide engages in a stacking interaction with its symmetry-related counterpart, 26G’".
Furthermore, 26G forms a hydrogen bond with one of the nine cobaltamine molecules in the
asymmetric unit. The amino group of cobaltamine donates a hydrogen bond to the 06
carbonyl of 26G, while an analogous interaction is formed between the same cobaltamine

molecule and the 06 atom of residue 24G, thereby stabilizing both the guanosines.

Hexaamminecobalt(Ill) [Co(NHs)s]®** is a highly charged, rigid octahedral complex whose
ammine ligands establish extensive second-sphere hydrogen bonds of N-H:--:06 and N—H---N7
with guanine bases and interactions with the phosphate backbone. These geometries are
suited to the electron-rich surface of guanine, explaining the selectivity of cobaltamine for G-
rich RNA regions (238-240). In the SRL hairpin, every guanosine residue participates in such
interactions, resulting in the local stabilization of the RNA architecture. The nine cobaltamine
molecules per asymmetric unit mediate contacts between the symmetry-related RNA
molecules, reinforcing the lattice stability. Beyond intramolecular stabilization, these
interactions promote intermolecular contacts within the crystal lattice, thereby facilitating

crystal packing and formation (Figure 33).
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Figure 33. Interaction of cobaltamine ions with guanosine residues.
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The hexaethylene glycol linker (Spacer 18) introduced into the modified SRL construct is an
aliphatic -CH,—O—CH,—based connector characterized by a high conformational flexibility. Its
sp3-hybridized carbon atoms allow for the adoption of a broad range of torsional angles. This
conformational plasticity enables it to adjust its geometry to the spatial arrangement of the
RNA stem. Within the crystal structure, the observable distance between the 5 and 3’
phosphates bridged by the linker was 16.13 A. However, its flexibility resulted in poorly
defined electron density for several of its segments (Figure 34). Only a single direct interaction
with RNA was observed: a hydrogen bond between the linker O3 atom and the N3 atom of
the residue 25U. Additionally, the linker (06 atom) forms a hydrogen bond with the water

molecule (Figure 34).
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Figure 34. Interaction of linker spacer 18 with uridine residue and water molecule. The Fo — Fc omit
map of linker contoured at the ¢ 1.0 level.
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Analysis of the B-factor parameters further supports the intrinsic flexibility of the Spacer-18
linker. The B-factors ranged from 44 to 100 A?, increasing progressively along the linker as it
extended away from residue 26G toward 1G. The portion of the linker that is supported by
interpretable electron density—from atom C10 to C5—exhibits comparatively moderate B-
factors of 43.94-52.54 A%, consistent with partial structural ordering near the RNA stem.
Beyond this segment, the electron density becomes either discontinuous or absent, which
correlates with a significant increase in B-factors, from 63.62 A2 for atom 03 to 101.68 A2 for
atom O1 (Table 8). This gradient of increasing disorder aligns with the chemical nature of the
linker and its lack of aromatic or other functional groups, which could form either stacking

interactions with nucleobases or H-bonds with RNA or water molecules.

Atom C10 c9 05 Cc8 c7 04 Coé c5
B-factor (A2)  43.94 46.86 53.59 45.86 54.8 53.78 4531 52.54
Atom 03 c4 c3 02 c2 C1 o1 P1

B-factor (A2) 63.62 62.93 60.05 64.12 78.73 86.87 101.68 100.89

Table 8. B-factors of linker spacer 18 atoms.

6.3.5. Initial Biochemical Studies

Stabilized RNA hairpins were further evaluated for their biological activity. To assess whether
the introduced modifications affected biological function, | performed in vitro Dicer cleavage
assays using appropriate constructs of pre-miR-21 according to the protocol by Kurzynska-
Kokorniak, A. et al. (233). The goal of these experiments was to determine if the presence of
non-nucleosidic linkers or additional recognition motifs interferes with the enzyme’s ability to
recognize and cleave the hairpin structure into mature miRNA products. Four variants derived
from the pre-miR-21 hairpin were designed and synthesized. These included the native pre-
miR-21 sequence (T38) (Figure 35A), a construct containing the non-nucleosidic linker spacer
18 (T39) (Figure 35B), two modified versions incorporating the U1A protein-binding site (T41)
(Figure 35C), and another carrying distinct recognition motifs: one with the NCD ligand-
binding loop (UGGAA) (T40) (Figure 35D). T41 contains the U1lA protein-binding site,
originating from a stabilization strategy developed in a complementary project on RNA hairpin
stabilization. This approach is described in greater detail in the doctoral dissertation of Dr.

Marcin Ryczek (title: Badania strukturalne RNA o znaczeniu w patogenezie chordb
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neurodegeneracyjnych). T40 carries the UGGAA loop, which functions as a binding motif for

the small-molecule ligand, NCD. The introduction of the UGGAA loop represents the second
method explored in this doctoral study, which aims to achieve ligand-mediated stabilization
of RNA structural motifs (publication: Naphthyridine carbamate dimer ligand induces
formation of Z-RNA-like fold of disease-related RNA and exhibits a molecular glue
characteristics in crystal lattice formation (159)). These constructs served as platforms for

assessing the influence of loop modifications and linker insertion on the folding and potential

ligand or protein interactions of pre-miR-21.
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Figure 35. Constructs of engineered pre-miR-21 hairpins. A) Unmodified, B) Pre-miR-21 consisting of
aliphatic linker spacer 18 (S18) as a covalent linkage between the 3’ and 5’ ends. Linker is assigned in
blue circle. C) Hairpin consisting of the U1A protein-binding site, and D) Pre-miR-21 with UGGAA

pentad motif. Ligation position is assigned with [*].

Dicer cleavage assays were performed using the purified human Dicer enzyme kindly
provided by Prof. Anna Kurzyniska-Korkorniak from Institute of Bioorganic Chemistry
PAN, and the four pre-miR-21 constructs labeled with the 32P isotope at the 5’ end

described above. Each RNA was incubated under standard reaction conditions, and the
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resulting cleavage products were analyzed on 20% denaturing polyacrylamide gel
(Figure 36).
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Figure 36. RNase activity of Dicer toward four pre-miR-21 constructs: unmodified hairpin, aliphatic
linker (Spacer 18) variant, U1A hairpin construct, and UGGAA-motif construct. Lanes: (1) formamide
hydrolysate ladder; (2) H,O; (3) buffer only; (4) Dicer + buffer; (5) U1A construct + buffer; (6) U1A
construct + Dicer; (7) Spacer-18 construct + buffer; (8) Spacer-18 construct + Dicer; (9) pre-miR-21 in
H,0; (10) pre-miR-21 + buffer; (11) pre-miR-21 + Dicer; (12) formamide hydrolysate ladder.

Native pre-miR-21 was efficiently processed into fragments corresponding to the expected
lengths of mature miRNA and its complementary strand. The results showed that Dicer
generated several cleavage products of approximately ~32, ~22, ~7, and ~4 nucleotides in
length (Figure 36). Notably, the efficient production of the ~22 nt fragment—the characteristic
length of mature microRNA—was clearly detected, confirming that the T38 construct was

properly recognized and processed along the canonical Dicer cleavage pathway.

For the pre-miR-21 construct T39 containing the Spacer-18 linker and circularized via ligation
of the 5’ end (radiolabeled with 32P) at the apical loop, Dicer processing produced a distinct

cleavage pattern, yielding fragments of approximately ~9 nt, ~24 nt, and ~37 nt in length
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(Figure 37). The appearance of these products suggests that, despite the circular topology and
presence of a flexible non-nucleotidic spacer, Dicer was still able to recognize the lower stem
region and initiate cleavage at positions consistent with its known preference for measuring
~22 nt from a free or accessible terminus. The ~24 nt fragment likely corresponds to a shifted
cleavage site, whereas the ~9 nt and ~37 nt products represent complementary paired
fragments generated from asymmetric or sequential cleavage events within structured RNA
(Figure 37). This pattern indicates that the circular construct remained accessible to Dicer.
Other cleavage products characteristic of canonical Dicer processing may not be visible due to
the localization of the 32P radiolabel within the apical loop, which allows the detection of only

fragments containing labeled nucleotide residue.

~37nt ~24nt ~ont

Figure 37. Predicted Dicer cleavage pattern of the circularized pre-miR-21 containing the Spacer-18
linker.

For the pre-miR-21 T41 construct containing the U1A protein-binding site, RNA was
circularized to adopt a characteristic dumbbell-like architecture. The autoradiogram showed
four major visible products of Dicer cleavage: fragments of approximately ~14 nt, ~21 nt, ~33
nt and ~37nt (Figure 38). The appearance of multiple poorly defined bands (a diffuse “ladder-
like” pattern) suggests that Dicer cleavage in this construct proceeded in a largely nonspecific
manner, likely due to the altered topology or increased rigidity introduced by circularization
combined with a structured UlA-binding loop. Nevertheless, despite its closed dumbbell

architecture, Dicer was still able to process and cut out RNA fragments.
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The ~14 nt product corresponds to the isolated U1A-binding loop itself, consistent with the
radiolabel (32P) being positioned within this region (Figure 38). The ~33 nt fragment likely
represents cleavage within both arms of the stem, retaining the radiolabeled loop and one
extended segment of the hairpin. The ~21 nt product— not a canonical Dicer-generated
length, likely arises from an alternative or shifted cleavage event, reflecting Dicer’s struggle to
establish proper distance measurement on a circular, topologically constrained substrate.
Because the radioactive label is located exclusively within the U1A-binding loop, additional

complementary fragments produced during processing remain undetected in this assay.
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~37nt ~32nt ~21nt ~14nt

Figure 38. Predicted Dicer cleavage pattern of the dumbbell form pre-miR-21 containing the U1A
binding loop.

For the pre-miR-21 T40 construct containing the UGGAA loop, the Dicer cleavage pattern
closely resembled the characteristic processing profile of native pre-miR-21. Prominent bands
appeared at approximately ~14 nt, ~22 nt, ~29 nt, and ~40 nt, corresponding to the known
Dicer cleavage pattern of the pre-miR-21 stem, including fragments derived from sequences
5'-UAGCUUAUC-3', 5'-GACUG-3', and 5'-UGUUG-3'. These positions were consistent with the
canonical cut established for pre-miR-21 processing, indicating that the introduction of the
UGGAA loop maintained the recognition ability of Dicer for the structured stem of T40.
Additionally, a band at ~19 nt was detected, which likely reflects nonspecific cleavage
occurring within the double-stranded region, suggesting occasional off-register cuts but

without affecting the overall processing efficiency.
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The results of the Dicer cleavage assay demonstrated that, despite the introduced
modifications, such as circularization with the Spacer-18 linker, circularization containing the
U1A protein-binding site, and the UGGAA loop serving as a ligand-binding motif, all constructs
were successfully processed by the Dicer enzyme. This indicates that the modified pre-miR-21

constructs retained their biological activity.

6.4. Ligand-mediated stabilization method induced by NCD molecule

In contrast to the covalent stabilization strategies explored in this study, the ligand-based
approach demonstrated an alternative and effective mechanism for promoting RNA
crystallization. The interaction of NCD with the UGGAA motif illustrates how ligand binding
can promote local conformational rearrangements, including the induction of Z-RNA-like
geometry. Moreover, the ligand acts as a molecular bridge, generating specific intermolecular
contacts between symmetry-related RNA molecules that facilitate the formation of an
ordered crystal lattice. This dual action, local structural stabilization combined with lattice-
bridging interactions, highlights why small-molecule ligands can be a tool for the crystallization
of RNA molecules. The methods and results are described in detail in the publication:
Naphthyridine carbamate dimer ligand induces formation of Z-RNA-like fold of disease-related

RNA and exhibits a molecular glue characteristics in crystal lattice formation (159).
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7. Summary of publications included in the doctoral
dissertation

7.1. Overview of Methods for Large-Scale RNA Synthesis

Marcin Ryczek, Martyna Pluta, Leszek Btaszczyk*, Agnieszka Kiliszek*
Applied Sciences 2022, 12, 1543.
IFZOZZ = 2.7, MNiSWZOZZ = 40

The publication entitled “Overview of Methods for Large-Scale RNA Synthesis” provides an
essential methodological framework for the chemical synthesis of RNA constructs intended
for high-resolution crystallographic analysis. The strategies reported are relevant to the
synthetic approaches applied in this dissertation, particularly in the context of incorporating
covalently bonded non-nucleosidic linkers and preparing RNA constructs of sufficient quantity
and purity for crystallization. Although the systems investigated in the publication differ
functionally from the linker-modified RNAs described in this thesis, both rely on rigorous
chemical synthesis methods that enable precise structural manipulation and production of

milligram-scale RNA samples suitable for structural biology.

This publication demonstrates the utility of solid-phase phosphoramidite chemistry as the
primary platform for generating highly defined RNA oligonucleotides. Chemical synthesis is
essential for introducing modifications that cannot be achieved through enzymatic routes,
such as the incorporation of aromatic linkers bridging the 5 and 3’ termini of RNA in the
present work. The flexibility of solid-phase synthesis allows the controlled incorporation of
modified monomers, linker phosphoramidites, and sequence alterations required to
accommodate structural elements, such as Spacer-18 or pyromellitic and naphthalene

aromatic linkers.

A critical strength highlighted in the publication is the ability to perform syntheses on a large
scale (up to multi-milligram quantities). Crystallographic studies typically require significantly
more material than biochemical or spectroscopic assays, often in the range of several

milligrams of highly purified RNA. This methodology emphasizes the optimization of synthetic
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cycles, reagent volumes, and coupling efficiencies to ensure high-quality RNA suitable for

demanding applications.

Both approaches also use DMT-on and DMT-off purification strategies, which are chosen
according to the length, hydrophobicity, and overall chemical properties of the synthesized
RNA. The DMT-on approach, in which the 5'-dimethoxytrityl protecting group is retained
during the initial purification step, is the most reliable for RNA constructs lacking hydrophobic
modifications. This limitation arises because both the DMT group and hydrophobic linkers
display a strong affinity for the reverse-phase media used in Glen-Pak cartridges, which can
lead to retention issues, poor elution, or loss of product. Consequently, for aromatic-linker—
modified RNAs, synthesis must be completed using the DMT-off strategy. In this case, the 5'-
DMT group is removed from the solid support, followed by standard deprotection and
cleavage from the resin, after which purification is performed by denaturing PAGE. This
approach avoids any interaction of the hydrophobic linker with reverse-phase matrices and

ensures the reliable isolation of full-length RNA suitable for crystallographic applications.

The publication further underscores the importance of controlled deprotection and cleavage
conditions, as RNA is considerably more labile than DNA. The removal of protecting groups,
particularly 2'-O-silyl protecting groups, requires mild conditions that minimize strand scission
while preserving chemically delicate modifications. This observation is directly relevant to the
present work, as certain aromatic linkers are sensitive to deprotection conditions, and
purification steps can result in the cleavage of the linker from the RNA backbone. Insights from
this publication include strategies for minimizing linker dissociation, including adjustments to
deprotection times, temperature control, and careful selection of purification conditions to
reduce exposure to harsh reagents. Furthermore, this publication highlights the necessity of
multiple purification steps followed by denaturing polyacrylamide gel electrophoresis (PAGE)

to ensure homogeneity required for crystallization.
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7.2. Naphthyridine carbamate dimer ligand induces formation of Z-
RNA-like fold of disease-related RNA and exhibits a molecular
glue characteristics in crystal lattice formation

Martyna Mateja-Pluta, Leszek Btaszczyk, Magdalena Bejger, Kazuhiko Nakatani, Agnieszka

Kiliszek*
Nucleic Acids Research, 2025, 53, gkaf924
IF2024 = 13.1, MNiSW3025 = 200

The publication entitled “Naphthyridine carbamate dimer ligand induces formation of Z-RNA-
like fold of disease-related RNA and exhibits a molecular glue characteristics in crystal lattice
formation” (included as part of this doctoral dissertation) presents a structural analysis of the
complex formed between the small-molecule ligand NCD and RNA containing the UGGAA
motif. This work is appended to the dissertation because it provides a detailed description of
how NCD interacts with RNA, elucidating both the mode of binding and the mechanism by
which the ligand stabilizes and orders the RNA structure. The crystal structure revealed that
two NCD molecules bind directly to the UGGAA motif, each bridging two guanosine residues
on the same RNA strand. A comparison with the structure of unliganded RNA demonstrated
that the GGA region does not engage in stabilizing hydrogen bonds in its native form but
instead forms only stacking interactions and occasional contacts with cobaltamine ions. These
observations suggest that the GGA residues are likely highly flexible and only weakly pre-
organized in solution. However, upon NCD binding, both guanosine residues engage in specific
hydrogen-bonding interactions with the ligand, leading to pronounced stabilization of the
UGGAA motif. This ligand-induced structural rearrangement resulted in increased thermal

stability, as confirmed by differential scanning calorimetry (DSC) and UV melting experiments.

The structural rearrangement promoted by NCD resulted in the formation of a Z-RNA-like
geometry, a structural state that is unfavorable in the absence of a ligand but becomes
stabilized through the introduction of precise hydrogen-bonding and stacking interactions.
This highlights a key principle: ligands can impose local order in otherwise dynamic or weakly
structured RNA regions, thereby enabling the capture of conformations that would be difficult

or impossible to observe without chemical assistance.
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In addition to inducing localized structural stabilization, NCD exerts a second important effect.
It acts as a molecular glue that promotes interactions within the crystal lattice. The planar
heteroaromatic system of the ligand is suitable for mediating interactions between symmetry-
related RNA molecules, effectively bridging the individual strands within the crystal lattice.
These intermolecular contacts, absent in unliganded RNA, enable the assembly of an ordered
three-dimensional lattice that supports high-resolution diffraction. The dual functionality of
NCD, which combines local conformational stabilization with lattice-bridging capacity, is a
particularly valuable insight for RNA crystallography, where obtaining well-ordered crystals is

often the limiting step.

A comparison of ligand-mediated stabilization with the covalent strategies employed in this
dissertation underscores the complementary nature of these approaches. In contrast, non-
nucleosidic linkers enforce global architectural constraints by covalently bridging the RNA
backbone. Ligands such as NCD exert their effects locally stabilizing specific motifs without
restricting the global conformational landscape. Moreover, ligands enhance intermolecular

interactions within the crystal lattice, a feature not inherently achievable by covalent linkers.
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8. Discussion

The structural characterization of RNA is constrained by the intrinsic properties of RNA
molecules, such as high flexibility, formation of alternative 3D structures and ease at structural
rearrangements induced by experimental conditions (12, 26). Although X-ray crystallography
continues to provide the most reliable high-resolution insights into RNA architecture,
crystallization of RNA remains a major barrier, particularly for motifs such as hairpins that
readily unfold and form thermodynamically favored duplexes at elevated RNA or salt
concentrations typically used in crystallization. As a result, native RNA structures, despite their
biological importance, often cannot be captured in a homogenous crystalline environment

without additional stabilization strategies (41-43).

In this context, the present study explored chemical strategies to mitigate these limitations.
A key premise of the project was to identify a linker capable of enhancing structural stability
without disrupting the native RNA architecture. These approaches include the incorporation
of non-nucleosidic linkers, circularization of RNA molecules, and ligand-mediated stabilization.
These results provide insights into the impact of these modifications on RNA stability and

folding behavior, as well as their overall potential to overcome crystallization challenges.

In this study, a series of non-nucleotidic linkers were designed to covalently connect the 5’
and 3’ termini of RNA strands. These compounds are inexpensive to obtain, and their synthesis
is straightforward and high-yielding, making them practical tools for routine RNA modification.
Among the proposed candidates, the strongest stabilizing effects were observed for two
compounds: a naphthalene-derived linker containing three methyl groups on each side of the
aromatic core (3d) and a pyromellitic derivative featuring aliphatic side chains with two methyl
groups on each arm (3a). Although these modifications effectively thermodynamically
stabilize RNA hairpins and duplexes, their incorporation requires a careful design of RNA
constructs in terms of their secondary and tertiary structure. Developed aromatic linkers
possess stiff aromatic interface which might require the specific geometry of neighboring
residues and formation of canonical base pairing. Otherwise the linker can induce the local
and global changes in secondary and three-dimensional structure. This was observed for low
efficiency of ligation reactions performed on different RNA models. Among all tested

constructs, only the T35 hairpin containing the 3d linker underwent successful circularization
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by T4 RNA ligase which also require the proper geometry of apical loop. The lack of circular
product suggest that the single stranded ligation site could be structurally rearranged and
became inaccessible for enzymatic reaction. The example of SRL—Spacer-18 construct T42
showed that the incorporation of the non-nucleosidic linker required sequence modification,
specifically the removal of the 5' uridine of the native SRL, to allow proper geometric
accommodation of the linker at the base of the stem. Despite this alteration and the presence
of the linker, the global fold of the SRL hairpin remained preserved. However, it induced a
distinct pattern of crystal lattice interactions compared to native SRL structures. In the
unmodified SRL constructs (PDB IDs: 1Q9A and 3DV2Z), crystal contacts are limited to stacking
interactions between the loop adenosine in the GAGA tetraloop and the flipped-out 5'-
terminal uridine, as well as interactions with solvent molecules or components of the
crystallization buffer (Figure 39). In contrast, the modified SRL hairpin engages in additional
and more extensive contacts with nucleobases from symmetry-related molecules, reflecting
the altered molecular environment produced by the linker (Figure 32). The modification also
resulted in a different space group: while native SRL crystals adopted P4s (54, 234), the current
structure crystallized in C121 (Table 6), indicating that the linker reshaped the intermolecular
organization within the lattice. The newly introduced interactions appear to support the
lattice packing and may facilitate crystal formation. Moreover, the flexible Spacer-18 linker,
due to its conformational lability, can adapt to the RNA fold without restricting the packing of
nucleotides, thereby enabling the RNA to accommodate alternative crystal packing
arrangements. Such adaption for aromatic linkers can be difficult to occur due to rigidity of

aromatic compounds and tendency for ri-it stacking interactions.
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Figure 39. Interaction in crystal lattice with GAGA loop in two crystal structures pdb code: A) 1Q9A,
B) 3DVZ
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Several studies reported in the literature have successfully employed rigid aromatic linkers in
structural investigations; however, these achievements have been confined to DNA-based
systems. For example, Lewis et al. (103) demonstrated that stilbene-modified DNA hairpins
could be efficiently stabilized and structurally characterized, benefiting from the inherent
rigidity and predictable helical parameters of B-form DNA. Similarly, DNA assemblies
incorporating aromatic chromophores have been resolved at the atomic level by co-
crystallization with protein partners, such as the recombinant binding domain of the
restriction enzyme Bpull, which serves as a crystallization scaffold (107). Aromatic foldamer
units such as 8-aminomethyl-2-quinolinecarboxylic acid or 8-amino-2-quinolinecarboxylic acid
dimers have also been successfully integrated into B-DNA duplexes and hairpins (124), further
illustrating that DNA can readily tolerate such non-natural moieties. All of these examples
involve DNA, protein—DNA complexes, or racemic DNA mixtures, which are structurally more
regular, less prone to alternative secondary structures, and more compatible with rigid
aromatic scaffolds. In contrast, RNA adopts more diverse and dynamic secondary and tertiary
structures, and crystallization typically requires a greater degree of conformational
adaptability. This distinction suggests that the structural requirements for the successful
incorporation of aromatic linkers are more restrictive for RNA than for DNA, offering a likely

explanation for the limited crystallization success observed in the present study.

Although the introduction of non-nucleosidic linkers significantly increased the
thermodynamic stability of the modified RNA constructs, as demonstrated by UV melting and
CD spectra, these gains did not directly translate into successful crystallization. However, the
Spacer-18—modified SRL hairpin and UGGAA repeat RNA in complex with the NCD ligand both
yielded ordered crystalline lattices (159), despite exhibiting different stabilization profiles. The
flexible aliphatic linker in Spacer-18 provided global stabilization while preserving the
conformational adaptability required for crystal packing, whereas NCD did not globally rigidify
the RNA but instead locally stabilized UGGAA loop, enabling the ligand to act as a structural
organizer and promote lattice formation. These observations indicate that crystallization
success depends not only on stabilizing the RNA fold but also on achieving a balance between
structural rigidity and the capacity to engage in specific intermolecular interactions required

for ordered packing of the RNA.
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The interaction between NCD and the UGGAA motif illustrates how small-molecule ligands
can stabilize RNA through mechanisms that are fundamentally different from those of
covalent linkers. NCD induces a local conformational rearrangement within the loop,
promoting the formation of a non-canonical Z-RNA-like geometry that would otherwise be
thermodynamically unfavorable. Simultaneously, the ligand acts as a molecular glue, creating
specific intermolecular contacts between symmetry-related RNA molecules that facilitate the
assembly of an ordered crystal lattice. This dual role, local structural stabilization combined
with lattice-bridging interactions, highlights why ligands such as NCD can be effective in
enabling the crystallization of RNA motifs (vide in publication: Naphthyridine carbamate dimer
ligand induces formation of Z-RNA-like fold of disease-related RNA and exhibits a molecular

glue characteristics in crystal lattice formation (159)).

Beyond their application in crystallographic studies, the linkers developed in this work possess
considerable potential for therapeutic and diagnostic RNA technologies, where structural
stability in the cellular environment is more critical than the ability to crystallize. Although the
aromatic linkers did not facilitate RNA crystallization, their ability to enhance thermodynamic
stability and enforce defined secondary structures suggests that they may be highly valuable
in biochemical or therapeutic contexts (241, 242). Biochemical assays using human Dicer
demonstrated that the introduced modifications did not compromise the biological functions
of the RNA constructs. Despite the incorporation of the Spacer-18 linker into the pre-miR-21
hairpin, introduction of the U1A-binding loop, or replacement of the native apical loop with
the UGGAA motif for ligand recognition, all engineered pre-miR-21 variants were efficiently
processed by Dicer. The enzyme correctly recognized the double-stranded stem region and
generated cleavage products, indicating that the overall secondary structure features required

for Dicer activity were preserved.

Chemical modifications of nucleotides, whether at the sugar moiety, nucleobase, or
phosphate backbone, have long been explored to improve RNA stability, bioavailability, and
resistance to nucleases, contributing significantly to advances in antisense and RNA-based
therapeutics (243—-245). However, the synthesis of nucleoside-modified oligonucleotides is
technically challenging and often costly owing to their high polarity, multiple ionizable groups,
and incompatibility with standard organic chemistry conditions (246-248). Non-nucleotidic

modifications, such as the linkers examined in this study, are attractive alternatives. Their
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modular chemical architecture allows extensive structural tuning without the constraints
imposed by canonical nucleotide chemistry, opening new avenues for functional nucleic acid
design. In contrast to known phenanthrene and pyrene derivatives, presented linkers
Aromatic linkers, including phenanthrene- and pyrene-based systems, have been shown to
act as “molecular prostheses” capable of substituting for missing bases in damaged DNA,
thereby restoring the duplex character (114-118). This demonstrates that well-designed non-
nucleotidic moieties can function as structural surrogates, supporting the integrity of nucleic
acid frameworks. Thus, the RNA linkers developed in this study may find future applications
in stabilizing therapeutic RNAs, protecting susceptible regions from degradation, and
modulating folding landscapes in a controlled manner (119, 120). Such uses highlight the
broader relevance of these chemical tools, extending well beyond crystallography to the field

of RNA-based medicine.
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9. Conclusions

The results presented in this doctoral dissertation allow for the formulation of the following

conclusions:

1. Aromatic linkers based on naphthalene and pyromellitic derivatives constitute a
synthetically accessible class of RNA-stabilizing modification. Their preparation is
cost-efficient, provides high yields, and does not require specialized instrumentation,
making them attractive candidates for broader applications in nucleic acid chemistry.

2. Aromatic linkers possess a rigid planar interface that necessitates a specific geometry
of neighboring nucleotides and the preservation of canonical base pairing to
accommodate their steric and electronic properties. Therefore, their incorporation can
have local or global impacts on RNA flexibility, base pairing, and geometry.

3. Successful crystallization requires balancing RNA structural rigidity with the ability to
form specific intermolecular contacts that are crucial for ordered packing. The flexible
Spacer-18 linker was more compatible with the crystallization of the Sarcin-Racin
RNA hairpin. Its conformational lability allows it to adapt to the natural RNA topology,
without restricting nucleotide packing. This adaptability enables the formation of
alternative crystal packing arrangements and was essential for solving the SRL—Spacer-
18 structure.

4. Ligand-mediated stabilization, exemplified by the interaction between NCD and
guanosine residues of RNA, represents an effective alternative strategy. Unlike
covalent linkers, NCD does not rigidify the entire RNA structure but instead induces
localized stabilization within the UGGAA loop while simultaneously acting as a
molecular glue between symmetry-related molecules.

5. Despite their limitations in crystallographic applications, aromatic linkers have
significant potential in RNA-based therapies and diagnostics. Their ability to enhance
stability, resist degradation, and modulate local RNA structures suggests that they may
serve as valuable stabilizing agents in medicinal chemistry, antisense technologies, and

nucleic acid—based drug design.
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Abstract: In recent years, it has become clear that RNA molecules are involved in almost all vital
cellular processes and pathogenesis of human disorders. The functional diversity of RNA comes
from its structural richness. Although composed of only four nucleotides, RNA molecules present
a plethora of secondary and tertiary structures critical for intra and intermolecular contacts with
other RNAs and ligands (proteins, small metabolites, etc.). In order to fully understand RNA
function it is necessary to define its spatial structure. Crystallography, nuclear magnetic resonance
and cryogenic electron microscopy have demonstrated considerable success in determining the
structures of biologically important RNA molecules. However, these powerful methods require large
amounts of sample. Despite their limitations, chemical synthesis and in vitro transcription are usually
employed to obtain milligram quantities of RNA for structural studies, delivering simple and effective
methods for large-scale production of homogenous samples. The aim of this paper is to provide an
overview of methods for large-scale RNA synthesis with emphasis on chemical synthesis and in vitro
transcription. We also present our own results of testing the efficiency of these approaches in order to
adapt the material acquisition strategy depending on the desired RNA construct.

Keywords: RNA; RNA crystallography; large-scale RNA synthesis; ribozymes

1. Introduction

Ribonucleic acid (RNA) is one of the major players involved in cell homeostasis [1].
Specific chemical features make RNA an important biological molecule, an interesting
research object, and a tool adapted for human use [2,3]. In early nucleic acid research, there
was no clear distinction between RNA and deoxyribonucleic acid (DNA); they were seen as
“nuclein”, a phosphor-rich substance different from proteins and present in large quantities
in every living organism [4]. The pioneering work of many researchers, including Phoebus
Levene, Albrech Kossel, and their co-workers, allowed to distinguish DNA and RNA
molecules and to identify their basic components, such as ribose rings, nitrogen-containing
bases, and phosphate groups [5-7]. Since then, RNA has been revealed as a multifaceted
molecule that can form complex three-dimensional structures, presents catalytic properties,
and serves as a regulatory element for governing gene expression [8-16]. On the other
hand, RNA has also been identified as a toxic factor involved in the pathogenesis of
numerous human disorders [17-19]. Finally, RNA became a tool applied in biotechnology
and medicine [20-25]. The best-known examples are the mRNA-based vaccines used to
fight the COVID-19 pandemic [26].

Knowledge of the three-dimensional structure of RNA is crucial for explaining its
biological functions and conformational dynamics and for providing model platforms
for drug development [15,27,28]. The pioneering studies on nucleic acid structure origi-
nated from research by Watson, Crick, and Franklin, who proposed the double-DNA-helix
model [29,30]. The first atomic transfer RNA (tRNA) structure was determined by Robert
Holley’s group using single-crystal x-ray crystallography, opening up the field of structural
studies of RNA molecules [31-33]. Subsequent discoveries of RNA properties (e.g., catalytic
activity) and the development of methods for chemical and enzymatic synthesis increased
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interest in RNA and RNA-protein research, resulting in the three-dimensional structures of
ribozymes, riboswitches, ribosomes, small nucleolar RNAs (snoRNAs), and other types
of RNA being discovered [34-56]. These fundamental findings helped to explain the prin-
ciples of RNA functions, folding pathways, the roles of water and ion molecules, and to
reveal ligand-binding sites [57].

Structural studies of RNA molecules start with the design, synthesis, and purification
of the macromolecule. In this step, the purity and homogeneity of the sample are critical
for successful crystallization and diffraction experiments [58,59]. Another obstacle is the
amount of material required for crystallization; milligrams of homogeneous RNA are
usually needed [60-63]. Although a number of well-established protocols exist, obtaining a
sufficient amount of pure RNA is challenging [60-63]. While chemical synthesis allows the
production of large quantities of RNA, it is suitable only for relatively short RNA oligomers
and requires a laboratory equipped with specific infrastructure (synthesizer, fume hood,
vacuum evaporator, etc.). Moreover, modified phosphoramidites can be expensive and of-
ten non-commercially available. Longer RNAs can be effectively synthesized using in vitro
transcription but this method suffers from considerable 3'-end heterogeneity and requires
specific sequence requirements at the 5'-end. This paper provides an overview of large-scale
RNA-synthesis methods used in structural studies, supplemented by our own results with
the practical implementation of available protocols. In the first part, we describe methods
for RNA synthesis and discuss their advantages and limitations. Next, we present the
implementation of these methods and guidelines for adapting RNA-synthesis strategies.

2. Methods of RNA Synthesis

RNA can be obtained in three ways: purification from biological sources, chemical
synthesis using a solid-phase method, or enzymatic synthesis by in vitro transcription.
Isolation from cells is suitable for complex or large and highly abundant RNAs (ribosomes
or tRNAs), resulting in native samples having all the important posttranscriptional modifi-
cations. Shorter or less-abundant RNAs can be synthesized chemically or enzymatically.
These methods are more universal and preferred for structural studies of RNA molecules.

2.1. Chemical Synthesis

Solid-phase chemical synthesis using an automated synthesizer was established by
Bruce Merrifield and was further applied for the synthesis of deoxyribonucleic and ri-
bonucleic acids [64,65]. It is based on the cyclic elongation of the DNA /RNA chain on a
solid support, e.g., controlled-pore glass or highly crosslinked polystyrene. It uses phos-
phoramidites decorated with different protection groups in order to block their reactivity
during chemical synthesis [66]. There are several types of commercially available phospho-
ramidites. Most of them possess mild base-labile protection of exocyclic amino group of
nucleobase and phosphate moiety blocked by 2-cyanoethyl N,N,N’,N’-tetra-isopropyl [66].
In the case of 2-hydroxyl, the most widely employed class of protection groups are TOM
(triisopropylsilyl-oxy-methyl) and TBDMS (tert-butyldimethylsilyl). They are fluoride-
labeled groups which are removed after synthesis using TBAF (tetra-n-butylammonium
fluoride) or TEA-3HEF (triethylamine trihydrofluoride). The 5" OH group is usually blocked
by DMT (dimethoxytrityl) which is compatible with 2’OH silyl blockage [67]. The selection
of the 2'-protection group is the most critical step affecting the yield and time of RNA
synthesis. Recently, more potent activators such as ETT (5-ethylthio-1H-tetrazole) and BTT
(5-benzylthio-1H-tetrazole) helped to increase the rate of the coupling step [68]. Other
strategies of phosphoramidites protection have also been developed, resulting in shorter
and higher efficiency of RNA synthesis. However, they are expensive, non-commercially
available or require different protocols of solid-phase synthesis (for review see [66,69]). The
standard solid-phase synthesis occurs from the 3 to 5’-end, and one elongation cycle results
in a chain extension by one nucleotide. Each cycle includes four steps: detritylation, cou-
pling, capping, and oxidation (Figure 1) [66]. It starts with removing the dimethoxytrityl
(DMT) protection group from the 5 OH group of the nucleotide attached to the solid
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support. This is followed by a coupling reaction, resulting in the chain elongation of
oligomers with a 5 DMT group originating from added phosphoramidite. Since the yield
of coupling is less than 100%, not all RNA chains are elongated. Thus, in the next step, the
non-extended oligomers are 5 capped, preventing their further extension in the next cycle.
Finally, the phosphate group is oxidized and converted into a stable moiety [62,66,70].
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Figure 1. Overview of the solid-phase chemical RNA synthesis cycle.

Chemical synthesis is suitable for relatively short oligomers (up to 40 nt-long). Al-
though the yield of a single elongation cycle can reach 99%, the overall efficiency drops
systematically with each cycle. For 25 nt-long oligomers, the overall yield of synthesis is
about 79%, assuming an average single coupling efficiency of 99%. When the coupling
efficiency drops to 97%, the overall yield is only approximately 48%. For longer oligomers
(50 nt), the overall yield is only 37%, even if the average performance of a single coupling is
98% [71]. Therefore, chemical synthesis for longer RNAs is impractical, unless other reasons
are considered, such as the introduction of modified nucleotides. In contrast to in vitro
transcription, chemical modifications can be easily incorporated into RNA chains during
automated synthesis. If the oligomer is too long to be efficiently synthesized, two shorter
modified RNA chains can be obtained separately and ligated using split-join ligation or T4
RNA ligase [72-74]. The other advantage of chemical synthesis is fewer constraints on the
sequence of RNA and lower heterogeneity in comparison to in vitro transcription.

In our laboratory, chemical synthesis is routinely used for the preparation of RNA
oligomers. As an example, we have obtained 11 nt-long RNA oligomers using two ap-
proaches: DMT-OFF, in which the 5 DMT group is removed from the last synthesized
nucleotide, and DMT-ON, in which the 5" DMT group is preserved and used for an
additional purification step (Supplementary Materials). Both oligomers were cleaved
from a solid support, and protective groups were removed according to standard proce-
dures [66,67]. The DMT-ON oligomer was further purified using cartridges with an affinity
for dimethoxy groups, while the DMT-OFF oligomer was only desalted. A comparison of
the high-performance liquid chromatography (HPLC) chromatograms of samples showed
high purity and homogeneity for DMT-ON RNA (compare Figure 2A,B). The DMT-OFF
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oligomer contained many short products, indicating the need for an additional purifica-
tion step using thin-layer chromatography, polyacrylamide gel electrophoresis (PAGE),
or HPLC. We also synthesized a 45 nt-long RNA oligomer (Figure 2C). Even though it
was purified using the DMT-ON method, the amount of abortive products generated
during the synthesis of longer RNA was very large, resulting in lower efficiency for the
purification method.

A B c
DMT-OFF DMT-ON I DMT-ON
10 20 10 20 18 23 28

time (min) time (min) time (min)

Figure 2. HPLC chromatograms of chemically synthesized RNAs: (A,B) 11 nt-long RNA oligomer
synthesized in DMT-OFF and DMT-ON mode, respectively; (C) 45 nt-long RNA synthesized in
DMT-ON mode.

In our hands, the average yield from 1 pmol-scale RNA synthesis resulted in at least
200 nmol of pure oligomer of 8 to 22 nt. Short oligomers purified by the DMT-ON method
were crystallized, and many of them resulted in crystals exhibiting a high diffraction
potential (Figure 3 and data not shown). Longer RNAs were subjected to an additional
purification step before crystallization.

S

Figure 3. Examples of crystals that were grown from chemically synthesized RNAs.

2.2. In Vitro RNA Synthesis Using T7 RNA Polymerase

In vitro transcription is a common method used for synthesizing RNA molecules.
It utilizes a DNA template with a promoter sequence for T7 RNA polymerase followed
by a sequence encoding the target molecule [75]. The enzyme binds the template at the
promoter region and starts the RNA synthesis. The elongation of the RNA chain terminates
when the enzyme drops off the 3’-end of the DNA template [75]. In vitro synthesis can
be efficient, resulting in milligrams of RNA sample, but a high yield depends on several
factors. The most important is the type of nucleotides located immediately downstream of
the T7 promoter. The transcript should start from at least one guanosine residue, but having
two or three consecutive Gs is better [75-77]. Usually, the RNA sequence can be adjusted
and mutations can be easily introduced into the DNA template. If the RNA sequence
cannot be changed, catalytic RNAs can be employed (see below).

In structural studies, a serious drawback of in vitro RNA synthesis is the presence
of short, abortive transcripts due to polymerase slippage and transcripts with additional
nucleotides added to the 3’-end that are not encoded by the DNA template [78]. Separating
short products from full-length oligomers is usually easy, while it is more difficult and
time-consuming with transcripts extended by an additional one or two nucleotides [58].
The amounts of N+1 and N+2 products range from 10 to 50% of the whole synthesis,
reducing the homogeneity, yield, and crystallization potential of the RNA sample [59].

In vitro transcription is conducted with a mixture of nucleoside triphosphates (NTPs),
resulting in RNA having tri-phosphate at the 5'-end. In some instances, it can negatively
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influence the crystallization potential of the RNA by preventing the packing of RNA
molecules into a crystal lattice or introducing disorder [79]. Thus, the conversion of the
5’ triphosphate into a 5’ hydroxyl group may be required to improve the crystallization
and quality of the crystals. This can be easily performed by in vitro transcription in
the presence of guanosine residues or with the use of alkaline phosphatase [59]. If a 5’
monophosphate group is required for further RNA modification, the transcription reaction
can be supplemented with guanosine monophosphate (GMP).

In vitro transcription can be employed for the production of capped RNAs. Cap is a
modified nucleotide (7-methylguanosine, m’G) linked by the 5’,5'-triphosphate bond to
the first transcribed nucleotide [80,81]. Cap structure increases the stability of cellular and
exogenous mRNAs (such as vaccine mRNA) [82,83]. It is also required for mRNA splicing,
export and initiation of translation [82,84,85]. Therefore, capped RNAs are widely used in
studies concerning vital cellular processes [86-88]. The increasing demand on simple and
efficient methods for synthesis of capped mRNAs resulted in the development of several
protocols [86,89-91]. For long RNAs, cap structure is commonly introduced during in vitro
transcription in the presence of chemically synthesized cap analogs such as m’G, anti-
reverse cap analog (ARCA) and its derivatives [86,90-94]. However, this method suffers
from low efficiency which rarely exceeds 80% under optimized conditions. Moreover, it is
limited to Cap 0 and the first transcribed nucleotide must be purine [95]. Recently, other
capping reagents have been developed, extending the availability of different cap structures
and increasing the yield of cap incorporation [95,96]. Short capped RNAs are synthesized
using solid-phase synthesis but it requires non-standard phosphoramidites or modified
solid supports [97-99].

2.3. Ribozymes for RNA Production with Homogeneous Ends

Ribozymes are self-cleaving RNAs found mainly in small-RNA pathogens of
plants [100-102]. They are involved in the replication process, with a rolling-circle mech-
anism. As a result, long, linear concatamers of replicated genome of the pathogen are
produced, which are cleaved by the catalytic domain of the ribozyme into unit-length
progeny [15,101,103]. There are four types of small ribozyme motifs: hammerhead, hairpin,
Varkud satellite (VS), and hepatitis delta virus (HDV) [104]. The glucosamine-6-phosphate
riboswitch (GImS) ribozyme is also classified as a small ribozyme, but in contrast to
other catalytically active RNAs, it is activated by the binding of the ligand molecule [105].
All ribozymes catalyze the RNA-cleavage reaction, producing a 5 hydroxyl group and
2/,3'-cyclic phosphate (Figure 4) [102]. For optimal activity, they require divalent metal
ions such as Mg?*. Ribozymes usually act in cis mode when a substrate and ribozyme are
present in single RNA chains, and cleavage separates RNA into two species (the catalytic
domain of the ribozyme and target RNA). Ribozymes can also act in trans, recognizing a
substrate by hybridizing to the complementary sequence and cleaving the RNA. Although
ribozymes are commonly applied in different research areas, each type has its own specific
requirements, mostly concerning the sequence of the RNA substrate (see below).
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Figure 4. Ribozyme-mediated cleavage of RNA.
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Their relatively small size makes ribozymes attractive tools for use in structural
studies for the production of RNA molecules with homogeneous ends or for enhancing
the efficiency of in vitro transcription [61,63]. In the first case, they are incorporated into a
DNA template upstream, downstream, or at both positions of the target sequence. During
in vitro transcription, the RNA chain is cleaved, resulting in a mixture of target RNA and
the catalytic domain of the ribozyme [61]. They need to be separated and purified using
PAGE, gel filtration chromatography, or affinity tags [106,107].

When the ribozyme is located downstream of the target sequence, the 3'-end of the
transcript RNA is homogeneous, but it possesses a 2’,3'-cyclic phosphate group (Figure 5A).
The phosphate group can be removed with T4 polynucleotide kinase if the 3’ OH group is
required for downstream experiments [108]. The ribozyme is placed at the 5'-end of the
target RNA to increase the yield of in vitro transcription or to produce RNA with homoge-
neous 5'-ends (Figure 5B). Higher efficiency in RNA synthesis is achieved by introducing
the GGGAGA sequence at the beginning of the catalytic domain of the ribozyme, which
ensures high processivity for the RNA polymerase [109]. This approach is also used when
the sequence of the target RNA is critical and cannot be adjusted according to the T7 RNA
polymerase’s requirements. Since homogeneity and high yield in RNA synthesis are key
factors for successful crystallization, one should consider RNA constructs with ribozymes
at both ends (Figure 5C) [61]. Ribozymes can also be used in trans. This requires the
co-transcription of the catalytic domain of the ribozyme and target RNA [110,111].
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Figure 5. Production of homogeneous RNAs using ribozymes located at (A) 5'—end, (B) 3’ —end, and
(C) both ends of the target RNA. Cleavage sites are indicated with red arrows.

2.3.1. Hammerhead Ribozyme

The hammerhead ribozyme is one of the most studied catalytic motifs found in viroids
and satellite RNAs [112]. It is relatively small (40-50 nucleotides), with a secondary struc-
ture consisting of three helices branching from the conserved junction region (Figure 6A).
The length of the helical regions can be significantly altered without influencing ribozyme
activity (one helix can be reduced to only two base pairs). The overall fold of the ribozyme
resembles a Y-shape, and it is stabilized by loop—loop interactions [113,114]. A cleavage
site is located at the 3’-end of the target RNA (next to helix I). It occurs after a NUX triplet
(N stands for any nucleotide, and X is any nucleotide except guanosine), and the optimal
cleavage sequence is AUC, GUC, UUC [110,115]. Another important factor influencing the
cleavage efficiency is the presence of divalent cations such as Mg?* or Mn?* at millimolar
concentrations. They are involved in the proper folding of the ribozyme and serve as
co-factors during the cleavage reaction [116].
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Figure 6. Secondary structure models of (A) hammerhead ribozyme, (B) hairpin ribozyme, and
(C) HDV ribozyme. Target RNA is marked with black line. Cleavage sites are indicated with
red arrows.

The hammerhead ribozyme has been widely used to generate RNA molecules with
homogeneous ends. The efficient cleavage of RNAs ranging from 36 to 140 nt has been
observed for ribozymes located at either the 5 or 3’-end, with optimum activity at a 24 mM
concentration of Mg?* ions [61]. The hammerhead ribozyme has been successfully applied in
crystallographic studies to synthesize part of the human 7SL RNA (Protein Data Bank—PDB:
1L9A), 4.55 rRNA domain IV (PDB: 1DUH), and tRNAIlle (PDB: 6UFH) [117-119].

2.3.2. Hairpin Ribozyme

The hairpin ribozyme was identified in the minus strand of the tobacco ringspot
virus satellite RNA (TRSV). It possesses four helical regions and two internal bulges
(Figure 6B) [120]. The secondary structure of the hairpin ribozyme resembles the shape of a
paperclip, but in three-dimensional space, the helices are coaxially arranged, representing
two hairpin structures linked by a four-way junction [121]. Similar to the hammerhead
ribozyme, helical regions of hairpin ribozyme can be engineered with different lengths
and sequences without influencing the cleavage efficiency, as long as the integrity of the
helices is maintained. The cleavage site is located in one of the conserved bulge regions.
The optimal cleavage sequence is RYN|GUC (R is a purine, Y is a pyrimidine, and N is any
nucleotide) and occurs between N and G residues [100].

Due to different sequence constraints, the hairpin ribozyme has been proposed as
an alternative to the hammerhead ribozyme. Although the cleavage efficiency has been
observed to be high, the presence of the hairpin ribozyme leads to the generation of
nonspecific products. This activity was shown to be reduced by a higher concentration
(30 mM) of Mg?* ions [61].

2.3.3. HDV-like Ribozymes

An HDV ribozyme (approximately 85 nt) is found in the genomic and antigenomic
strands of the hepatitis delta virus [122,123]. Its secondary structure consists of four heli-
cal regions forming two coaxial stacks, which are linked by two single-stranded junctions
(Figure 6C). The tertiary structure of the HDV ribozyme folds into a nested double pseudo-
knot, constraining the overall shape and forming the active site of the ribozyme [123,124].
The cleavage site is located in helix P1 and typically occurs at a guanosine residue. The HDV
ribozyme is active in the presence of divalent ions such as Mg?*, Mn?*, or Ca?* [125]. The
sequence upstream of the cleavage site is unrestricted. Therefore, the HDV ribozyme can be
applied to generate 3’ homogeneous ends for any RNA. On the other hand, highly structured
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target RNAs can negatively influence the proper folding of the ribozyme domain, resulting in
lower cleavage efficiency. In this case, incubating it at 65-70 °C, adding urea, or performing
cycles of denaturation-renaturation can enhance the cleavage efficiency [126-128].

The lack of a sequence requirement has resulted in the HDV ribozyme being widely
used by structural researchers in the preparation of RNAs for crystallization. Examples in-
clude domain IV of the ribosomal 4.55 RNA from E. coli (PDB: 1DUH), the nad A riboswitch
(PDB: 7D82), and the constitutive decay element (CDE1) from human 3’ untranslated region
(PDB: 6XWW) [118,129,130].

2.3.4. VS RNA Ribozyme

The Varkud satellite RNA ribozyme was found in mitochondrial plasmids of certain
strains of Neuropsora [104,131]. It is the longest known small ribozyme (150 nucleotides),
but its sequence can be reduced to approximately 120 nt without influencing its cleavage
activity. The tertiary fold of the VS ribozyme is highly structured. It is composed of six
double-stranded regions forming multihelix stacks, connected by three-way junctions and
involving “kissing-loop” interactions [132]. Cleavage sites occur between A and G/A/U
residues [133]. The VS ribozyme can act in cis and in trans, but only the trans system is
suitable for the large-scale preparation of RNAs with homogeneous 3'-ends [110]. One of
the examples is the preparation of the isotope-labelled RNA for NMR measurements [134].

2.3.5. GImS Ribozyme

The GImS ribozyme is a widespread, 145 nt-long, conserved element in Gram-positive
bacteria located upstream of the glmS gene (encoding glutamine /fructose-6-phosphate
aminotransferase) [105,135]. It was discovered as a riboswitch, but further characteriza-
tion revealed that, instead of RNA protection, it induces RNA decay in the presence of
metabolites. Thus, GImS has been classified as a ribozyme activated by the binding of the
ligand (glucosamine-6-phosphate, GIcN6P). The secondary structure of the GImS ribozyme
is composed of four double-stranded regions connected by four junctions, while its tertiary
fold forms a compact structure with three near-parallel stacks comprising a total of three
pseudoknots [105,136]. The cleavage site is located between conserved guanosine and
adenosine residues, which are also involved in co-factor binding and the positioning of
a scissile phosphate group [105]. GImS has been successfully used for crystallographic
studies of Xrnl-resistant RNAs (xrRNAs) from Flaviviridae (PDB: 4PQV) [137].

In order to test the efficiency of in vitro transcription using ribozymes, we designed
and synthesized several constructs differing by location, type of ribozyme, and length and
sequence of the target RNA (Table 1 and Supplementary Materials).

Table 1. RNA constructs used in this study.

Construct Ribozyme Length of Target RNA
RNA-HH 1 3’ hammerhead 47 nt
RNA-HH 2 3’ hammerhead 30 nt
RNA-HH 3 3’ hammerhead 83 nt
RNA-HH 4 3’ hammerhead 86 nt
RNA-HH 5 3’ hammerhead 113 nt
RNA-HH 6 3’ hammerhead 43 nt

HH-RNA-HH 5" hammerhead /3’ hammerhead 43 nt
HH-RNA-HP 5" hammerhead /3’ hairpin 43 nt
RNA-HDV 1 3' HDV 47 nt
RNA-HDV 2 3' HDV 51 nt

The RNA-HH 1 to 6 constructs possessed the hammerhead (HH) ribozyme at the
3’-end and HH-RNA-HH hammerhead ribozyme at both ends. The HH-RNA-HP construct
had the hammerhead ribozyme at the 5" and hairpin (HP) ribozyme at the 3’-end, and
RNA-HDV was equipped with the HDV-like ribozyme at the 3’-end. The constructs were
prepared as chemically synthesized DNA or obtained by polymerase chain reaction (PCR).
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They were cloned into plasmid DNA, which was linearized prior to in vitro transcription.
All the RNA-HH constructs showed a high cleavage efficiency independent of the sequence
of the target RNA (Figure 7A-C). We estimated that more than 95% of the transcripts were
cleaved. We added a 5’-end hammerhead ribozyme to the RNA-HH6 (a new construct,
named HH-RNA-HH) to increase the yield from in vitro transcription. Surprisingly, the
efficiency of the cleavage was decreased to about 50% (Figure 7C, line 2). We observed a
band corresponding to an uncleaved intermediate RNA product attached to the 3 ham-
merhead ribozyme. This suggests that the presence of the 5’ ribozyme affects the proper
folding of 3 hammerhead, reducing its cleavage activity.
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- 5’ riboz
target RNA - e
Ll | e
2ol b M | — target RNA
D E Foo,
Denaturation: - + - + - + v_-bQ
Mg (mM): 24 28 . 3 @ o8 % &
- — RNA substrate
' 2| — RNA substrate
' — RNA substrate
By
— ribozyme — rbozyme
— target RNA — target RNA

Figure 7. Assessment of ribozyme cleavage efficiency monitored by PAGE. (A-C) line 1, RNA-HH 1
to 6 constructs; (C) lane 2, construct HH-RNA-HH; (D) construct HH-RNA-HP (see text for details);
(E) RNA-HDV 1 (see text for details); (F) RNA-HDV 2.

We replaced the 3 hammerhead with the hairpin ribozyme in order to test whether
other types of ribozymes at the 3’-end could increase the yield of the RNA product. How-
ever, this modification resulted in no cleavage of the HH-RNA-HP construct by either 5'-
or 3’-end-located ribozymes (Figure 7D, lane 1). Optimizing the reaction conditions by in-
creasing the concentration of Mg?* ions or performing cycles of denaturation-renaturation
did not improve the cleavage efficiency (Figure 7D, lanes 2-6).

Finally, we tested the RNA-HDV 1 and 2 constructs with the HDV-like ribozyme at
the 3’-end. Although we detected RNA products, the cleavage efficiency was very low
(Figure 7E, lane 1, and Figure 7F). Incubating the sample at 65 °C for 1 h after in vitro
transcription (Figure 7E, lane 2), increasing the Mg?* concentration (Figure 7E, lane 3),
or incubating it in 4 M urea (Figure 7E, lane 4) did not improve the cleavage efficiency,
suggesting potential misfolding of the catalytic domain of the HDV ribozyme.

2.4. Preparation of RNA with Homogeneous 3'-End Using Modified DNA Template

The alternative method used for reducing RNA 3'-end heterogeneity is the modifica-
tion of the DNA template for the in vitro transcription reaction. It requires incorporating
one or two C2'-methoxy groups into the 5'-end of the antisense strand of the DNA template
(Figure 8A) [78]. It was shown that C2'-methoxy modified DNA significantly reduced
the N+1 activity of RNA polymerase and increased the amount of proper RNA product
compared to transcription carried out with an unmodified template [78,138]. Since the mod-
ifications are located on the sugar moiety, there is a low risk of incorporating nucleotides
other than those encoded in the sequence. Such 2’-methoxy-modified phosphoramidites
are commercially available. The DNA oligomer can be synthesized using an in-house
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synthesizer or purchased from external companies. For longer DNA templates, 2’-methoxy
modifications can be incorporated during the PCR by using a 2’-methoxy-modified reverse
primer [78,138]. Recent reports suggest that the reduction of the side products can be fur-
ther improved by the addition of DMSO (dimethyl sulphoxide) [139,140]. This modification
has been used for synthesis of 5’ leader of the HIV-1 genome for NMR studies [141].

A
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Figure 8. In vitro transcription of RNA using C2’-methoxy-modified DNA. (A) Schematic represen-
tation of DNA template. Modified nucleotides are marked with red Xs. Chromatograms showing
RNA synthesis with (B) unmodified template, (C) C2'-methoxy-modified template, (D) C2'-methoxy-
modified template in the presence of 10 mM guanosine, and (E) C2'-methoxy-modified template in
the presence of 15 mM GTP.

We designed and synthesized a DNA template with two 2’-methoxy-modified nu-
cleotides at the 5'-end of the antisense strand. Next, we performed in vitro transcription
of modified and unmodified DNA templates in order to compare the homogeneity of the
RNA products. HPLC analysis showed a significant reduction in RNA heterogeneity. With
the modified DNA template, only two peaks were observed, and with the unmodified
template, RNA products of different lengths were detected (Figure 8B,C).

Using the same method, we obtained RNAs with either a 5 OH or monophosphate
group at the 5'-end by conducting in vitro transcription in the presence of guanosine or
GMP, respectively. The HPLC analysis showed no difference in chromatograms compared
to the control transcription reactions (Figure 8D,E). The presence of a monophosphate at
the 5'-end was further confirmed by the ligation reaction (data not shown).

3. Discussion

This paper provides an overview of methods for large-scale RNA synthesis. We also
describe our experience during the preparation of homogeneous samples for crystallization
experiments (summarized in Table 2). Many factors should be taken into account when
selecting methods for the production of milligram quantities of RNA suitable for struc-
tural studies. They include the length of the oligomer, the presence of specific chemical
modifications, the oligomer manufacturing time, cost, and equipment availability.
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Table 2. Factors that should be considered for the efficient chemical and enzymatic synthesis of RNA.

Method Important Factors
Chemical synthesis e  Higly efficient for short oligomers (up to 20 nt)
e  High-grade phosphoramidites (preferably TOM protection)
e Acetonitryl with lowest possible content of water (up to 20 ppm)
e  Preferable synthesis in DMT-ON mode
In vitro transcription e Concentration of DNA template (50-100 pg/mL) and reaction

time (12-16 h)

Hammerhead ribozyme showed highest cleavage efficiency
DNA template with C2'-methoxy modifications reduces
3’-end heterogeneity

From our experience, chemical synthesis allows the preparation of sufficient quantities
of RNA up to 20 nucleotides. Longer (>40 nt) oligomers can be synthesized but with
much lower efficiency. Chemically synthesized RNA can also be purchased from external
companies. However, since crystallization experiments often require testing large numbers
of different constructs, using in-house synthesizers significantly reduces the cost of RNA
production. We observed that in order to obtain a high yield of chemically synthesized
RNA, it is crucial to dissolve reagents in acetonitrile with the lowest possible water content
(up to 20 ppm). We recommend TOM rather than TBDMS protected phosphoramidites.
They are characterized by higher coupling efficiency due to lower steric hindrance and
prevented relocation from 2 to 3’ moiety of ribose ring. The 2’ to 3’ migration can take place
when using the TBDMS group, leading to the formation of non-biologically active 2/-5
linkages. The costs of TOM and TBDMS phosphoramidites are comparable. When modified
phosphoramidites are produced in-house they should have the highest possible purity,
because some H-phosphonate or other impurities can still be present, reducing the coupling
efficiency. RNA oligomers should be synthesized with the DMT-ON method, which
significantly increases the homogeneity of the sample. DMT-ON purification on dedicated
columns can remove abortive products, and the resulting RNA is suitable for crystallization
or nuclear magnetic resonance measurements (Figure 2). With longer oligomers, additional
purification steps are usually required to obtain homogeneous RNA.

In vitro transcription is suitable for longer RNA, but its main drawback is the non-
specific activity of the RNA polymerase generating 3'-end heterogeneity. Homogeneous
samples can be achieved by using ribozymes cleaving at the 3’ site of the RNA construct.
In our hands, the hammerhead ribozyme was characterized by the highest (~90%) cleavage
efficiency, while the HDV-like ribozyme cleaved RNA less efficiently (Figure 7). Despite
the careful design of RNA constructs to fulfill all the requirements for the proper folding of
the catalytic domains of ribozymes, the cleavage efficiency was low when ribozymes were
present at both ends of the RNA. An extreme example is the HP-RNA-HH construct, where
the replacement of the 5 hammerhead with the hairpin ribozyme led to the complete inhibi-
tion of cleavage (Figure 7). The presence of the 5’ hairpin ribozyme could interfere with the
folding of the 3’ hammerhead ribozyme. As a result, both ribozymes became inactive. The
ribozyme approach requires the purification of the RNA product from uncleaved RNA and
the catalytic domain of the ribozyme. Therefore, the lengths of the ribozyme and the RNA
of interest should differ in such a way that they can be separated with gel electrophoresis
or HPLC. An attractive alternative to the ribozyme approach is in vitro transcription of
the C2'-methoxy-modified DNA. This does not have specific requirements for the proper
folding of catalytic RNAs, and a DNA template can be obtained from external companies
or synthesized in-house. Using this method, we observed significant improvement in terms
of the RNA'’s 3'-end homogeneity (Figure 8). Although N+1 activity of RNA polymerase
was still present, RNAs were easily separated using HPLC or gel electrophoresis (data
not shown).
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Concerning factors influencing the yield of RNA transcription, we noted that the most
important were DNA template concentration (50-100 ng/mL) and reaction incubation time
(12-16 h). Although the adjusting concentration of magnesium ions and ribonucleotides
often improves the yield of transcription, we did not observe significant differences in the
amount of synthesized RNA (data not shown) [142].

4. Conclusions

RNA is involved in the regulation of almost all aspects of cell physiology. Structural
richness of RNA molecules has been explored, not only by nature but also adapted by
humans in the construction of tools for molecular biology, biomedicine and nanotechnology.
Therefore, investigation of RNA three-dimensional structures is fundamentally important
and is a key to understanding the RNA-function relationship.

Here, we reviewed well-established methods for large-scale production of homoge-
nous RNA with emphasis on chemical synthesis and in vitro transcription. We also present
the results of the incorporation of these methods to obtain RNA suitable for crystallographic
experiments. Although preparation of such RNA is still a serious bottleneck, chemical syn-
thesis and in vitro transcription provide simple and effective ways of sample production.

In recent years, a number of new methods for large-scale RNA synthesis have emerged,
such as circular RNAs, and position-selective labeling of RNA and polymerase chain
transcription (for review see [62,143]). Although still under development, they show new
research avenues with great potential to open up the field of structural studies of RNA.

We anticipate that this paper will be useful for many researchers. It will help in
choosing a method for large-scale RNA production depending on the chemical nature of
the target molecule and avoiding difficulties during sample preparation.
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Abstract

The naphthyridine carbamate dimer (NCD) is a small molecule that recognizes disease-related RNA containing UGGAA repeats associated with

spinocerebellar ataxia type 31 (SCA 31) and alleviates the disease phenotype in vitro and in vivo. In this study, we use X-ray crystallography

to elucidate the mode of NCD binding in detail. We determine the crystal structures of the RNA-NCD complex and a structure of unliganded
RNA. The NCD interacts differently than in previously reported nuclear magnetic resonance structure, forming pseudo-canonical base pairs with

guanosine residues located on the same RNA strand. Furthermore, in one of the complexes, the ligand is located between symmetry-related RNA

molecules, exhibiting a molecular glue characteristics in crystal lattice formation. The comparison of RNA-NCD and ligand-free models allows
the identification of structural changes in RNA upon ligand binding from A-form to Z-RNA-like form. These observations extend our understanding

of the interactions between RNA and small compounds and can be useful as a reference model in the development of bioinformatics tools for

RNA-ligand structure predictions.

Graphical abstract
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Introduction

Biologically active small synthetic molecules are organic com-
pounds with molecular sizes typically <1000 Da [1]. Since
the synthesis of urea in 1828, the development of synthetic
molecules has evolved into a sophisticated research field sup-
ported by structural methods, such as X-ray crystallography,
nuclear magnetic resonance (NMR), and bioinformatics. Cur-
rently, it is experiencing a breakthrough, mainly due to inno-

Liganded structure
Z-RNA-like form

RNA-RNA contacts
formation

Molecular
glue

vations in new moieties, implementation of high-throughput
techniques, and advances in bioinformatics [2-6].

New modalities have provided an opportunity to focus on
the underexplored field of RNA-targeting. RNA is a vital
molecule that is abundant in cells and is involved in almost all
steps of gene expression. Alterations in the RNA structure and
function can lead to the development of serious disorders. In
this regard, RNA is an attractive target for drug development
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and an exciting area of many ongoing studies. However, there
are significant challenges and risks, including target selection,
hit validation, optimization of small molecules, and transla-
tion into the cellular environment. One of the difficulties arises
from the specific structural characteristics of the RNA, which
is a negatively charged molecule that prefers to bind ligands
with positively charged functional groups or metal ions, or
water molecules from the environment. Another aspect con-
cerns the architecture of the binding pockets in RNA, which
are different from that observed in proteins. Typically, they
are shallow, polar and solvated [7]. Moreover, RNA exhibits
conformational dynamics that can lead to the coexistence of
different structures of the same molecule, or structural rear-
rangements upon ligand binding [8]. Finally, our understand-
ing of the structural nature of RNA-ligand interactions is very
limited. There are >37 000 biomolecule structures in com-
plex with ligands deposited in the Protein Data Bank, but only
565 represent RNA-ligand complexes. Although experimen-
tally determined structures provide invaluable knowledge that
supports the selection of compounds from libraries for high-
throughput screening, optimization of small molecules and the
improvement of bioinformatics structural predictions could
also accelerate this process.

In recent years, we developed a class of small molecules
called mismatch binding ligands (MBLs) that recognize non-
canonical base pairs in RNA or mismatches in DNA [9-
13]. They were designed to contain aromatic moieties com-
plementary to the hydrogen-bonding pattern of the nucle-
obases [11,14]. Structural analysis using NMR and X-ray
crystallography confirmed that MBLs interact directly with
nucleotides forming Watson—Crick like pairs [8, 11, 12, 15,
16]. In some cases, ligand binding was associated with con-
formational changes in the nucleic acid structure [11, 12].
Recently, one of the first-generation molecules, naphthyri-
dine carbamate dimer (NCD), was shown to recognize the
pathogenic RNA associated with spinocerebellar ataxia type
31 (SCA 31) [17]. SCA 31 is an autosomal spinocerebellar
neurodegenerative disorder. It is caused by abnormally re-
peated 5'-UGGAA-3'/5'-UGGAA-3" RNA pentads, which se-
quester many cellular proteins by forming toxic nuclear foci
[18]. In vitro and in vivo studies have shown that NCD ligand
possesses pharmaceutical properties. Feeding NCD to larvae
of the Drosophila SCA31 model alleviated the disease pheno-
type induced by toxic UGGAA repeats. The previous studies
have demonstrated that NCD acts as a molecular glue facil-
itating the assembly and stabilization of higher-order RNA
and DNA architectures. NCD and its multimeric derivatives
were used to induce folding of DNA into tetrahedron struc-
ture, for modulation of RNA aptamer activity and to enhance
the catalytic properties of the hammerhead ribozyme [19-22].
An NMR study showed that two NCD molecules bind to
5’-UGGAA-3'/5'-UGGAA-3" RNA. Each NCD ligand inter-
acted with two guanosine residues located on opposite RNA
strands and formed noncanonical guanosine-naphthyridine
pairs [17]. To further elucidate the mode of NCD binding,
we performed an X-ray crystallographic analysis of RNA
oligomers containing the 5'-UGGAA-3'/5-UGGAA-3’ motif.

Here, we report two crystal structures of the RNA-NCD
complex and one, so far unreported, structure of unliganded
RNA. In the models of complexes, we observed two NCD
molecules bound to the internal loop of the UGGAA motif.
The mode of binding is different from that of previously re-
ported NMR structure. Furthermore, in one of the complexes,

an additional binding site for NCD was found. The ligand was
located between the symmetry-related RNA molecules and
helped forming additional interactions in the crystal lattice.
This shows that NCD exhibits a molecular glue characteris-
tics and facilitate the formation of crystal contacts. In the unli-
ganded model, the 5’-UGGAA-3'/5'-UGGAA-3’ motif formed
an internal loop that maintained the helical character of RNA.
Three out of the four guanosine residues of the motif stacked
one above another, attracting the cobaltamine [Co(NH3)¢]3*
cation. The comparison between bound and unbound models
revealed that the binding of the NCD molecules caused major
structural changes in the RNA which were confirmed by bio-
physical methods. These observations extend our understand-
ing of the interactions between RNA and small compounds
in the context of potential therapeutics against RNA-driven
disorders, and can be useful as a reference model in the de-
velopment of bioinformatics tools for RNA-ligand structure
predictions.

Materials and methods

Synthesis, purification, and crystallization of the
oligomers

All oligomers were synthesized by the solid-phase method in
an Applied Biosystem DNA/RNA synthesizer using TOM-
protected phosphoramidites [23]. The synthesis was con-
ducted using the DMT-ON procedure, leading to oligomers
with a trityl group attached at the 5’end. The RNA oligonu-
cleotides were purified using Glen-Pak cartridges according
to the appropriate protocol, desalted, and lyophilized under
vacuum conditions using Speed-Vac [24-26]. Prior to crys-
tallization, RNA was dissolved in 10 mM sodium cacody-
late (pH 7.0) to a final concentration of 1 mM. Oligonu-
cleotides were denatured at 95°C for 5 min and then gradu-
ally cooled to room temperature. Crystallization of RNA com-
plexes with NCDs was conducted using the sitting drop vapor-
diffusion technique at 19°C. RNA and NCD ligands were
mixed in a 1:2 molar ratio. The optimal crystallization con-
ditions for ROG2 oligomer were 0.012 M sodium chloride,
0.08 M potassium chloride, 0.04 M sodium cacodylate trihy-
drate (pH 5.5),45% v/v (£)-2-methyl-2,4-pentanediol, 0.002
M hexammine cobalt(IIl) chloride, for ROG2-NCD 0.08 M
potassium chloride, 0.02 M magnesium chloride hexahydrate,
0.04 M sodium cacodylate trihydrate (pH 6.0), 45% v/v (£)-
2-methyl-2,4-pentanediol, 0.012 M spermine tetrahydrochlo-
ride and for ROG1-NCD 0.01 M magnesium acetate tetrahy-
drate, 0.05 M sodium cacodylate trihydrate (pH 6.5), 1.3
M lithium sulfate monohydrate. Crystals of ROG1-NCD ap-
peared within 3 months, ROG2-NCD within 1 month while
unliganded ROG2 within 2 weeks. The crystals of ROG1-
NCD were cryoprotected with 20% glycerol and flash frozen,
whereas ROG2-NCD and ROG2 were directly transferred
from the crystallization drop to liquid nitrogen. The crystals
were transferred to a synchrotron core facility by using a dry
shipper.

X-ray data collection, structure solution, and
refinement

The X-ray diffraction data were obtained using the beam lines
at BESSY 1II (Berlin) [27-29], DESY (Hamburg) [30, 31], and
ESRF (Grenoble) [32,33]. The data were integrated and scaled
using the XDS program suite, facilitated by the xdsgui inter-
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face [34]. The complex structure of ROG1-NCD complex was
solved by the molecular replacement (MR) method using the
PHASER program [35, 36]. The search model was the crystal
structure of the CUG repeat duplex (PDB code: 3GLP) [37].
The structures of ROG2-NCD complex and ROG2 oligomer
were solved by MR with PHASER, using ROG1-NCD (PDB
code: 919W) as a search model. The refinement were car-
ried out using Refmac5 from the CCP4 program suite [38—
42]. Restraints for the NCD ligand were generated using the
Grade Web server, a tool developed by Global Phasing (https:
/lgrade.globalphasing.org). Manual model building and elec-
tron density map inspection were conducted using Coot [43,
44]. The helical parameters were calculated using 3DNA [43,
46]. The X-ray data and refinement statistics are summarized
in Supplementary Table S1.

Circular dichroism measurement

Circular dichroism (CD) experiments were carried out on a
J-725 CD spectropolarimeter (JASCO) using a 10 mm path
length cell at room temperature. Prior to measurement, RNA
(10 uM) was refolded in sodium cacodylate buffer (40 mM,
pH 7.0) containing 100 mM NaCl for 5 min at 95°C and snap-
cooled on ice for 10 min, followed by incubation for 10 min
at room temperature. The CD titration spectra of ROG2 with
variable concentrations of NCD (10, 20, 30, 40, and 50 uM)
were measured at ambient temperature. For each sample, five
spectral scans were accumulated in the 215-370 nm range.

Differential scanning calorimetry measurements

The RNA oligomers were dissolved in 100 mM sodium chlo-
ride and 40 mM sodium cacodylate buffer adjusted to pH 7.0.
The final concentration of RNA was 100 uM with presence
and absence of NCD ligand (200 uM) and cobaltamine chlo-
ride (200 uM) To equilibrate the RNA with the reference so-
lutions, the samples were dialyzed overnight at 4°C. Differen-
tial scanning calorimetry (DSC) experiments were conducted
using a MicroCal PEAQ-DSC calorimeter (Malvern Instru-
ments, Ltd.). Each measurement was carried out in five cy-
cles of heating and cooling in the range of 2-110°C at a scan
rate of 1°C/min. Initially, reference scans of the buffer were
performed to establish the instrument’s thermal history and
achieve near-perfect baseline repeatability. The results were
analyzed using dedicated software implemented by Malvern
Instruments. The melting temperature (Ty,) was calculated by
applying two-state model fitting.

Ultraviolet melting temperature measurements

Ultraviolet (UV) thermal melting studies were performed on
a Jasco V-700 spectrometer with a thermoprogrammer. The
RNA oligomers were dissolved in a buffer containing 100 mM
sodium chloride and 40 mM sodium cacodylate (pH 7.0). Un-
liganded duplexes of ROG1 and ROG2 oligomer as well as
RNA-Co(NHj3) and RNA-NCD complexes were prepared in
three different concentrations (10, 30, and 100 uM). The ra-
tio between RNA and ligand molecules (NCD and cobaltam-
mine) was 1:2. The UV absorption versus temperature was
measured at 260 nm at a heating rate of 0.5°C/min in the
range 4-90°C [47]. The melting curves were analyzed using
Microsoft Excel software to calculate the first derivative of
the UV-melting curves and melting temperature.
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Native and denaturing gel electrophoresis

For native gel electrophoresis 10 pmol of RNA in 10 mM
sodium cacodylate (pH 7.0) and 100 mM sodium chloride
was renatured for 2 min at 95°C, snap cooled in 4°C for 5
min and transferred into room temperature. Next, RNA was
mixed with increasing concentrations of NCD ligand (0.62-
80 uM) and incubated for 12 h at room temperature. The
final RNA concentration in the reaction was 0.3 uM. Sam-
ples were combined with ficoll (2%) and loaded on 20% poly-
acrylamide gel with 0.5x TB buffer (Tris-Borate). After elec-
trophoresis gel was stained with SYBR Gold and visualized
using Amersham Typhoon Biomolecular Imager (Cytiva). For
evaluation of RNA homogeneity samples were renatured in
the same manner except that 10, 30, 100 uM RNA concentra-
tion was used. RNA was visualized using toluidine blue stain-
ing.

In case of denaturing gel electrophoresis 1 nmol of RNA
was combined with equal volume of 8 M urea and loaded
on 15% polyacrylamide gel in 1x TBE buffer (Tris-Borate-
EDTA). After electrophoresis RNA was visualized using UV
light.

Results

In this study, we used a NCD ligand containing two naph-
thyridine units (NU) connected by a relatively long aliphatic
linker (3-(carbamoyloxy)propylaminopropyl carbamate) con-
sisting of eleven atoms (Fig. 1A). The distribution of nitrogen
atoms in NU was designed to form base pairs with the guano-
sine residues [15, 48, 49]. As a result the NCD was found
to selectively bind two guanosines located in single-stranded
or bulged regions of nucleic acids [50, 51]. Based on a previ-
ous study, we designed and synthesized two RNA oligomers
(ROG1 and ROG2). Each of the oligomers formed self-
complementary duplex: ROG1 (GGCACUGGAAGUGC),
and ROG2 (GGCACUGGAAGUGCC),; containing the §'-
UGGAA-3'/5-UGGAA-3’ pentad motif selectively recognized
by NCD (Fig. 1B) [17, 52]. ROG1 was shorter than ROG2
by one cytosine residue at the 3’ end. We crystallized two
RNA-ligand complexes: ROG1-NCD (1.50 A resolution) and
ROG2-NCD (2.55 A resolution) and one unliganded duplex
of ROG2 oligomer (2.79 A). All X-ray data and refinement
statistics are presented in Supplementary Table S1. The elec-
tron density maps of all the crystal models were unambiguous
resulting in well-defined positions and conformations of the
RNA and NCD ligands (Supplementary Fig. S1).

General overview of RNA-ligand structures

In both liganded structures, the asymmetric unit contained one
RNA duplex consisting of chains A and B. The superposition
of the ROG1-NCD and ROG2-NCD models showed similar-
ity, with an r.m.s.d (root mean square deviation) value of 0.8
A. The highest conformational similarity was observed in the
central part of the structures embedding the 5'-UGGAA-3'/5'-
UGGAA-3 motif (nm.s.d was 0.67 A of main chain). The pen-
tad motif bound two NCD molecules that interacted with all
four guanosine residues (Fig. 1C). As a result, six base pairs
were formed: two 6U-10A pairs and four pseudo-canonical
naphthyridine-guanine pairs. The 9A residues were flipped out
and engaged in crystal lattice contacts with symmetry-related
RNA molecules (Fig. 1C and Supplementary Fig. S2). The pen-
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Figure 1. Interactions between NCD ligand and RNA. (A) Chemical structure of NCD molecule. (B) Duplexes of ROG1 and ROG2 oligomers (the UGGAA
motif is presented in red). (C) Secondary structure diagrams and tertiary structures of interactions between the UGGAA motif and NCD molecules
(purple) in X-ray crystallographic (upper part) and NMR (lower part) models. (D) Pseudo-canonical base pair formed between the NU of NCD and the
guanosine residue. The 2F,—F. electron density map (gray) is contoured at the 10 level. H-bonds are represented by black dashed lines. (E) H-bond
between the amino group of the NCD linker and the imino group of the neighboring G residue.

tad motif showed structural symmetry, as reflected by identical
interactions between the ligand and guanosine residues.

In the ROG1-NCD complex, a third ligand molecule was
observed between the 5’ ends of the symmetry-related helices,
participating in crystal lattice formation (vide section: Role of
NCD ligand in crystal lattice formation).

Interactions between NCD and UGGAA motif

The NCD molecules were located in the minor groove of the
5'-UGGAA-3'/5-UGGAA-3" motif. Each ligand bound two
guanosine residues located on the same RNA strand, form-
ing identical pseudo-canonical NCD-G pairs (Fig. 1C). Each
NU unit interacted with the guanine base via three hydro-
gen bonds (Fig. 1D). The first hydrogen bond was formed
between the N1 imino group of naphthyridine and the N2
amine group of guanine. A second bond was formed between
the N8 imino group of NU and the secondary nitrogen atom
N1 of the guanine amino group. A third interaction occurred
between the amide group of the NU moiety and O6 carbonyl
of the G base. Additional RNA-ligand interaction was ob-
served between the amine group of the NCD linker and the
N7 imine group of the G7 residue (Fig. 1E). All four pseudo-
canonical base pairs formed a stack consisting of alternating
pairs: NCD-G8, G7-NCD, NCD-G7, G8-NCD. This arrange-
ment resulted in the location of G7 residues from chains A
and B between two NU units from the same ligand molecule
(Fig. 1C). Likewise, one of the NU units was located between
the U6 and G7 residues, and the second NU unit was located
between the G7 and G8 residues. In other words, the U6, G7,
and G8 residues from each RNA strand were separated by
wedged NU units of NCD ligands, increasing the distance be-

tween neighboring residues from the typical value of approx-
imately 3.2 A to approximately 6.5 A. Despite the formation
of pseudo-canonical pairs, only limited stacking interactions
between the naphthyridines and nitrogen bases were observed.

Role of NCD ligand in crystal lattice formation

In the ROG1-NCD model, the third ligand molecule con-
nected the symmetry-related RNA helices. The contacts in the
crystal lattice were formed by two NCD molecules (one from
the asymmetric unit and second, NCD’, from the symmetry-
related complex) and four RNA duplexes (one from the asym-
metric unit and three from symmetry-related RNAs) (Fig. 2).
The NCD was bound to the 1G residue of chain B and 1G of
chain A’. Similarly, the NCD’ linked the 1G residue of chain
B” and 1G of chain A”. In total, four pseudo-canonical G-
NCD pairs were observed, and similar to the 5-UGGAA-
3'/5-UGGAA-3’ motif, they were arranged in an alternat-
ing manner (the NCD-G pairs were separated by symmetry-
related NCD’-G pairs) (Fig. 2). The observed lattice interac-
tions resulted in the alignment of two helices, one above the
other, while the other two helices were perpendicular to the
RNA helix from the asymmetric unit. In ROG2 and ROG2-
NCD models, lattice contacts were formed by stacking inter-
actions between symmetry-related duplexes, resulting in the
formation of pseudo-continuous helices.

NCD was shown earlier to act as a molecular glue for DNA
and RNA molecules [19-22]. To further investigate the prop-
erties of NCD in facilitating the interaction between ROG1
duplexes in solution, we performed native gel electrophoresis
of ROG1 RNA in the presence of increasing concentrations
of NCD ligand (Supplementary Fig. S3A). A slower migrating
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Figure 2. Crystal lattice formation by NCD ligand. Two ligand molecules, NCD (dark purple) and NCD’ (light purple), bind four guanosine residues of four

symmetry-related RNA molecules.
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Figure 3. Conformation of ligand molecules in the ROG1-NCD structure.
(A) Binding sites of the NCD in the ROG1 helix. (B) Conformation of the

NCD molecules that bind to the UGGAA motif. (C) Structural arrangement
of the NCD participating in the crystal lattice contacts formation.

bands were observed within a range of NCD:ROGT ratio of
1.8:1-30:1, indicating the formation of higher-order NCD-
ROG1 complexes. At the two highest NCD concentrations,
the intensity of all bands was greatly reduced suggesting the
NCD-dependent RNA aggregation.

Ligand conformation

All ligand molecules exhibited a square bracket-like con-
formation. The aliphatic part of the linker was elongated,
whereas the NUs with carbamate (R-NH-CO-O-R’) groups
were perpendicular to the linker (Fig. 3A). In the case of NCD
ligands bound to the pentad motif, the aliphatic part of the
spacer consisted of six atoms (C14, C15,C16,N17,C16’, and
C15’). They were arranged in a zigzag line with a length of 6.3
A.The NU units of each NCD ligand were parallel and stacked
one above another (Fig. 3B). Moreover, the nitrogen atoms of
NU were oriented in the same direction (cis geometry).

In the ROG1-NCD model, the aliphatic linker of the lig-
and connecting symmetry-related molecules showed a similar
zigzag conformation but consisted of seven atoms (C14, C135,
C16, N17, C16’, C15°, and C14’). This resulted in a longer
distance (7.4 A) between the two NU planes. Additionally, the

NUs were twisted relative to each other by 17° and their ni-
trogen edges showed a trans geometry (Fig. 3C).

Unliganded RNA duplex structure

The unliganded ROG2 oligomer crystallized as a self-
complementary duplex. Similar to the ROG2-NCD structure,
the 5-UGGAA-3'/5-UGGAA-3’ motif was located in the cen-
tral part of the helix and flanked by five Watson—Crick base
pairs.

The distal parts of the helix exhibited an A-RNA form,
with nucleotides in the C3’-endo or C2’-exo conformation
(Fig. 4A). The values of helical parameters were within A’-
RNA range: Zp > 1.5°, twist = 31.8°, and rise = 3.2A [53—
55]. The GGA residues of the pentad motif formed an internal
3 x 3 loop (GGA/AGG) showing double-stranded character
in terms of strand separation, but deviated from the A-RNA
helix, which was reflected in most of the helical parameters
(e.g. stretch, twist, or rise) (Supplementary Table S2). More-
over, the presence of an internal loop was associated with a
bending of the helix by 100° (Fig. 4A). In contrast to the lig-
anded structures, the arrangement of the pentad motif residues
in the unliganded model was not symmetric. It consisted of
two flanking 6U-10A Watson—Crick base pairs and two cross-
strand stacks of nucleotides. The first stack was located in the
major groove of the helix and consisted of three guanosine
residues: 7G and 8G from chain B, and 7G from chain A (Fig.
4B). The second stack, located in the minor groove, consisted
of 9A from chain B, 9A’ from symmetry-related chain A’, and
8G from chain A (Fig. 4B and Supplementary Fig. S4). Both
stacks could be extended by neighboring U-A pairs. The 6U
from chain A overlapped with the first stack, whereas 10A
from chain B overlapped with the second stack. The confor-
mation of the nucleotides in the first stack was typical for the
A-RNA form. In the second stack, the 9A exhibited a sy7 con-
formation. The 9A from chain A’ had C2’-endo sugar pucker-
ing and an anti conformation of the nucleobase. The remain-
ing 8G was shifted toward the minor groove and showed a
high anti-conformation, reflected in the x torsion angle hav-
ing —104.2° value instead of approximately 180° [55].

The cross-strand stacks of nucleotides were almost paral-
lel to each other and formed only one H-bond between nu-
cleobases (exo-amino group of 7G in chain B and the N7
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Figure 4. Unliganded structure of the ROG2 duplex. (A) The bending of the helix is marked by blue lines representing helical axes. The hexammine cobalt
cation (blue) is located in the major groove. (B) 3 x 3 internal loop formed by the UGGAA motif. One of the nucleotides stack (yellow) is located in the
minor groove while the second (orange) in the major groove. Hexammine cobalt cation (blue) interacts with guanosine residues of 3 x 3 internal loop.

imino group of 8G in chain A). Other interactions were ob-
served between the guanine nucleobases and phosphate back-
bone (Supplementary Fig. S5). Additionally, the guanosine
residues of the first stack interacted with the cobalt hexam-
mine [Co(NH3)¢]?* cation located in the major groove of the
helix (Fig. 4).

Structural changes of RNA associated with ligand
binding

The comparison between the unliganded ROG2 and the
ROG1/ROG2-NCD models showed that the flanking base
pairs of the pentad motif were similar in terms of helical
parameters (Supplementary Table S3). The superposition of
the flanking base pairs of ROG2 and ROG2-NCD showed
rm.s.d. of 0.3 A for residues 11-15 of chain A and residues
1-5 of chain B and rm.s.d. of 0.9 A for residues 1-5 of
chain A and 11-15 of chain B. Major differences between
the unliganded and liganded models were observed for the
5’-UGGAA-3'/5'-UGGAA-3" motif. Only the flanking U-A
pairs remained the same, whereas other residues underwent
substantial rearrangement. In the liganded models, the pen-
tad loop was unwound, resulting in loss of helicity (Fig. 1C).
Both 9A residues were flipped out, while guanosines interact-
ing with the NCD ligands formed a double-stranded stem re-
sembling the Z-RNA like structure [56] (Supplementary Fig.
S6). The sugar-phosphate backbone followed a zigzag course,
which was reflected in o (O3'—P—Q5—C5’) and ¢ (C3'—
03'—P—Q0Y%’) torsion angles of 7G and 8G residues of both
RNA strands (Supplementary Table S4). This unusual con-
formation resulted in a large distance between the 6U, 7G,
and 8G residues (6.4-7.0 A). The resulting gaps were filled
with the naphthyridine rings of the NCD ligands. As in Z-
RNA form, guanosines of the pentad motif had syn confor-
mation of the N-glycosidic bond and alternating sugar puck-
ering from C3’-endo for the 7G residue to C2’-endo for the 8G
residue. However, although the pentad motif resembled many
structural features of the Z-RNA form, the structure remained
right-handed, as in A-RNA (Supplementary Fig. S6).

Physicochemical data

DSC was used to determine the thermal properties of the
RNA samples. Since the ROG2 oligomer contained one bind-

ing site for NCD molecules, it was used for DSC eval-
uation. Three samples were measured: unliganded ROG2,
the ROG2-NCD complex, and ROG2 in the presence of
hexamminecobalt [ROG2-Co(NH3)¢], which was present in
the crystal structure. In general, the DSC spectra of all the
samples in all cycles showed two peaks (Tm1l and Tm?2)
(Fig. 5A). The Tm1 peak was observed at 43°C for unli-
ganded ROG2, 43°C for ROG2-NCD and 46°C for ROG2-
Co(NHj3)¢ complex after the third round of denaturation—
renaturation cycle. The Tm2 peak was observed at nearly
the same temperature (79.0°C), regardless the absence or
presence of the ligand molecule (Supplementary Table S5A).
In the case of the ROG2-NCD complex, the first and sec-
ond round of denaturation-renaturation cycle resulted in
one major peak which was higher and slightly asymmetric
than those of the other samples. Almost no decay of signal
was observed for unliganded ROG2 across all five rounds
of denaturation—-renaturation cycle, whereas in the presence
of hexamminecobalt and NCD gradual diminishing of the
peak was observed (Fig. SA). To determine whether the de-
cay of the signal was associated with RNA degradation, we
performed denaturing gel electrophoresis of the samples after
DSC measurements. The DSC ROG2-NCD band was diffused
in comparison to the control line, whereas for DSC ROG2-
Co(NH3;)g, it was well-defined (Supplementary Fig. S3B). The
diffused band observed for the ROG2-NCD sample suggests
temperature-dependent NCD decomposition leading to dis-
ruption of RNA-ligand complex. This is reflected in the DSC
spectra because after the third cycle, the DSC profile resembles
that of the unliganded ROG2 duplex.

To compare the thermal stability of the ROG1 and ROG2
duplexes, we used the UV-melting method (Fig. 5B and
C and Supplementary Table S5B). The measurements were
performed for ROG1, ROG2, and their complexes with
[Co(NH3)]** and NCD ligands at three different RNA con-
centration (10, 30, and 100 uM) to assess its influence on
RNA melting behavior. At 100 pM RNA, the UV melting
curves of unliganded ROG1 and ROG2 exhibited two dis-
tinct peaks. The first peak occurred at approximately 33°C
for ROG1 and 48°C for ROG2. At lower RNA concentra-
tions (10 and 30 uM), the first transition was difficult to
resolve due to its low energetic contribution, resulting in a
broad and shallow peak. In contrast, the second peak was
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Figure 5. Physicochemical evaluation of ROG1 and ROG2 duplexes and their interactions with NCD and Co(NH3)g ligands using (A) DSC and (B, C)
thermal denaturation monitored by UV spectroscopy. The first derivative of absorption (—dA/dT) was plotted against temperature.

well defined at all RNA concentrations, occurring at approx-
imately 67°C for ROG1 and 80°C for ROG2. In the pres-
ence of [Co(NH3)]’t+ (at 100 uM RNA), a shift in the first
peak was observed (Atm = 6°C for ROG1 and Atm = 7°C
for ROG2). In general, UV melting of the RNA-NCD com-
plexes revealed a single, asymmetric peak (at 65°C for ROG1-
NCD and 77°C for ROG2-NCD). The only exception was
observed for 10 uM ROG2-NCD, where two transitions ap-
peared: the first at ~62°C and the second at ~80°C (Fig. 5C
and Supplementary Table S5B).

To exclude the influence of the RNA concentration on the
RNA heterogeneity we performed native gel electrophoresis.
The results clearly shows high structural homogeneity of both
duplexes regardless the RNA concentration (Supplementary
Fig. S3C).

Structural rearrangements in ROG2 upon ligand titration
were investigated using CD (Supplementary Fig. S7). The most
significant changes in the CD spectra were observed in the
245-225 nm range. The binding of NCD induced an inversion
of the peak at 233 nm from a negative to positive value. Other
spectral changes were observed at 263 nm for the decreasing
peak and in the 355-325 nm range.

Discussion

NCD binding induces Z-RNA-like conformation

The crystal model of the unliganded ROG2 oligomer allowed
the tracking of the structural rearrangements of RNA upon
NCD binding, which was not possible in an earlier study [17].
The conformational changes were significant and mostly in-
volved the 5-UGGAA-3'/5'-UGGAA-3" motif. In the native
structure, it formed an internal loop consisting of two flank-
ing U-A pairs and two stacks of nucleotide residues. One con-

sisting of three guanosines and the second consisting of two
adenosines and one guanosine (Fig. 4B). Although the stacked
nucleotides were not engaged in base pairing, they were well
defined and ordered. The helical character of the duplex was
maintained; however, the major groove was narrowed and the
helix was bent (Fig. 4A). Binding of NCD molecules resulted
in unwinding of the pentad motif and stretching of the he-
lix, similar to the Z-RNA form (Supplementary Fig. S6). All
guanosines of the pentad motif switched from anti to syn con-
formation and formed H-bonds with the NUs of the ligand,
whereas 9A residues from both strands were flipped out. Con-
sequently, the pentad motif gained internal symmetry, which
was not observed in the unliganded structure.

Structural changes of RNA were also observed in the CD
spectra. The inversion of the peak at 235 nm from negative to
positive upon ligand saturation could indicate unfolding of the
pentad motif, leading to the loss of helicity (Supplementary
Fig. S7). The slight changes in the shape of the spectra in the
325-355 nm range were most likely related to the chirality of
the NCD molecule. Upon binding to RNA the achiral NCD
became the chiral component of the complex. A similar effect
was observed in our previous study [8].

The biological impact of NCD binding to RNA contain-
ing rf(UGGAA), was observed in HeLa cells and a Drosophila
model of SCA31 [17, 49]. Hela cells expressing toxic
r(UGGAA)76 RNA and exposed to the NCD ligand exhib-
ited a significant reduction in RNA foci formation while in
the Drosophila, NCD showed suppression of disease pheno-
type. NCD’s binding to mutated transcripts can either block
RNA-binding protein (RBP) sites or alter the RNA structure
so it is no longer recognized by RBPs. It is conceivable that
r(UGGAA)76 forms a hairpin structure with a long stem com-
posed of U-A and A-U pairs interrupted by GGA internal
loops. Based on our results NCD binding stabilizes stem struc-
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ture by forming a paired region with the guanosine residues of
the GGA motif, inducing a conformational change in the RNA
from an A to a Z-like form. Consequently, the internal loop be-
comes unavailable for interactions, and the global RNA struc-
ture differs from its unbound state. This can explain why in
the presence of NCD ligand r(UGGAA), repeats are no longer
a toxic factor in SCA31 pathogenesis in model organism
[17]. The family of mismatch binding molecules (MBL) com-
pounds, including NCD, can induce structural rearrangement
of RNA [9-11, 17, 50]. The crystallographic and NMR struc-
tures of complexes of nucleic acids with other ligands such as
naphthyridine-azaquinolone molecules and cyclic mismatch-
binding ligands showed that ligands formed pseudo-canonical
base pairs with target nucleotides [11, 14, 16, 57]. As a conse-
quence, the neighboring residues were flipped out in order to
fit into the structural changes of the DNA/RNA helix imposed
by ligand binding. We observed that NCD binding caused an
unexpected loss of helicity, which would be difficult to predict
using iz silico approaches. Hence, the presented structures can
serve as excellent reference models for the evaluation and im-
provement of existing and development of future approaches
for computational prediction of RNA-ligand interactions.

Comparison of crystal structures with the NMR
model

In a previous study, the NMR structure of the RNA-NCD
complex has been described [17]. Similar to the crystallo-
graphic models, two NCD molecules were bound to guano-
sine residues of the 5-UGGAA-3'/5-UGGAA-3’ motif. Both
adenosine residues were flipped out and two flanking A-U
pairs were formed (Fig. 1C). However, the arrangement of the
NCD molecules in the NMR model was different from that
in the X-ray structures. Each ligand molecule was base-paired
with guanosine residues located on opposite RNA strands. As
a result, the G residues involved in ligand binding were not
separated by the NUs. Consequently, two naphthyridines from
each ligand were adjacent and located between the uridine and
two consecutive guanosines (Fig. 1C). The conformations of
the NCD linkers also differed, representing a disordered C-
shape rather than an ordered zigzag-like conformation and
the amino group of the linker did not form H-bond with N7
imino group of guanosine residue as in X-ray model (Fig. 1E).

It is difficult to explain the distinct folding of the RNA~
NCD complex in the NMR and crystallographic structures.
Crystallographic models were determined based on electron
density maps, providing unambiguous information on the
atomic positions of the NCD and RNA molecules and elim-
inating other binding possibilities. The NMR model with
neighboring G6—-G7 and G22-G23 guanosine residues was
based on the observation of weak NOE signals of exchange
of the imino protons of guanosine residues, suggesting their
close proximity (Fig. 1C) [17]. Using NMR restraints, only
the arrangement of neighboring guanosine residues resulted
in reasonable structures. The existence of two modes of NCD
binding could arise from the kinetic or thermodynamic effects
present in the experimental conditions. In solution, a start-
ing point for both crystallographic and NMR experiments,
the internal loop of the UGGAA motif probably shows struc-
tural dynamics. Thus, the initiation of NCD binding can in-
fluence the subsequent events during the full complex forma-
tion. In one possible scenario, the interactions between the lig-
and and RNA could start with the formation of H-bonds be-

tween one NU and one of the guanosine residues, most likely
8G from chain B located in the minor groove (Fig. 4B). The
formation of interactions between the second NU and second
G residue on the same or opposite strand would lead to the
formation of two different conformations of the RNA-ligand
complexes. When second NU binds the G residue on the op-
posite strand, an NMR-like structure will be observed. When
the second guanosine is located on the same strand, the com-
plex will form crystallographic-like structure. The formation
of an NMR-like structure may be a kinetically driven pro-
cess, whereas the crystallographic structure is thermodynam-
ically dependent. Over time, the kinetic product of the RNA-
ligand complex can be converted to a thermodynamically sta-
ble structure due to partial dissociation of ligand and forma-
tion of crystallization-like interactions. The RNA-ligand com-
plexes were prepared under similar conditions for NMR and
crystallography analysis [20 mM sodium phosphate (pH 6.9)
and 100 mM NaCl for NMR and 10 mM sodium cacodylate
(pH 7.0) and 100 mM NacCl for crystallography]. However,
for crystallization, the RNA-ligand complexes were further
mixed with a buffer containing precipitants such as 45 % MPD
and 1.3 M lithium sulphate. This may change the balance be-
tween the kinetic and thermodynamic products compared to
the NMR experiment. Alternatively, both types of complexes
are formed in solution but usually only one of the conforma-
tional state forms crystals while in NMR spectra overlapping
signal of two conformers could be difficult to distinguish [58].

The architecture of the internal loop

The unliganded structure of ROG2 contained a purine
(GGA/AGG) 3 x 3 internal loop, in which nucleotides were
unpaired and formed two cross-strand stacks of residues
(Fig. 4B). The search using RNA FRABASE revealed that the
GGA/AGG loop was not observed in RNA structures de-
posited in the PDB database [59]. Instead we found three other
types of 3 x 3 purine-rich loops: GAA/AAG, GAA/AGG, and
GAG/AGG. Unlike in the loop of ROG2 RNA, their residues
were paired and formed noncanonical G-A, A-A, and G-G
pairs. However, using the RNA 3D motif atlas, we identified a
3 x 3 unpaired loop with structural characteristics similar to
those of the loop in ROG2 RNA. The loop was located in ar-
chaebacterial rRNA from the large ribosomal subunit (LSU)
[60, 61]. Three adenosine and cytosine residues formed one
cross-strand stack, whereas guanosine and cytosine formed
a second stack (Supplementary Fig. S8). In general, the un-
paired 3 x 3 purine loop can affect the structure and func-
tion of RNA molecules in many ways by: (i) maintaining the
double stranded character of RNA in terms of stacking in-
teractions, (ii) inducing of bending of RNA helix, (iii) expos-
ing nucleobases to the solvent moiety, (iv) involving in tertiary
and quaternary interactions, or (v) serving as a ligand-binding
site. In the rRNA of LSU, the two stacked adenosine residues
were engaged in interactions with the neighboring RNA helix,
whereas in ROG2, the residues of the 3 x 3 loop were either
involved in the crystal lattice contacts and/or bound ligand
molecules (NCD or [Co(NH3)g]?*).

Local stabilization of the RNA structure by NCD and
cobaltamine molecules
The binding of cobaltammine and NCD molecules has influ-

ence on the thermal stability of the internal loop of RNA.
The UV-melting and DSC spectra of unliganded ROG1 and
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ROG2 showed two transition points (Fig. 5). The first peak
corresponds to the melting of the internal UGGAA loop, while
the second peak represents the denaturation of the double-
stranded region of the duplex. The shift of the first peak ob-
served in the presence of [Co(NH3)]*+ supports its role in
local stabilization of the internal UGGAA loop. This inter-
pretation is consistent with crystallographic data of the unli-
ganded ROG2 oligomer, which shows direct interactions be-
tween [Co(NH;3)]’* and the guanosine residues of the UG-
GAA motif. In the presence of the NCD ligand, the first peak
was no longer distinct while the second peak became asym-
metric in the UV and DSC profiles. These alterations in the
melting behavior imply that the first transition was shifted
and merged with the second, indicating that NCD locally sta-
bilizes the internal loop. In case of UV profile at the 10 uM
ROG2-NCD concentration, the peaks were not merged. This
can be explained by the fact that the melting point of RNA
duplexes is concentration-dependent leading to the migration
of the peaks [62].

NCD exhibits a molecular glue characteristics

Our previous studies showed that NCD and NCD derivatives
serve as molecular glue for the assembly of DNA molecules
into large tetrahedron structures and modulation of the func-
tion of structured RNAs (ribozymes, riboswitches, and pseu-
doknots) [19-22]. In the present study, we showed that this
property of NCD can be applied for crystal lattice formation.
In the ROG2-NCD model, two NCD ligands bridged four
neighboring RNA molecules into contact, leading to the for-
mation of a crystal lattice in all directions. NCD is a promising
molecular tool because it exhibits several important modali-
ties. First, it possesses two selective and specific RNA binding
sites for unpaired guanosine residues, forming strong and di-
rect interactions with the target RNA. Second, the NCD linker
is not only a passive element connecting NUs but also an im-
portant contributor to the selectivity and specificity of the lig-
and. It prefers the elongated zigzag conformation and has the
ability to form hydrogen bonds with RNA having an amino
group (Fig. 1E). The zigzag conformation results in a linker
length of ~7 A, which is exactly double the value of the rise
parameter corresponding to the distance between the neigh-
boring bases in the RNA helix. Therefore, the gap between
the two NCD-G pairs could be filled by the NCD-G pair of
the second ligand. This observation is in agreement with re-
cent results aimed at optimizing the linker length [63]. The
longer linker resulted in weaker NCD binding, while the re-
duction of one atom (from 11 to 10 atoms) caused stronger
binding than the parental NCD molecule. In the structure of
ROG1-NCD, the zigzag line of the linker contains six or seven
atoms, suggesting that the removal of one atom could limit the
conformational freedom of the linker and increase the affin-
ity of the ligand. Third, NCD prefers a tandem mode of bind-
ing, which means that exclusively two NCD molecules interact
with RNA molecules. The resulting four NCD-G pairs alter-
nate, and this arrangement is stabilized by interactions of the
amino groups of the NCD linkers with the N8 imino group
of guanosines. Fourth, the protonation state of NCD remains
stable under neutral, slightly acidic, and slightly basic pH con-
ditions, indicating that the ligand maintains its binding prop-
erties in a physiological environment. Due the presence of the
carbamate group (R-NH-CO-O-R’), under strongly acidic or
basic conditions, the molecule undergoes decomposition.

NCD induces Z-RNA-like fold and acts as a molecular glue 9

The crystallization of RNA molecules is challenging. Suc-
cessful crystallization depends on the proper design of the
RNA sequence which will induce contacts between the RNA
molecules and crystal lattice formation. One of the methods
to enhance RNA crystallization was to use 5’ or 3’ overhang-
ing nucleotides that base-pair with the other end of the neigh-
boring RNA molecule forming pseudo-infinite helices [64].
The use of NCD as a “molecular glue” for crystal lattice for-
mation may be more advantageous because it connects four
RNA molecules instead of two, as in the case of overhang-
ing nucleotides. This resulted in formation of crystal lattice
in all directions and improved the data resolution from 2.55
A (ROG2-NCD) to 1.5 A for ROG1-NCD. We believe that
the exploitation of the NCD in RNA crystallography could
contribute to determining the structures of many functional
RNAs, increasing our knowledge of RNA structure and func-
tion relationship.
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ROG2 ROG2-NCD ROG1-NCD
Data Collection
X-ray source Eiger1 X 4M Mx 2432 PILATUS 6M Dectris PILATUS 6M-F,
Space group P41212 C121 P41212

Cell parameters (A)

a=94.46, b =25.31,
c=45.41

a=94,46,b=25.31,
c=45.41

a=71.63,b=71.63,
c=62.88

Resolution (A)

42.52-2.79 (2.96-2.79)

46.11-2.55 (2.7-2.55)

47.3-1.5 (1.59-1.5)

Rmerge 0.059 (0.364) 0.066 (1.159) 0.085 (1.792)
llo 16.72 (2.64) 16.17 (1.73) 24.64 (1.91)
CCp2 0.999 (0.982) 0.99 (0.844) 1.0 (0.89)
Completeness (%) 97.3 (82.3) 98.4 (98.9) 100 (100)
Redundancy 6.26 (5.84) 6.03 (6.08) 25.7 (24.9)
Number of unique 2764 3544 26777
reflections

Refinement

Software Refmac 5.8.0258 Refmac 5.8.0258 Refmac 5.8.0258
Number of reflections: 2485/277 3358/185 25879/899
work/test

%\;erall mean B value 28.256 65.69 26

(A%

Rwork/Rfree 0.2625/0.3085 0.201/0.2397 0.129/0.166
RNA atoms 656 725 1017

Water molecules 6 6 203

Ligand molecules NCO NCD NCD

RMSD in bonds (A) 0.009 0.008 0.012

RMSD in angles (°) 1.742 1.836 1.616

PDB code 9IF1 9IF0 9I19W

x-ray images 10.60884/QV3IGO doi:10.60884/NO2MXW doi:10.60884/SCBCTX

Supplementary Table S1: Summary of X-ray data and model refinement statistics.



Supplementary Figure S1: The Fo— Fcomit map of (A) ROG1-NCD, (B) ROG2-NCD and
(C) ROG2 contoured at the ¢ 1.0 level.

Supplementary Figure S2: The interactions between the flipped out 9A residue forming
crystal lattice contacts in ROG1-NCD. The H-bonds are represented by black dashed lines.
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Supplementary Figure S3: Native and denaturing gel electrophoresis of RNA and RNA-ligand
complexes. (A) Electrophoretic mobility shift assay of ROG1-NCD complexes. C — control
reaction (unliganded ROG1 duplex). (B) Denaturing gel electrophoresis of ROG2-NCD and
ROG2-Co(NHs3)s complexes after DSC measurements. C — control reaction (unliganded ROG2

duplex). (C) Native gel electrophoresis of ROG2 and ROG1 oligomers in three concentrations:
10, 30 and 100 uM.



ROG2
bp Shear Stretch Stagger Buckle Propeller Opening
1G-C -0,58 -0,18 0,18 -10,07 -15,38 3,22
2G-C 0,02 -0,14 -0,05 -8,74 -14,88 -4,75
3C-G -0,03 0,21 -0,09 4,8 411,28 2,77
4A-U -0,06 0,23 0,58 3,75 -10,31 -5,4
5CG 0,16 0 -0,1 2,95 -21,01 1,18
6 U-A 0,91 -0,01 0,58 -9,36 -7,9 2,86
*7G-G 6,75 3,89 0,16 37,3 -31,25 -59,45
* 8 A+G 4,33 4,39 0,37 -7,65 13,6 104,46
9A-U -0,34 -0,09 -0,29 -9,22 4,95 -6,6
10 G-C -0,79 -0,02 0,01 -4,74 -9,46 1,45
11 U-A 0,16 0,19 0,38 -9,08 -5,67 2,78
12G6-C 0,35 -0,13 0,21 4,37 -8,8 -1,19
13 C-G 0,36 -0,3 0,45 0,87 -8,54 -0,81
14 C-G 0,8 -0,47 0,43 0,38 -5,27 -0,09
Ave. 0,04 0,19 0,20 -1,55 -11,06 -0,64
step Shift Slide Rise Tilt Roll Twist
1GG/cC -0,44 41,71 3,29 -1,25 3,98 29,54
2 GC/GC -0,21 -1,95 2,96 -3,28 41,16 29,66
3 CA/UG -0,49 -1,68 3,1 -7,28 6,21 33,58
4 AC/GU 0,28 -1,45 3,09 6,16 4,27 32,83
5 CU/AG 0,22 1,42 3,55 -4,08 3,69 34,05
*6 UG/GA -2,75 -4,35 3,37 -14,72 18,48 29,64
* 7 GA/GG 0,35 0,31 6,9 -3,83 3,5 93,38
* 8 AA/UG -1,06 -1,01 3,61 2,96 1,62 8,13
9 AG/CU 0,57 2,02 3 -3,15 15,15 28,08
10 GU/AC -0,6 -1,68 3,26 -1,89 6,38 32,24
11 UG/CA 0,19 -1,41 2,76 2,9 8,07 32,91
12 GC/GC 0,4 -1,65 3,19 -0,32 9,05 33,36
13 CC/GG 0,35 -1,64 3,18 1,35 6,99 31,36
Ave. 0,03 -1,66 3,14 -1,08 6,26 31,76

Supplementary Table S2: Helical parameters calculated using 3DNA, based on C1’- C1’
vectors for unliganded structure ROG2.



Supplementary Figure S4: Crystal lattice contacts between two neighboring RNA molecules
of unliganded structure ROG2. The flipped out 9A’ residue stacks between 8G and 9A residues
from UGGAA motif.

Supplementary Figure S$5: Hydrogen bonds observed in cross-strand stacks in unliganded
ROG2 structure



ROG 2-NCD ROG1-NCD
bp Shear Stretch Stagger Buckle Propeller Opening bp Shear Stretch Stagger Buckle Propeller Opening
1G-C 0,15 -0,13 0,46 -1,69 1,53 -2,01
2G-C -0,17 0,04 0,02 -1,21 -12,58 4,53 1G-C -0,24 -0,11 0,02 -6,09 -8,78 -0,87
3CG -0,13 -0,23 0,24 4,07 -13,51 -6,11 2C-G 0,18 -0,16 0,08 1,58 -13,05 -1,4
4 A-U -0,35 -0,16 -0,56 -3,78 -18,63 -3,62 3A-U 0,04 -0,09 0,09 0,57 -12,28 1,74
5CG 0,03 -0,04 0 -1,82 -25,78 3,12 4CG 0,26 -0,14 0,1 1,37 -18,58 1,2
6 U-A 0,17 0,28 0,15 -4,12 -16,42 6,19 5U-A -0,03 -0,08 0,17 -2,51 -4,25 -0,41
7A-U 0,12 -0,03 -0,04 8,5 -12,92 2,09 6A-U -0,31 0 0,08 0,46 -3,27 1,1
8G-C -0,41 0,03 -0,03 3,3 -17,09 4,5 7G-C -0,28 -0,15 0 -0,4 -15,98 2,15
9U-A 0,51 -0,22 0,64 -3,92 -18,25 6,09 8U-A -0,01 -0,13 -0,01 -1,51 -13,63 5,07
10G-C 0,18 0,01 0,1 -7,44 -12,65 2,34 9G-C -0,15 -0,14 -0,06 -5,64 -10,08 -0,27
11C-G 0,42 -0,38 0,36 -4,26 -13,72 3,3 10 C-G 0,05 -0,17 -0,11 1,62 -5,58 -0,66
12 C-G 0,08 -0,02 0,16 0,89 -5,28 2,36
Ave 0,03 -0,11 0,14 -2,25 -13,60 1,45 Ave -0,02 -0,14 0,01 -1,06 -12,25 0,87
step Shift Slide Rise Tilt Roll Twist step Shift Slide Rise Tilt Roll Twist
1 GG/CC 0,3 -1,95 3,33 2,88 4,54 29,84
2 GC/GC -0,3 -1,44 3,2 -4,45 1,13 33,14 1GC/GC -0,74 -1,35 3,13 -1,84 0,07 33,21
3 CA/UG -0,65 -1,46 3,35 3,19 13,22 29,63 2 CA/UG 0,50 -1,46 3,18 0,41 8,46 31,08
4 AC/GU 0,07 -1,34 3,25 -3,46 5,18 31,96 3 AC/GU 0,08 -1,36 3,24 0,99 4,19 32,37
5CU/AG 0,61 1,1 3,3 1,94 7,23 34,88 4 CU/AG -0,04 -1,44 3,36 0,34 4,61 35,45
6 UA/UA ---- -—-- -—-- --- - - 5 UA/UA - - - - - ----
7 AG/CU -0,51 41,31 3,57 1,77 10,33 35,31 6 AG/CU -0,44 -1,71 3,32 41,37 5,93 31,52
8 GU/AC 0,22 -1,12 3,3 -4,74 7,2 29,65 7 GU/AC -0,03 -1,31 3,29 -0,83 6,23 31,49
9 UG/CA 0,19 1,35 3,12 4,47 7,6 34,63 8 UG/CA -0,21 -1,59 3,33 0,35 11,01 30,98
10 GC/GC 0,5 -1,65 3,22 -0,37 1,34 30,45 9 GC/GC 0,81 -2,31 3,06 1,86 4,70 24,22
11 CC/GG -0,04 22,2 3,03 0,98 4,06 29,61
Ave. -0,02 -1,49 3,27 -0,13 6,18 31,91 Ave -0,01 -1,57 3,24 -0,10 5,65 31,29

Supplementary Table S3: Helical parameters calculated using 3DNA, based on C1’- C1’
vectors for liganded structures ROG1-NCD and ROG2-NCD.




Z-RNA ROG2-NCD

Supplementary Figure S6: Comparison of crystal structures of (A) Z-RNA form (pdb code:
40CB) and (B) ROG2-NCD model.

Torsion angles  7G-A 8G-A 7G-B 8G-B Z-RNA (pdb

code: 40CB)
a (03—P—05—C5) 172.6° -90.1° 178.5° -98.6° -57.3°*
{(C3—03—P—05) -61.7° -65° -59.6° -66° -66°

Supplementary Table S4: Torsion angles of 7G and 8G residues in liganded structure in
comparison to values of torsion angles in Z-RNA structure (pdb code: 40CB). *Torsion angle
values calculated for guanosine residues in Z-RNA model.



ROG2 ROG2-NCD ROG2-Co(NH;)s
Tm (°C) 79 79 79.4

Tm (°C) RNA ROG2 ROG2- ROG2- ROG1 ROG1- ROG1-

concent. NCD Co(NHs)s NCD Co(NHs)s
100 uM 48 - 55 33 - 39
Tm' 30uM 41 ; 46 - - -
10 uM - 62 44 - - -
100 uM 80 77 80 65 70 67
Tm? 30 uM 80 77 79 67 65 65
10 uM 79 81 80 69 62 68

Supplementary Table S5: Thermal stability of ROG1 and ROG2 duplexes determined by (A)
Differential Scanning Calorimetry and (B) UV melting methods.

Supplementary Figure S7: Physicochemical evaluation of ROG2 duplex using circular di-
chroism. (D) The NCD ligand was titrated against ROG2 oligomer with molar equivalents (eq).
The NCD concentration was in the range of 10-50 pM.
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Archaebacterial rRNA from the ROG2 RNA
large ribosomal subunit (LSU)

Supplementary figure S8: Internal loops located in (A) archaebacterial rRNA from the large
ribosomal subunit (LSU) and in (B) unliganded structure ROG2.
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