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Introduction

My main research goal is to improve our understanding of the proficiency of nucleic acids —

DNA and RNA — for strong and site-specific binding of metal ions, as well as of the potential of such

interactions to shape the structures and activities of these biomolecules. Within the scientific

achievement presented in this habilitation I have determined the high-resolution structures of three

nucleic acid molecules and characterized the metal-binding sites that they form. The studied systems

include:

1) A four-stranded RNA G-quadruplex r(UGGUGGU); stabilized by potassium K ions

(papers H1 and H2)



2) A lanthanide-binding DNA aptamer in complex with its molecular target
(paper H3)

3) The catalytically proficient structure of the 8-17 DNAzyme, induced by zinc Zn*" binding
(paper H4)

The following dissertation is divided into three chapters. In the first one I describe the physical
properties of typical metal-binding sites present in nucleic acids, as well as the structural biology
methods available for their experimental characterization, concentrating on NMR spectroscopy that [
employ in my research work. This chapter also serves to situate the presented experimental papers H1-
H4 within the broader context of the study of nucleic acid interactions with metal ions, preceding an
in-depth discussion of each of them in Chapter 2. In turn, Chapter 3 provides a summary of similarities
and differences between the studied systems, followed by a reflection how these properties influenced
the research methods I applied and, in consequence, the results [ obtained. It also includes an attempt
at summarizing the added value brought by the presented publications into the research field

concerned.

Chapter 1

Characteristics, importance, and methods of studying nucleic acid
interactions with metal ions

1.1 Properties of nucleic acid interactions with metal ions and their role in shaping the structures
of these macromolecules

As strongly negatively charged biopolymers — owing to the presence of phosphate groups
within their chemical structures — nucleic acids in solution are always surrounded by an ensemble of
neutralizing positive ions, often simple metal cations M™.! However, a major part of these counter-
ions interacts with DNA/RNA in a non-specific manner exclusively through electrostatic attraction and
remaining in constant motion forms around the biomolecule a, so called, ion atmosphere.>* Even this
type of interactions already has an important influence on the conformational preferences of nucleic
acid molecules, stabilizing their compact spatial structures by shielding the electrostatic repulsion
between different phosphate groups.>* Less numerous, as usually responsible for around 10 % of the
charge neutralizing an RNA molecule,' yet even more important for its structural preferences, are
metal ions binding to it in a site-specific manner, that is interacting with selected elements within its
three-dimensional structure. Such interactions may involve direct coordination of the metal ion by
functional groups belonging to the nucleic acid, however the amount of such direct contacts is
surprisingly low. In most cases the ion remains largely hydrated forming mainly outer-sphere

interactions (hydrogen bonds between metal-bound water molecules and DNA/RNA ligands) with still



an important role of the electrostatic attraction in the interactions. This behavior is well illustrated by a
statistical analysis of magnesium ion Mg?" (with preferred coordination number N=6) binding sites
observed in crystallographic structures of RNA.* Among over ten thousand specific interaction sites
analyzed around a third did not contain any direct Mg?* contacts with RNA functional groups, over a
half included one or two such contacts and only below 10 % of sites featured three or four direct
interactions. This situation remain is stark contrast to the picture observed for metal ions interacting
with protein enzymes, for which protein ligands routinely fill the majority of the first coordination
sphere. This difference is also reflected in incomparably lower binding constants for metal ion
interactions with nucleic acids, as compared to proteins.’ Already for metal ions tolerated by living
cells in comparably high concentrations, such as Ca?", it is normal for proteins to display dissociation
constants (Kg) in the nanomolar range.® while for those ions whose metabolism is tightly regulated
within the cell protein systems can achieve attomolar affinities,” comparable to those of small
molecule chelates such as EDTA. In contrast, a large portion of biologically significant Mg?* binding
sites display millimolar K4 values,® " with less abundant examples of sites for which the interaction is
shifted towards the micromolar range (K4 = 10°-10°° M).!?> Moreover, there is data suggesting that
these values are already approaching the physical limit achievable for affinities in metal ion
interactions with nucleic acids. Namely numerous SELEX experiments seeking nucleic acid structural
motifs most capable of forming strong interactions with various metal ions including Zn?*, Ni**, Cu®*
and Hg?" have always yielded systems that bind the target ion with K4 values not surpassing 10 M.!*-
15 Next to the lower free enthalpies of binding, the second common characteristic of metal binding
sites formed by nucleic acid molecules is their limited selectivity towards the type of metal ion
accepted. This property may be related to the abovementioned increased importance of electrostatic
and hydrogen bond interactions with respect to direct coordination for many DNA/RNA-metal
complexes. This situation also pertains to many binding sites of structural and functional importance.
An example is provided by numerous divalent metal binding sites present in biologically important
ribozymes — that is RNA molecules capable of self-hydrolysis in well-defined points of their
nucleotide sequences. Metal binding to these sites is mandatory for the ribozyme to fold into compact,
catalytically active structures. Direct metal involvement in the catalytic process is also possible,
although for many catalytic RNAs a consensus was not yet reached regarding this issue.>!*!” In nature
ribozyme molecules utilize magnesium Mg*" ions as cofactors, however numerous in vitro studies
have shown that these molecules can also interact with a wide variety of other di- and trivalent ion
such as Ca*", Sr**, Mn?", Co*", Ni**, Zn*', Cd**, Pb*", Co*" or lanthanides Ln**"."*!¢ In many cases
ribozymes interacting with these alternative cofactors remain catalytically proficient and sometimes
their activity is even improved.! Available crystallographic structures demonstrate that different metal
ions can interact with the same binding site assuming somewhat distinct geometries,' differentiated by
for example the number of direct RNA-metal contacts dependent on factors such as ionic radius or its

hydration energy. The capability to promote RNA hydrolysis in the presence of a wide variety of



different metal ions is also a characteristic of many among the ribozyme’s DNA counterparts, known
as DNAzymes. However, in the case of DNAzymes the amount of available high-resolution structural
information is very limited, as only a handful of spatial structures of such systems are available.!32°
One among them is the three-dimensional structure of the 8-17 DNAzyme induced by zinc Zn** ion

binding, determined by me, and described in paper H4.

Another example of limited selectivity of metal-binding sites formed by nucleic acid systems
is provided by the structures of DNA and RNA G-quadruplexes. Their architectures, described in more
detail in Chapter 2.1, always include a central channel, inside which metal ions bind through direct
coordination to up to eight carbonyl groups belonging to guanosine nucleobases. Interactions inside G-
quadruplex channels constitute a rare example of metal ion binding occurring with their full
dehydration. Despite this the discussed binding sites do not display a significant selectivity and can
accept a broad range of mono- and divalent ions such as K*, Na*, Cs’, Ba?', Sr**, or Pb?".?! As a part of
the presented habilitation achievement — papers H1 and H2 — I have determined the three-dimensional
structure of a four-stranded RNA G-quadruplex formed through K* binding and demonstrated that the

same G-quadruplex structure forms also in the presence of Na" ions.

Despite the above-described generally low selectivity of metal binding sites in nucleic acid
molecules, a series of relatively rarer metal-selective or even metal-specific sites was also identified
over the years. The most well-known examples of such sites are metal-stabilized pyrimidine-
pyrimidine base pairs. A thymidine-thymidine mismatch (T:T) is capable of interacting with a Hg?"
ion, which leads to the formation of a T-Hg-T base pair with stability comparable to that of canonical
Watson-Crick pairings.?? This interaction is based upon direct coordination of the mercury ion by N3
nitrogen atoms of both thymidine bases. Similarly, the cytidine-cytidine mismatch (C:C) forms
analogous interactions, this time with a silver ion Ag*.>> DNA molecules also form a relatively large
set of binding sites potentially selective towards lanthanide ions Ln**. Such conclusion can be drawn
based on the identification of a series of DNAzyme systems catalytically active only in the presence of
Ln*" ions as cofactors.?* However, these molecules were never deeply structurally characterized and
the lack of observable catalytic activity in the presence of other ions does not automatically signify the
lack of interactions. Examples of an opposite are known in the literature, like the fact that Ln" ions
bind to the hammerhead ribozyme, usually activated by various divalent ions, yet the complex forming
is catalytically inactive.”> On the other hand, a confirmed example of selective lanthanide ion binding
by DNA is provided by an aptamer discovered in 2016.%° Lanthanide ion binding to this system is
accompanied by a large-scale change in the tertiary DNA architecture, observed in the original paper
through fluorescence-based methods. A similar conformational transition was not observed when the
aptamer was titrated with a wide array of other metal ions, which allowed to conclude that the binding
site it contains is indeed selective towards lanthanides. However, in the absence of high-resolution

structural data, the source of this selectivity remained unclear. Uncovering the molecular basis for



selective lanthanide binding by this aptamer was one of the motivations that led me to determining its

three-dimensional structure as described in paper H3.

1.2 Structural biology methods for the study of nucleic acid interactions with metal ions

Types of available high-resolution methods

To obtain precise information regarding the location of metal binding sites in DNA/RNA
structures, as well as regarding the geometric details of these interactions it is necessary to apply one
of the high-resolution structural biology methods: X-ray crystallography, cryo electron microscopy
(cryo-EM) or nuclear magnetic resonance (NMR) spectroscopy. In case of binding sites possessing a
well-defined interaction geometry the first two methods proved the richest sources of information,
with a leading role of X-ray crystallography due to both much longer application period of this
method, as well as generally higher resolution of obtained structures, which facilitates precise
modeling of metal ions within the biomolecule. Crystallographic structures of sufficient resolutions
allow not only for unambiguous identification of atoms directly coordinating the metal ion, but also
provide precise information regarding the geometry of the formed complex, including metal-ligand
bond lengths etc. For hydrated ions, directly bound water molecules can also sometimes be located,
given that they assume well-defined positions with respect to the biomolecule, thanks to for example
hydrogen bond formation. Among the limitations of crystallographic methods in this context one
should list the inability to observe binding sites with less defined interaction geometries (even if these
interactions are strong and specific), the lack of information regarding the affinity of interactions with
different sites (necessary for example to distinguish the strong micromolar site from numerous sites
with millimolar Kq values) and the potential influence of crystal packing forces on both the DNA/RNA
structures and their interactions with metal ions. In addition, the fact that crystallization of more

complex nucleic acid systems is often very difficult is also significant.

NMR spectroscopy in DNA/RNA-metal interaction studies

The way in which the third high-resolution structural biology method — NMR spectroscopy,
that is the main tool in my research work — can be applied in the context of the study of metal ion
interaction sites on nucleic acids differs significantly from the previously described two. On one hand
this technique is usually unable to provide similarly precise information, as a large portion of
biologically important ions cannot be directly observed in NMR spectra (their nuclei are either
magnetically inactive or very insensitive). Their presence is thus inferred indirectly, through the effect
it has on NMR parameters of other atomic nuclei. On the other hand, however, NMR spectroscopy

ideally complements the limitations of crystallographic techniques listed above, as it:



1) studies DNA/RNA-metal complexes directly in solutions,
2) is sensitive to the presence of interactions regardless of their degree of spatial definition,

3) allows to directly link the presence of a metal ion to the structural changes occurring in the

biomolecule,
4) allows for the estimation of K4 values for each of the observed interaction sites

The multitude of NMR spectral parameters and techniques available for the study of nucleic
acid metal ion interactions, on very different accuracy levels, requires a systematic summarization

here.

NMR structure determination for nucleic acids — classical methods (NOE and J-coupling restraints)

In the case of systems for which the formation of a specific three-dimensional structure is
itself induced by metal binding — as is the case for all nucleic acid molecules studied in papers H1-H4
— the first key element in the study of this interaction is the characterization of the conformation of the
DNA/RNA component of the observed complex. The set of NMR methods available for this task is to
a large degree similar to the NMR toolset used to study nucleic acids structures in general,>” however
when the bound metal ion displays paramagnetic properties its presence can be used to obtain
additional structural information.”® The first step in NMR structural analysis always consists of the
assignment of resonances observed in the NMR spectra to specific atoms in the studied biomolecule,
using a set of correlation spectra.?’” This analysis also yields a clear confirmation whether the studied
biomolecule assumes a single stable structural form in solution or does it feature a conformational
equilibrium between several slowly exchanging species. For nucleic acid complexes with metal ions
already on this early stage one can ascertain whether ion binding significantly affects the structure of
the DNA/RNA component. Appearance of a series of new imino proton NMR resonances during
titration with the appropriate metal ion, signifies that metal binding induces the formation of new
secondary structure elements and/or the reorganization of previously existing ones into a new tertiary
architecture (situation encountered in paper H3). One the other hand, if a similar titration leads to a
disappearance of a series of spectral resonances accompanied by strengthening and sometimes
sharpening of the remaining ones one can conclude that the presence of the metal affects the
conformational equilibrium present in the system by stabilizing the structural forms capable of metal
binding (see paper H4). This kind of experiment provides an early confirmation that the DNA/RNA

structural form to be studied is indeed the complex with given metal ion.

To determine the high-resolution spatial structure of the given DNA/RNA molecule one has to
extract from the NMR spectra the broadest possible set of spectral information directly interpretable in

terms of structural parameters, the so called “NMR structural restraints”. Subsequently using



molecular dynamics simulations, restrained with the obtained set of structural restraints, one attempts
to identify a spatial structure consistent with all available NMR spectral data. Such simulations are
then repeated multiple times in order to verify how well the obtained restraints define different aspects
of the molecular structure. The quality (resolution) of the obtained structure directly depends on the
number and quality of the structural restraints applied. Classically the most important type of NMR
restraints are distance restraints, derived from the observation of Nuclear Overhauser Effect (NOE)
between pairs of hydrogen atoms. This effect allows for a semi-quantitative estimation of internuclear
distances of up to 5-6 A, thus these restraints have a rather limited range. NOE structural information
is usually complemented by dihedral angle restraints between atoms three chemical bonds apart,
derived from the values of NMR scalar couplings (“J-couplings™). This type of restraints provides
information about for example the conformations assumed by the sugar-phosphate backbone in nucleic
acids, including the values of the sugar pucker in each nucleotide unit. These two types of structural
restraints remain also today the most used information sources in the process of NMR structure

determination, including the structures determined by me in papers H1, H3 and H4.

NMR structure determination for nucleic acids — long-range restraints (RDC, PCS, PRE)

Given the local nature of classical NMR restraints, some global features of more complex
nucleic acid molecules, such as exact values of interhelical angles or the degree of helix bending, are
often determined in NMR structures with a lower degree of accuracy.”’ These limitations can be
eliminated through the application of newer types of NMR restraints which provide more global
structural information. However, due to experimental difficulties related to their observation, these
restraint types still remain rarely used for nucleic acid systems. Most commonly applied among them
are residual dipolar couplings (RDC) which provide information about the orientations of vectors
connecting pairs of atoms in the reference frame of the entire biomolecule.?®* However, RDC
measurement requires the studied biomolecule to become partially oriented with respect to the external
magnetic field, which is most commonly achieved through the use of so-called alignment media
(containing for example lipid bicelles or entire bacteriophage nucleocapsids).*® Isotope labelling with
BC and/or PN is also often required. An alternative method to induce RDCs consists of self-
orientation of the biomolecule, by the introduction of unpaired electrons with non-zero magnetic
susceptibility anisotropy Ay into its structure.”® A great advantage of this method resides in the fact
that the presence of unpaired electrons in the biomolecule also allows for the measurement of two

additional types of long-range NMR restraints:
1) pseudo-contact shift (PCS) which also requires the unpaired electrons to possess Ay # 0

2) paramagnetic relaxation enhancement (PRE) which requires only the presence of unpaired

electrons, regardless of their Ay values



Both these effects are dependent on the position assumed by the unpaired electron with respect
to each atom within the studied biomolecule and are observable in the NMR spectra as resonance line
shifting and broadening, respectively. All these restraint types allow for more precise and accurate
determination of structures of more complex biomolecules and can also be used to study their dynamic
properties and intermolecular interactions. These effects, known under the common name of
»paramagnetic NMR restraints”, have already demonstrated their great value in structural biology of
protein systems,”® however due to technical difficulties their application to nucleic acid molecules
remains very limited. Unpaired electrons with Ay # 0 can be introduced into biomolecules only using
some among paramagnetic metal ions — most notably lanthanide ions Ln** and selected d-block ions,
such as Co*". The observed Ay values are also crucially dependent on the first coordination sphere of
the given ion in complex with biomolecule, as well as on how well-defined its position is in the
reference frame of the biomolecule (the ion has to be rigidly anchored to the host biomolecule). For
protein systems significant efforts were undertaken to develop a wide spectrum of methods to
introduce such metal binding sites into their structures, through the development of so-called
paramagnetic tags.>' Many among these methods rely on the covalent attachment of organic metal ion
complexes to the protein, while others are based on mutations to the protein aminoacid sequence, that
introduce a metal binding site directly into its primary structure. Unfortunately, despite continued

32.33 practically useful counterparts of these methods are not yet available for nucleic acid

attempts,
systems. Only paramagnetic tags based on stable organic radicals with Ay = 0 remain available, that
produce only the PRE effect.>* An important motivation behind my decision to study the structure of
the lanthanide binding aptamer in paper H3, was to determine whether paramagnetic lanthanide ions
bound to this system will exhibit Ay # 0, which would open a perspective to use this system as a
paramagnetic tag for nucleic acid molecules. NMR data that I collected in paper H3 demonstrated that
indeed for this system the whole set on paramagnetic effects was observable. Thanks to this fact, when
solving the structure of this system, I was able to complement the classic NOE restraints with a rich
set of PCS restraints. As described in more detail in Chapter 2.2, this allowed for a much more precise

determination of the DNA spatial structure, as well as — for an accurate determination of the position

assumed by the metal ion — what remains very rare in NMR structure determination for nucleic acids.

Characterization of metal binding sites in NMR structures — MD simulations and CSP
measurements

In NMR studies of nucleic acid complexes with metal ions, the determination of the spatial
structure of the DNA/RNA component using methods described in the previous sections does not
usually provide any information about the position of the bound metal ion. To describe its properties, it
is thus necessary to either conduct additional NMR experiments or to employ computational methods.

Within this second approach one can perform molecular dynamics (MD) simulations taking as the



starting point the determined NMR structure. The simulations are performed in the explicit solvent
mode, with water molecules and metal ions being directly represented throughout the calculations.
Through the analysis of the obtained molecular dynamics trajectories the regions on the DNA/RNA
surface in which metal ions preferentially reside can be identified. The occupancy and interaction
geometry of each of these sites can also be described. I have applied this approach to the study of G-
quadruplex r(UGGUGGU), interactions with K* ions (papers H1 and H2). The main limitation of this
group of methods is the fact that — due to necessary approximations in the description of physical
properties of the studied complex — observation of a specific mode of interactions in the simulations

does not guarantee their presence for the actual physical system.

For this reason, the capability to even approximately locate metal binding sites using NMR is
greatly desired. Such a goal can be achieved by the measurement of chemical shift perturbations (CSP)
of various atoms in the DNA/RNA molecule induced by metal binding.’> CSP values are obtained
through performing metal ion titration of the studied DNA/RNA sample, obtaining resonance
frequency assignment at different point throughout the titration and calculating the difference in
chemical shift experienced by each atom. Measured CSPs are then mapped onto the previously solved
spatial structure of the DNA/RNA molecule, which allows for the identification of regions in the
structure whose chemical environment is sensitive to the presence of the metal ion. In an optimal
scenario the information derived from CSP measurements can be used in tandem with the results of
computational MD studies. In such a case CSPs can be used for a “low-resolution” identification of
the binding site, while the subsequent simulations can provide a more in-depth geometric picture of
the occurring interactions.® Alternatively, MD simulations can be performed first and then CSP values
applied to verify which among the in silico observed binding sites are actually present in the real
system.*® A significant limitation of methods based on CSP derived from the fact that not all of the
measured perturbations have to be caused by the direct influence of the bound metal ion on the
electron density of atoms in its nearest neighborhood — which was a silent assumption in the presented
reasoning. Such an assumption is true only when the complex formation does not significantly alter
the spatial structure of the DNA/RNA itself. In the opposite case a significant portion of the measured
CSPs will be induced by the conformational transition occurring alongside metal binding which will
preclude their correlation with direct proximity to the bound ion. In my research work I concentrate
explicitly on systems whose tertiary structures fold in response to metal ion binding and thus the
application of CSP-based methods in my work is significantly hampered. Nevertheless, | was able to
apply this technique for the identification of Zn?" binding site to the 8-17 DNAzyme, thanks to being
able to pre-structure this system using high concentrations of Na' ions exhibiting a much lower

affinity towards it (paper H4).



Characterization of metal binding sites in NMR structures — NOE, PRE and PCS

The measurement of CSPs is a method that can be applied for the study of DNA/RNA
interactions with a broad spectrum of metal ions, which however can deliver only approximate
information about the binding site geometry. Luckily, for selected metal ions additional, higher
resolution information can be obtained thanks to the application of methods based either on NOE or
paramagnetic effects — PRE and PCS. The most important metal ion interacting with RNA molecules
in vivo — Mg?" — cannot be directly observed using NMR methods. However, already in the 1990s it
was noticed that an inert complex of cobalt(III), Co(NH3)s*", interacts with very similar sites on RNA
surface as a fully-hydrated magnesium ion Mg(H>0)s*".>” The protons of NH3 molecules in this cobalt
complex are directly observable in the NMR spectra and NOE restraints can be measured between
them and atoms belonging to the RNA molecule. This led to a broad usage of Co(NH;)s*" as a Mg?"
substitute in RNA-metal interaction studies. Paramagnetic transition metal ions — Mn?* and Ni?* (with
Ay = 0 in both cases) — were also utilized in a similar capacity, this time taking advantage of the fact
that they generate paramagnetic relaxation enhancements (PRE) in their direct vicinity.>*® The PRE
effect was itself used in two different ways in this context. In some papers it was employed purely
qualitatively, by listing atoms on the RNA surface for which the broadening was observable and in
consequence obtaining information similar in nature to the CSP.*®3” In others, the strength of the PRE
effect was analyzed quantitatively and converted into distance restraints, similar in nature to NOE
restraints, yet observable at a greater range.>® This second approach allows in theory to very precisely
locate the positions assumed by metal ions in complexes with DNA/RNA, however in practice a

t,39

precise extraction of the PRE values from the spectra can be difficult,” while their quantitative

interpretation remains additional assumptions about parameters describing the relaxation process.*

Similar problems aren’t encountered for the measurement and interpretation of another type of
paramagnetic NMR restraint — the pseudo-contact shift (PCS). Unfortunately, in this case the
requirement for the bound metal ion to exhibit Ay # 0 have thus far significantly limited the number of
DNA/RNA systems for which this effect could be observed. Indeed, only two structures of nucleic
acid systems were thus far deposited in the PDB for which PCS restraints were used in the structure
determination process. First of them is the structure of a DNA duplex in complex with the antibiotic
chromomycin A3, which binds in the narrow groove of the double helix and in turn interacts with a
paramagnetic Co?" ion.*! The second one is the structure of the lanthanide binding aptamer that I
solved in paper H3. This second structure constitutes the first system for which PCS restraints induced
by direct interaction between a nucleic acid molecule and a paramagnetic metal ion were measured.
This discovery provides an avenue towards a much broader application of paramagnetic restraints in
NMR studies of nucleic acids in the future, thanks to the possibility of transplanting the identified
lanthanide binding site to other DNA/RNA systems (Chapter 3.2).



DNA/RNA-metal interaction and their NMR studies — a summary

Nucleic acids interact with metal ions in a significantly different manner than protein systems
do. These interactions are characterized not only by rather low affinities, but also often by limited
specificity — understood both in terms of selectivity towards a certain ion type (metal-specificity) an in
terms of the degree of binding site definition is space (site-specificity). These features can severely
hamper both structural and functional characterization of these interactions by experimental methods.
Despite these limitations, interactions with metal ions are a key factor in shaping the spatial structures
of nucleic acid molecules and in case of catalytically functional systems — ribozymes and DNAzymes
— also their activities. NMR structural studies of nucleic acid complexes with metal ions are
additionally hampered by the impossibility of direct observation of most among biologically relevant
metal ions. For this reason, to describe their binding sites one has to apply a series of methods based
on the observation the effects these ions induce in the NMR parameters of atoms belonging to the
DNA/RNA molecule. Similar studies are also often complemented by the use of computational
methods. For nucleic acid structures whose very formation is induced by metal ion binding, the first
and often most work intense step in the study of the interaction is the determination of the DNA/RNA

structure itself.

Chapter 2

Nucleic acid complexes with metal ions studied within the presented
habilitation achievement

2.1 Papers Hl and H2 — determination of the spatial structure of r(UGGUGGU)s G-
quadruplex and explaining the reason behind its exceptional thermal stability.

Structural diversity of G-quadruplexes

DNA and RNA G-quadruplexes are a biologically important*>* and in consequence intensely
studied type on noncanonical nucleic acid structures. At the same time, they constitute the arguably
most famous example of DNA/RNA structures induced through site-specific metal ion binding. The
basic structural blocks of G-quadruplexes are G-tetrads, formed through Hogsteen-type hydrogen
bonding interactions between four guanosine nucleobases (Figure 2.1.1a).** The simplest G-
quadruplexes consist of only two stacked G-tetrads. However, even these simplest structures cannot
form without specific binding of a metal ion (Figure 2.1.1b).* This is because stacking interaction
between two G-tetrads puts eight guanosine carbonyl group oxygen atoms (O6) in a several angstroms
range from each other. Each of these atoms carries a partial negative charge and such an accumulation
of unnaturalized charge would result in strong electrostatic repulsion. Metal ion binding in the so-

called central channel of the G-quadruplex, around which the mentioned O6 atoms are located, screens



their electrostatic repulsion and provides instead stabilizing interactions with a positive charge of the
bound cation. In living cells G-quadruplex structures are most often stabilized by monovalent K* ions
that locate themselves between G-tetrads and directly coordinate all eight O6 atoms of the neighboring
tetrads.*® Cations with a smaller ionic radius can assume somewhat different positions within the
channel — for example Na™ ions usually locate themselves closer to the plane on a single G-tetrad* —
yet the interaction is always based in direct coordination of the O6 atoms and requires full dehydration
of the bound ion. Despite the presence of direct metal ion coordination by DNA/RNA, binding sites
forming in G-quadruplex channels are characterized by a limited metal-ion selectivity and can accept a
broad range of different cations.

Figure 2.1.1. Structural diversity of G-quadruplexes. A) chemical structure of a G-tetrad with carbonyl O6 oxygen atoms

marked in red, B) a scheme of the G-quadruplex core with bound metal ions marked, C) strand orientations in G-
quadruplexes, D) G-quadruplex molecularity, E) G-quadruplex loop types, F) chemical structures of non-guanine tetrads.
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A very important feature of G-quadruplexes is their great structural heterogeneity. The G-
quadruplex core — a stack of G-tetrads — is composed of four independent DNA/RNA strands, each of
which contributes a single guanosine residue to each of the tetrads. G-quadruplex structures accept any
combination of relative strand directions (Figure 2.1.1c). We can thus distinguish parallel (same
direction of all four strands), hybrid (one strand with direction opposite to the other three) and
antiparallel (two strands going in one direction and other two in the opposite) G-quadruplexes.
Additionally, while in the construction of the G-quadruplex core the four guanosine tracts forming it
can be treated as independent strands, in the covalent structure of the DNA/RNA molecule involved
they can be connected by additional runs of unpaired nucleoside residues, forming the so-called G-
quadruplex loops. Next to tetramolecular G-quadruplexes, in which each strand in the quadruplex core
indeed constitutes a separate DNA/RNA molecule, we can also encounter bi- and unimolecular G-
quadruplexes (Figure 2.1.1d). For these last two groups we can additionally distinguish three types of
loop region conformations — the so-called propeller, lateral and diagonal loops (Figure 2.1.1¢). The
presence of these numerous and independent degrees of freedom lead to the situation in which even
limiting ourselves to unimolecular G-quadruplexes we can encounter 26 different topologies. This
amazing multitude of G-quadruplex folds is the reason why, even after over three decades of intense
studies and determination of over 500 high-resolution structures, the task of predicting the topology of

a G-quadruplex molecule based on its primary sequence remains a largely unsolved problem.

Special features of RNA G-quadruplexes and non-guanine tetrads

A seemingly unimportant structural detail of all G-quadruplex topologies, apart from the
parallel one, is the presence of guanosine residues assuming the syn conformation around their
glycosidic bonds.*® This fact, however, is of key importance for RNA G-quadruplexes, as in this
biopolymer syn conformations of purine residues are highly energetically unfavorable. In
consequence, for RNA G-quadruplexes, regardless of their molecularity, the parallel topology is
almost exclusively observed.*® It does not however signify that these systems do not display
conformational diversity. Nucleobases other than guanosine do not form homo-tetrads stable enough to
become basic building blocks of their own DNA or RNA quadruplex architectures (hypothetical A-, C-
or U-quadruplexes). Nevertheless, these kinds of tetrads were experimentally observed for DNA and
RNA molecules in which a stable G-quadruplex core has provided a scaffold to properly position four
copies of the appropriate base. Such A-* C-,** T-5! and U-tetrads> constitute an additional building
block characteristic for G-quadruplexes (Figure 2.1.1f), further increasing the degree of their
conformational diversity and sometimes imbuing their structures with unexpected physical properties.
An important example of an RNA G-quadruplex, whose properties are to a large degree molded by the
presence of U-tetrads is the tetramolecular G-quadruplex r(UGGUGGU), studied by me in papers H1
and H2. The studies of this system commenced in the research group led by prof. dr hab. Zofia



Gdaniec at IBCh PAS already before I joined her group in January 2017 and trace their beginnings in
the studies of the propensity of trinucleotide repeats AGG, CGG and UGG to form G-quadruplex
structures.> Initial NMR studies, complemented by a mass spectrometry analysis, have shown the
ability of the rtUGGUGGU RNA molecule to fold into a tetramolecular G-quadruplex containing three
U-tetrads in its structure (Figure 2.1.2a), in the presence of both K™ and Na".3* Additionally, a UV-
melting analysis of this G-quadruplex have revealed that it is characterized by a very high thermal
stability. Interestingly, a series of unexpected NOE contacts was measured in the proximity of the 3°-
terminal U-tetrad, suggesting the presence of an atypical RNA conformation in this region. However,
the nature of this conformation, as well as its possible links to the system’s exceptional stability

remained a mystery.

Figure 2.1.2. r(UGGUGGU)4 G-quadruplex structure A) secondary structure determined in ref. 53, B) 3D spatial structure,
C) hydrogen bonding between 3’-terminal uridine 2°OH group and a phosphate group. The figure contains elements of Figure
1 from paper H1.
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The determination of r(UGGUGGU)4 G-quadruplex structure

For this reason, the first scientific endeavor I have undertaken after joining the team of prof. dr
hab. Zofia Gdaniec was the determination of the high-resolution three-dimensional structure of the
r(UGGUGGU)s G-quadruplex using NMR data collected in the presence of K ions. As I did not yet
possess tested procedures for the extraction of structural restraints from NMR spectra, setup of
structure calculations and analysis of the obtained structures I had to develop all of these procedures
during the process of r(UGGUGGU); structure determination, based on available literature
counterparts. For the structure calculations I have employed the classical NOE and torsion angle
restraints. In similar endeavors for each new system studied one has to ascertain that the applied
calculation scheme provides broad enough sampling of the conformational space of the biomolecule as
well as that it allows to easily surpass the energy barriers between different local minima in order to
provide a chance of uncovering the global minimum — the final NMR structure. In the case of
r(UGGUGGU)4 G-quadruplex a serious complication arose due to four-fold degeneracy of observed

NMR resonance frequencies, caused by the symmetry of the studied structure. This translated to the



fact that for each NOE restraint extracted from the NMR spectra it was impossible to determine
whether the observed NOE is due to the spatial proximity of two atoms belonging to the same RNA
molecule or is it a contact to one of the other three interacting strands or perhaps a sum of both
contributions. For this reason, in the calculations, I have treated every NOE as an ambiguous restraint,
that can be satisfied in more than one way. After a tedious optimization of the calculation procedure I
have settled for a two-step approach, described in detail in paper H1. It was based on first finding an
approximate structure starting from a random RNA conformation and using a simplified force field for
the description of the systems covalent parameters and electrostatics, followed by a second round of
calculations starting from this approximate structure and using a more sophisticated force field to
better capture the local geometry of the system. This procedure allowed me to obtain a well-defined

NMR structural bundle, which I deposited at the PDB, under the access code 6GE1 (Figure 2.1.2b).

The r(UGGUGGU)4 G-quadruplex contains a “reversed U-tetrad” structural motif

The determined structure revealed some atypical backbone dihedral angle values in the
vicinity of the central U-tetrad, however its most unexpected feature was the conformation assumed by
the 3’-terminal region of the molecule. In the solved structure I observed a rapid, almost 180 degrees
turn of the sugar-phosphate backbone just before the final uridine residue (Figure 2.1.2b). Such a
conformation inverts the polarity (the identity of hydrogen bond acceptors and donors) of the last U-
tetrad with respect to all the other tetrads present in the G-quadruplex and completely changes the
stacking interactions geometry of the 3’ uridine residues with the preceding guanosines. I called this
atypical conformation a “reversed U-tetrad”. As the most distinctive feature of the solved structure this
element appeared as a plausible source of its high thermal stability. Following up on this assumption I
have performed an in-depth literature query for information regarding G-quadruplexes containing a 3’-
terminal uridine residue. It revealed that similar “reversed U-tetrads” were observed before in some
crystal structures,® however their properties were never discussed, perhaps due to assumptions that
such an atypical conformation of a peripheric residue may be simply an artifact of crystal packing. I
have also encountered several articles not containing structural data, yet observing that the presence of

a 3’-terminal uridine in tetramolecular G-quadruplexes can increase their thermal stability by up to 30

oC 55,56

These data motivated me to analyze the structure of the “reversed U-tetrad” motif more
closely, in search of specific interactions that may so significantly stabilize this conformation. The first
candidate was the likely formation of an additional hydrogen bond between 2°’OH group of the
terminal uridine and the phosphate group of the preceding guanosine (G-1), made possible thanks to
the sharp turn of the sugar-phosphate backbone accompanying the formation of the “reversed U-

tetrad” (Figure 2.1.2¢). The likely involvement of this 2°OH group in hydrogen bonding interactions



was made apparent already in the early stages of structural studies by its high resistance to exchange
with the solvent in NMR spectra, yet only the determination of the three-dimensional structure
allowed to proposed the phosphate group as the hydrogen bond acceptor. In the H2 paper, which
continued the analysis of the “reversed U-tetrad” motif, I managed to obtain a direct experimental
confirmation of this hydrogen bond, through the observation of a J-coupling between the proton of the
2°0OH group and the phosphorus atom of the appropriate phosphate group. However, while preparing
the H1 paper I did not yet possess this information and thus I decided to study the kinetic stability of
this hydrogen bond as well as other factors possibly stabilizing the “reversed U-tetrad”, such as for
example an atypical hydration pattern, by the means of explicit solvent molecular dynamics (MD)
simulations. This aspect of the study I conducted in collaboration with dr Joanna Sarzynska, who
specializes in MD simulations of nucleic acid systems. In all the performed simulations, 6 ps in total,
the expected hydrogen bond was present throughout the entire run. The analysis of the obtained MD
trajectories also revealed the formation of a long-lived hydration structure, yet around the central U-
tetrad, not the 3’-terminal one (Figure 2.1.3). Instead, it suggested the existence of an additional K*
binding site in the structure of the “reversed U-tetrad”, located outside of the G-quadruplex central
channel (Figure 2.1.3). This ion would bind in the G-quadruplex groove and directly coordinate four
atoms belonging to the RNA molecule. This binding site would also be, according to the simulation
results, to at least some degree selective, as no interactions were observed for the runs performed in
the presence of the Na' ion instead. Based on these results, in the paper H1 I have proposed the
presence of four additional hydrogen bonds and four potassium binding sites (one for each RNA
molecule within the G-quadruplex) in the structure of the “reversed U-tetrad” motif as factors
potentially responsible for its stabilizing influence on G-quadruplex structures.

Figure 2.1.3. Positions preferentially assumed by K™ ions (magenta) and water oxygen atoms (green) during MD simulations
of r(UGGUGGU)s G-quadruplex. The figure is a copy of Figure 4 from paper H1.




Figure 2.1.4. The behavior of K* ions in the central channel of (UGGUGGU)4 G-quadruplex observed in MD simulations.
The simulations were conducted with four (A), five (B) or six (C) K* ions initially present in the channel. The figure is a copy
of Figure 3 from paper H1.
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Next to an in-depth analysis of the structural features of the “reversed U-tetrad”, the second
motivation for the MD study of the (UGGUGGU)s G-quadruplex was to investigate the influence of
the presence of three U-tetrads in its structure on metal ion binding in the central channel. A G-
quadruplex consisting of seven consecutive G-tetrads should theoretically be able to bind six K*
cations. However, the smaller size of a U-tetrad leads to the tightening of the central channel in its
vicinity which may lead to the inability to accept this many ions by the (UGGUGGU)s molecule. Due
to the involvement of K" ions bound in the channel in the G-quadruplex formation process itself, an
NMR characterization of this interaction is severely hindered (as [ will discuss further in Chapter 3.1).
Computational studies are in turn limited by the inertness of the channel-bound ions, which precludes
simulation convergence in terms of their equilibrium properties. Nevertheless, performing MD
simulations starting with either four, five or six K" ions in the channel allowed me to conclude that the
presence of four channel-bound K" ions is the most likely. This is because in the other simulations
either one of the ions was expulsed from the channel during the MD run or significant hydrogen

bonding geometry distortions were observed in G-tetrads (Figure 2.1.4).



Figure 2.1.5. The set of chemical modifications introduced to the 3’-terminal residue of ((UGGUGGU)4 G-quadruplex in
order to understand the sources of the thermal stability of the “reversed U-tetrad” motif. The figure is a copy of Figure 2 from

paper H2.
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Experimentally verifying the sources of the “reversed U-tetrad’s” stabilizing effect

The connection between structural features of the “reversed U-tetrad” motif and its stabilizing
effect on G-quadruplex folds was also the subject of paper H2. In this work I have experimentally
tested the contributions to the stabilizing effect arising from the previously proposed sources —
additional hydrogen bonds and K* binding in G-quadruplex grooves — as well as other potentially
relevant factors, such as stacking geometry and steric factors. To achieve this goal, I have introduced a
series of carefully selected chemical modifications into the studied G-quadruplex, whose task was to
selectively influence some among the potential stabilizing factors listed above. For example, through
the substitution of the 3’-terminal (ribo)uridine residue by its deoxy- counterpart I expected to
selectively remove the 2’OH-to-phosphate hydrogen bonding, without affecting the stacking
interactions or hydrogen bonding between nucleobases. The series of introduced 3’-terminal
modifications is presented in Figure 2.1.5. The eftects of each such modification were analyzed on two
planes: structural (whether the modification changes the conformation of the 3’-terminal part of the G-
quadruplex) and thermodynamic (how the thermal stability is affected in the modified system). Within
the structural part my experimental contribution concentrated around the NMR analysis of each
modified oligomer. I have also acquired and analyzed circular dichroism (CD) spectra for all studied

systems, in order to check whether the “reversed U-tetrad” motif possesses a characteristic CD-



spectroscopic fingerprint. The described NMR and CD analysis was performed twice — in the presence
of K" and Na" — with qualitatively similar results. This confirmed the lack of influence of the bound
ion type on the conformational preferences of the studied systems. In parallel a co-author of the H2
paper, dr Karolina Zielinska, measured the melting temperature of each G-quadruplex using UV
spectroscopy methods. A combined analysis of the collected data allowed us to single out the factors
truly responsible for the stability of the “reversed U-tetrad” motif. For example, for the deoxyU
modification (M1 in Figure 2.1.5) the structural analysis has shown the formation of an unaltered
“reversed U-tetrad” conformation, while the UV data revealed a decrease of the melting temperature
of the system by around 10 °C. The same effect was observed in the presence of both K" and Na“. The
introduction of the dU modification selectively removed the four hydrogen bonds formed by the 2°OH
groups and thus the observed decrease of the melting temperature was interpreted as proof that these
interactions have a significant contribution to the stability of the reversed tetrad. This conclusion was
not so clear cut at first glance, as the uridine O2’ oxygen atoms also constitute one of the direct ligands
of the K" ions, observed to bind in the G-quadruplex grooves in MD simulations. Their removal may
thus disrupt the metal interaction with this site. A significant influence of this factor was however
excluded thanks to the observation that the destabilizing influence of the dU modification was
independent on whether K" or Na* was present. Based on this observation we have concluded that K*
binding in the G-quadruplex grooves has no significant effect on its thermal stability, contrary to our
previous assumptions. The structural analysis of other modified oligomers has demonstrated that
formation of a “reversed U-tetrad” is very sensitive to the presence of additional steric crowding in its
vicinity and that a potential second element important for its stability are favorable stacking
interactions. This thesis was corroborated by an additional ir silico analysis using the MM-GBSA
method. These calculations compared the energetics of the native r(UGGUGGU)4 G-quadruplex form,
containing “reversed U-tetrad”, to its hypothetical conformation featuring a “standard” U-tetrad and
the most significant differences were indeed observed in the energetic term containing the stacking

interactions.

The study of r(UGGUGGU)4 G-quadruplex and the “reversed U-tetrad” motif — a summary

In papers H1 and H2 I proposed an explanation for an unexpectedly strong stabilization of
tetramolecular RNA G-quadruplex folds, related to the presence of a 3’-terminal uridine residue in
their structures. I demonstrated that such systems form a structural motif that I dubbed a “reversed U-
tetrad” and that additional hydrogen bonds formed by 2’-OH groups and favorable stacking
interactions are important factors contributing to its stabilizing effect. In the course of these studies, |
also suggested the formation of additional K* binding sites in G-quadruplex grooves, however their
presence was only observed in silico and have not yet been experimentally confirmed (see Chapter

3.1).



2.2  Paper H3 — determination of the spatial structure of the lanthanide binding aptamer using
paramagnetic PCS restraints

Lanthanide binding nucleic acids and paramagnetic effects in biomolecular NMR

An important motivation behind my interest in nucleic acid molecules capable of tight and
specific metal ion binding is the prospect of using such systems to expand the capabilities of
biomolecular NMR methods. As described in Chapter 1.2, the local character of classic NMR
restraints negatively impacts the accuracy and precision of the determination of global features of
complex nucleic acid structures.? A solution to this problem lies in the application of long-range NMR
restraints — RDC, PCS, PRE — however access to them for nucleic acid studies remains limited.
Methods for inducing the PCS effect, whose observation requires a rigid attachment of a paramagnetic
metal ion with Ay # 0 to the studied molecule, are especially lacking.>> The most valuable source of
PCS restraint are lanthanide ions that, thanks to their similar chemical properties within the series,
usually all bind to the same sites allowing for the measurement of several sets of complementary PCS
restraints. Due to limited affinity of nucleic acids to metal ions, discussed in Chapter 1.1, as well as
often less defined interaction geometry, for these polymers it was not yet possible to identify a
lanthanide binding structural motif capable of inducing strong PCS, usable as structural restraints. For
this reason I turned my attention to a DNA aptamer discovered in 2016, capable of binding
lanthanide ions with a sub-micromolar affinity, as well as to a series of DNAzyme molecules
activated by lanthanide binding?* and decided to study the binding sites present in these systems. This
research topic — the application of lanthanide binding by specific DNA structural motifs to induce
paramagnetic NMR effects — was not pursued before in my Institution. It constitutes my own research
idea for which [ secured funding in the framework of NCN OPUS19 grant program (research grant
entitled: “Lanthanide binding oligonucleotides (LBOs) as paramagnetic tags for NMR spectroscopy of
nucleic acids”). Paper H3 presents the results of a study of the lanthanide binding aptamer structure
(denoted LnA from now on) and the geometry of its metal binding site. Within this paper I also

demonstrate the high value of PCS induced in this system as NMR structural restraints.

Structure determination of LnA using paramagnetic restraints

Before discussing results I obtained it is important to note that aptamer and DNAzyme
molecules are most often identified by the so called SELEX method (abbreviation for “Systematic
Evolution of Ligands by Exponential Enrichment”),’’ also known as in vitro selection.® This
methodology allows one to select sequential motifs interacting with a chosen molecular target from a
broad pool of DNA or RNA molecules. It does not however directly provide any information
regarding the structure assumed by the selected aptamers nor on the geometry and location of the

interaction site. Some preliminary data can be obtained through the analysis of nucleotide conservation



among the selected DNA/RNA molecules, however the determination of aptamer structures and
binding site architectures require separate studies using one of the high-resolution structural biology
methods.

Figure 2.2.1. Secondary structure of the lanthanide binding aptamer. A) construct from original publication —
,Ln_aptamer”,?® B) nucleobase conservation between variants obtained in the SELEX experiment, C) construct optimized for

NMR studies —,.L.LnA”. Residue color code: magenta — the constant region during SELEX, green — the variable region during
SELEX, gray — residues introduced post-SELEX. The figure contains elements of Figure 1 from paper H3.
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In the case of LnA, the initial analysis of nucleotide sequences uncovered by the SELEX
method, performed by the authors of that experiment allowed to create a 45 nucleotide long aptamer
construct and propose its secondary structure, presented in Figure 2.2.1a.%° High level of conservation
of some of the nucleobases in the unpaired region connecting two helical elements (Figure 2.2.1b)
allowed to propose this region as the likely site of interactions,?® yet without suggesting any details of
the occurring interactions. Before commencing deeper structural studies of this system using NMR
methods 1 decided to attempt a further optimization of LnA sequence to obtain a shorted variant,
greatly facilitating the NMR analysis. I designed a series of shorter aptamer constructs and evaluated
the lanthanide binding capabilities of each among them using UV and CD spectroscopic methods. This
was made possible by the fact that lanthanide binding induces significant changes in both the thermal
stability and structure of the aptamer, observable by the two mentioned techniques. In this way I was
able to obtain a LnA variant containing only 28 nt (Figure 2.2.1c), while preserving unperturbed

lanthanide binding affinity (Kq= 0.3 uM).



Figure 2.2.2. Imino and aromatic regions of '"H NMR spectra of LnA_28 either free (A) or in presence of: Lu** (B), Eu3* (C),
Yb** (D), Ce** (E), or Tm3" (F). The figure is a copy of Figure 2 from paper H3.

Ces* MJJMMM
T7 PCS
D)
. o ;7 E WM
C) __EM Ul'L_____J uk_«xjk__»___(‘g
T7 G245 3
” ’ I Lu™
B) —————J J ¢
no metal
A) ‘NLL M§M

T T T T T T T T T T T T
15 14 13 12 11 9.5 9.0 8.5 8.0 7.5 7.0 ppm

Already a preliminary analysis of 'H NMR spectra recorded for this system demonstrated the
formation of several new base pairs as a consequence of the presence of a diamagnetic lanthanide ion-
lutetium Lu** (Figure 2.2.2a vs b). Titration of LnA with a series of other, paramagnetic, lanthanide
ions lead to the observation of strong NMR signal shifts with respect to the diamagnetic sample which
after resonance assignment could be transformed into PCS structural restraints (Figure 2.2.2b-f).
Already the assignment of imino proton resonances allowed for the identification of one new structural
element forming in response to metal ion binding. Namely the observation of wobble base pairing
between residues G23 and T23 as well as of an additional GC base pair neighboring it in space
demonstrated the structuring of a large portion of the supposed loop region into a third, short helical
element (Helix 3, Figure 2.2.3a). To determine the relative orientation of the three helical elements in
space, and thus the tertiary structure of the aptamer, I performed the full resonance frequency
assignment, derived NOE and PCS structural restraints and performed molecular dynamics
simulations restraints with this NMR data. In the first stage of structure calculations I determined a
preliminary spatial structure of the system using only classic NMR restraints (NOE and torsion angle).
I then used this structure to approximately locate the metal ion using PCS data. In the second
calculations stage I refined the structure of the entire complex using both classic restraints and PCS
which are sensitive to the position of each atom in the DNA molecule with respect to the metal ion. To
perform PCS-restrained simulations I had to edit the source code of the AMBERI18 molecular

dynamics software to properly describe these effects in the simulations. The performed calculations



allowed me to determine the structure of LnA in complex with lanthanide ions (Figure 2.2.3b), which I

deposited in the PDB database under access code 7QB3.

Figure 2.2.3. The structure of LnA aptamer induced by lanthanide ion binding. A) The real secondary structure, B) the spatial
strucutre, C) the lanthanide binding site. In panel C the green lines illustrate direct DNA-metal contact, while the black ones
DNA-metal distances corresponding to second sphere interactions. The figure is a compilation of elements of Figures 3, 4,
and 5 from paper H3.
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Tertiary structure features of LnA and the geometry of lanthanide binding site

LnA assumes a rigid tertiary fold formed through co-axial stacking of Helices 1 and 3 (Figure
2.2.3b). In turn Helix 2 is anchored at around a right angle with respect to the other two. Such an
arrangement of helical elements leads to a fragment of the sugar-phosphate backbone becoming buried
between Helices 2 and 3. Importantly in the structure deposited to the PDB the lanthanide ion is also
present, as its position was directly determined experimentally using PCS restraints. The lanthanide
ion interacts directly with three ligands belonging to the DNA molecule — a O2 atom of the unpaired
residue C16 locate in the narrow groove of Helix 2 and two phosphate groups belonging to the
“buried” fragments of the sugar-phosphate backbone (Figure 2.2.3¢). It is thus the tertiary arrangement
of the system that is responsible for the creation of this binding site. The presence of only three direct
coordination bonds between the and the metal ion suggests that the latter remains partially hydrated, as
lanthanide ions usually assume coordination numbers in the range of 7-9. To study whether the water

molecules coordinating the bound metal ion form additional interactions with DNA I performed and



analyzed a series of additional explicit solvent MD simulations. Their results suggest the existence of a
complex network of hydrogen bonds between the hydration waters and electronegative atoms
belonging to the DNA molecule. Including these MD-observed interactions up to nine atoms
belonging to the DNA molecule appear to be involved in lanthanide ion binding — three through direct
coordination and six through hydrogen bonding — meaning that we are dealing with a highly complex

binding site.

Structural characterization of a metal binding site specific towards lanthanide ions is important
in the general context of understanding the sources of metal-specificity in DNA-metal interactions.
However, uncovering the structural details of an interaction site constitutes only a departure point for
attempts to explain how these details determine its physical properties — in this case metal-specificity.
In the case of lanthanide binding site form LnA direct interactions are observed between the metal ion
and two phosphate groups as well as a carbonyl group belonging to a cytidine residue. Phosphate
groups, due to the negative charge that they carry, are among the most ubiquitous ligand groups in
nucleic acid-metal ion interactions.* On the other hand, cytosine is the only free nucleobase to which
lanthanide ions bind.** For this reason in paper H3 I suggest that the reason for the observed
lanthanide-specificity of LnA might be the presence of a cytidine nucleobase as one of three direct

ligands of the bound metal ion.

The influence of PCS restraints of accuracy and precision of the determined LnA structure

The presence of a relatively rigid and asymmetric first coordination sphere of the metal ion is
responsible for the non-zero values of magnetic susceptibility anisotropy Ay of its unpaired electrons
and in consequence for the possibility to observe the PCS effect. The measured PCS values turned out
to the well interpretable in terms of DNA structural parameters, as demonstrated by a very good
agreement between the experimentally measured effects with those predicted using the structure

(through equation 1 in paper H3).

This means that the lanthanide ions bound to LnA aptamer constitute a promising source of
long-range PCS restraints. I demonstrated their usefulness for structural studies already in the H3
paper through a comparison of LnA structures determined with and without using these restraints
(Figure 2.2.4). The NMR structural bundle obtained using PCS was significantly better defined.
Global features of the LnA fold, such as the angle between Helix 2 and other helical elements, were
determined with a much higher precision. Identification of a lanthanide binding site in DNA allowing
for the observation of high-quality PCS restraints opens the prospect of a much broader use of
paramagnetic effects in NMR spectroscopy of nucleic acid systems. This would be achieved through
the isolation of the minimal lanthanide-binding motif from LnA and its reintroduction into other

DNA/RNA systems which I proposed in paper H3 and will discuss further in Chapter 3.2.



Figure 2.2.4. The influence of PCS restraints of the precision of LnA structure determination. NMR structural bundle
obtained using A) only classical NOE and dihedral angle restraints, B) classical and PCS restraints. The figure contains
elements of Figure 8 from paper H3.
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LnA aptamer structural studies — a summary

Paper H3 presents the spatial structure of a lanthanide binding aptamer solved using NMR
methods. Two features distinguish the results obtained in this work from typical NMR-based structural
studies, these are the precise experimental localization of the interacting metal ion and the rarely
achieved convergence of the determined structural bundle (average pairwise RMSD of 0.7 A).
Achieving these results was made possible by the application of long-range paramagnetic NMR effects
— PCS structural restraints. The structure of LnA is the first DNA structure in the PDB, for which a
direct interaction between a lanthanide ion and a nucleic acid system allowed for the observation of
strong PCS effects. The discovery of a system with this property opens the perspective towards a
broader application of paramagnetic NMR restraints in DNA/RNA studies (Chapter 3.2).

2.3 Paper H4 — determination of the spatial structure of 8-17 DNAzyme in complex with a
Zn*" ion and the formulation of a new model of the structure-function relationship for this
system

Structural studies of DNAzyme molecules

Catalytically proficient RNA and DNA molecules, ribozymes and DNAzymes respectively,
constitute an important type of nucleic acid systems in which metal ion binding can not only play a
structural role, but also directly support their function. By far the most common reaction catalyzed by
either type of nucleic acid catalyst is RNA hydrolysis, however RNA and DNA enzymes differ
significantly in both their origin and the degree to which the structural basis of their function has be
elucidated to date. While the most prominent types of RNA-hydrolyzing ribozymes were initially

discovered in the genomes of a wide spectrum of living organisms, the existence of DNAzymes in



Nature was not yet observed.®® All known systems of this type were obtained synthetically in the
process of in vitro selection, already mentioned in Chapter 2.2. Despite not being present in Nature,
DNAzymes possess a series of advantages over ribozymes for biotechnological applications, such as
much higher chemical stability, including in cellular conditions or lower production costs.®! Already
since their discovery in the 1990s the prospect of using DNAzymes as therapeutic agents, capable of
modulating mRNA levels in living organisms, attracted much interest.®> However, such an application
of DNAzymes still remains unrealized. This is primarily due to their limited activity in cellular
conditions, in which their cofactors — divalent metal ions — are scarce.®® Studies aiming at the design of
DNAzyme variants more active at low metal ion concentrations are hindered by the lack of
mechanistic understanding of these systems. While DNAzyme crystallization was attempted ever since
their discovery, the first paper describing a catalytically proficient DNAzyme structure — for the 9DB1
DNAzyme capable of RNA ligation — was published only in 2016."® In the following year,
crystallographic structures of 8-17 DNAzyme in presence of Pb’" and in the absence of a cofactor
were also published.!” These structures provided first high-resolution information for the elucidation
of the molecular mode of action of DNAzyme systems. They also uncovered a previously unforeseen
level of structural complexity in DNAzyme folds. Namely, they demonstrated that many sequence
regions in DNAzymes, previously thought to be disordered, form stable secondary and tertiary

structure elements, based on non-canonical base-pairing and pseudoknot formation.

Motivation for NMR studies of the 8-17 DNAzyme

These discoveries inspired me to attempt to study DNAzyme molecules using NMR methods.
When 1 entered this field of research in 2018, no DNAzyme structures solved using NMR
spectroscopy were available in the literature. Even the feasibility of such studies was not trivial to
estimate, due to rather large sizes of typical DNAzyme systems — in the range of at least 60-70 nt. For
this reason, using experience obtained during LnA aptamer studies (paper H3), I proposed a sequence
optimization method of DNAzyme molecules for NMR studies. It allowed me to create an 8-17
DNAzyme construct consisting of only 35 nt while preserving unaltered catalytic activity. Thanks to
the innovative character of the proposed studies, | managed to obtain funding for their continuation
from NCN SONATA 14 grant program (project entitled: “NMR structural studies of 8-17 and I-R2
DNAzymes”). In the framework of this research grant I planned to determine the spatial structure of
the 8-17 DNAzyme induced by Zn?>' binding. Solving this structure was important, even though the
crystallographic structures of this system induced by Pb*" binding and without any metal ion cofactor
present were already known at that time.!® This is because over twenty years of intense studies of this
system suggested that it possesses two different catalytically proficient folds.®® One of them,
structurally identical to the apo form, was supposed to be employed by the 8-17 DNAzyme in

presence of Pb*" cofactor (Figure 2.3.1a). On the other hand, the presence of other cofactors, such as



Zn*" or biologically relevant Mg?*, was observed to induce a global structural rearrangement towards a
second, more compact active structure (Figure 2.3.1a). This model was formulated based on results
obtained using lower resolution techniques, such as CD spectroscopy® and FRET measurements.®¢-%”
This unique property of the 8-17 DNAzyme signified that the available crystallographic data do not
provide information regarding the active fold important for the activity of this system in cellular
conditions, as the “compact” structure induced by Mg?" ions remained unsolved. The H4 paper
presents the bulk of results the I obtained throughout the mentioned SONATA 14 project. Information
gathered during the project led to new research avenues and in consequence to the expansion of the 8-
17 DNAzyme study significantly beyond the scope originally planned in the project. Apart from the
high-resolution structure determination in the presence of Zn*', I also conducted NMR studies in the
presence of a series of other metal ions: Pb?>", Mg?" and Na*. Additionally, the system was also once
more studied using other techniques applied before in previous studies. A combined analysis of all
these results allowed me to propose a new model for 8-17 DNAzyme interactions with metal ions. For
this reason, I decided to include them all in a single publication in a high-profile journal (paper H4),
even though their volume and importance might have allowed them to become the basis for an entire

series of publications.

8-17 DNAzyme structure determination in presence of Zn**

The research presented in paper H4 is mostly based upon an 8-17 DNAzyme sequential
variant optimized for structural studies by NMR methods. The basis for this optimization was an
observation that the spatial structure of the DNAzyme’s catalytic domain (red/pink in Figure 2.3.2a)
should be independent from the sequence of the DNAzyme arms that bind the RNA strand cleaved by
the system (green in Figure 2.3.2a). For this reason, I embarked on a search for 8-17 DNAzyme
sequential variants containing shortened arms, yet still being capable of quantitatively binding the
RNA substrate in NMR conditions. I decided to compensate the decreased affinity of the DNAzyme
and substrate strands, related to the reduced number of base-pairing interactions between them, by
significantly increasing the GC-content in the DNAzme’s arms region. When it turned out that this
simple adjustment was not enough to preserve the propensity of the two strands to hybridize into the
active complex, I decided to covalently link them into a single construct using a stable trinucleotide
loop (Figure 2.3.2b). The single molecule character of the new construct significantly reduced the
entropic penalty related to the formation of the desired structure, however in conjunction with a very
high GC-content, led to a high probability of alternative, non-native base pairing arrangements. For
this reason, I designed a broad series of 8-17 DNAzyme constructs following the outlined blueprint. In
this process I have employed the UnaFold®® software to quicky estimate in silico the propensity of
each construct to assume he classic 8-17 DNAzyme secondary structure as well as alternative base

pairing schemes. A series of the most promising constructs was synthesized and their conformational



properties in the presence of Zn>" were experimentally characterized using NMR spectroscopy. For
further structural studies I selected a construct showing only a single spectral form in the presence of

Zn*" and having the highest thermal stability, denoted from now on as “8-17_short” (Figure 2.3.2b).

Figure 2.3.1. Models describing the influence of metal ions on the structure and activity of 8-17 DNAzyme A) the model
proposed in the previous studies, B) model proposed in paper H4. The figure is a compilation of elements of Figures 1 and 8
from paper H4.
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Even for the obtained 35 nucleotide-long construct the feasibility of NMR resonance
assignment without isotope enrichment was not obvious, due to a high level of spectral crowding.
However, thanks to the mentioned relatively high thermal stability of “8-17_short” I was able to record
2D NMR spectra in a broad range of temperatures, which allowed for the assignment of even those
among the spectral signals whole frequencies were severely overlapped in some of the studied
temperature conditions. The collected set of NMR restraints turned out to be sufficient to determine
the spatial structure of “8-17_short” in the presence of Zn*" (Figure 2.3.3a), which I deposited to the
PDB database under the access code 8ORS.



Figure 2.3.2 The 8-17 DNAzyme secondary structure. A) A standard construct B) construct optimized for NMR structural
studies — “8-17_short”. The catalytic domain is marked in red/pink, while the substrate-binding arms are shown in green. The
figure contains elements of Figure 1 from paper H4.
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Figure 2.3.3 The spatial structure of 8-17 DNAzyme. A) the structure of “8-17_short” determined in the presence of Zn*" B)
a comparison of structures determined in the presence of Pb?" and Zn?*. The figure contains elements of Figures 3 and 4 from
paper H4.
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8-17 DNAzyme NMR structural studies in the presence of other metal ions

The determined 8-17 DNAzyme structure in the presence of Zn>" became a source of multiple
new research questions, as despite the literature consensus® it turned out to be practically identical to
the structure assumed by this system in the presence of Pb?" that was solved previously using
crystallographic methods (Figure 2.3.3b). To explain this unexpected result, I decided to study the 8-17
DNAzyme in solution also in the presence of Pb*>" as well as Mg>" and Na*, both of which were
supposed to induce the “compact” active structure postulated before. Titrating “8-17_short™ with Pb*",
Mg?" and Na* ions allowed me to observe a structural transition from a series of coexisting spectral
forms in the absence of the metal to a single well-defined structural form. NMR data analysis allowed
me to demonstrate that in each case the addition of the metal ion leads to the formation of the same
fold that I observed in the presence of Zn*". These results show that Pb?" ions also induce the structural
transition leading to the formation of the compact active structure. Several questions remained open

however, such as why this effect was never observed in the previous studies or why the



crystallographic structure of the apo form of the enzyme also revealed this fold that in the NMR
experiments was only induced by metal ion titration. Analyzing once more that available literature data
regarding the interactions between the 8-17 DNAzyme and metal ions I noticed a glaring
inconsistency between DNA-metal complex dissociation constants (Kq) obtained in experiments
observing structural changes induced by metal ion binding (such as CD spectroscopy or FRET

experiments) 577

and those determined through the measurement of the DNAzyme’s catalytic activity
in the function of metal ion concentration.®®®° This observation suggested that the folding and
activation of the 8-17 DNAzyme is related with metal binding to two different sites with significantly
different activities. To verify this hypothesis, it was necessary to determine the affinity of “8-17_short”
for each studied cofactor using two different methods: one based on the observation of the structural
transition and other based on activity measurements. I also decided to repeat the same experiments for
a classic 8-17 DNAzyme construct, to eliminate the possibility that the obtained results might be
artifacts of the DNAzyme arm shortening. Characterization of RNA cleavage rates by two DNAzyme
constructs in a broad range of concentrations of Zn?*, Pb’>" and Mg*', as well as performing CD and
NMR spectroscopy-monitored titrations with these ions was a large experimental burden. It was the
task of a master student Julia Wieruszewska and a PhD student Aleksandra Pawlowicz employed in
my group. The obtained results confirmed the hypothesis formulated based on the literature review: for
both constructs the Zn*" and Mg?" binding constants estimated using structural changes were several
orders of magnitude larger than the values derived from activity measurements. This suggested that for
both these ions the 8-17 DNAzyme folding occurs quantitatively already at cofactor concentrations
much lower than those necessary to induce catalytic activity. In consequence, in the conditions in
which the system is active, and thus those commonly used in its studies, the 8-17 DNAzyme exists
exclusively in its structured, compact form. On the other hand, for Pb?* the binding constants derived
from the two methods turned out to be much closer — consistent within the order of magnitude. This
means that for this cofactor appreciable catalytic activity is present already at metal concentrations at

which the active, compact form still coexists with other, inactive conformations.

Proposing a new model for 8-17 DNAzyme interactions with metal ion cofactors

The observed observations constitute the basis for a new model for 8-17 DNAzyme
interactions with metal ions, proposed by me in paper H4. Instead of the previously postulated two
active DNAzyme folds (Figure 2.3.1a), it assumes the existence of only one such structure (solved
previously by X-ray crystallography and again in paper H4 by NMR spectroscopy). The presence of
most cofactors — like Zn** or Mg?" — in concentrations necessary to induce catalytic activity of the
system lead to the assumption of this active conformation by the entire population of DNAzyme
molecules (Figure 2.3.1b — right panels), while the Pb*" ion is able to activate some DNAzyme

molecules already in concentrations not influencing the apo conformational ensemble — by binding to



the sub-population of the properly folded molecules (Figure 2.3.1b — left panels). It is this difference
that is responsible for the macroscopically distinct picture of the DNAzyme structure in the presence
of Pb?* with respect to the other cofactors. The molecular basis for this behavior is the existence of
two metal binding sites — that I denoted “structural” and “catalytic”, respectively — within the active
structure of the 8-17 DNAzyme and the differences in affinities of different cofactors to these two
sites. In this model the apo form of the DNAzyme is a mixture of several conformational forms
(Figure 2.3.1b — upper panel), including among them some fraction of the compact active structure
(due to, for example, the presence of monovalent cations neutralizing the DNA negative charge). Such
a picture also explains the observation of a well-folded form of the 8-17 DNAzyme in the crystals
obtained without any divalent metal ions, as the result of the selection of this structural form from the

solution ensemble by the forming crystal lattice.

Identification of the Zn** binding site responsible for 8-17 DNAzyme folding

Independently from the experiments performed in the presence of Pb*", Mg?" and Na®, I also
continued the study the NMR studies of Zn>" interactions with “8-17 short”. The goal of these
additional experiments was to elucidate the geometries of the newly postulated “structural” and
“catalytic” Zn*" binding sites. Since Zn*" is a diamagnetic ion, the only available method of locating
its binding sites was the measurement of chemical shift perturbations (CSP) it induces for DNA atoms.
However, as | already noted (Chapter 1.2), the application of this method to systems in which metal
binding is accompanied by a structural transition in the DNA molecule is significantly hindered, as it
is impossible to distinguish CSPs induced by the direct proximity of the bound metal ion from those
caused by the structural changes alone. For the 8-17 DNAzyme I was however able to find a method
to circumvent this limitation, thanks to demonstrating that Na* ions induce the same DNAzyme fold as
Zn**, yet bind with an orders of magnitude lower affinity and thus can be easily replaced by added
Zn*" without accompanying changes to the DNA structure. To locate Zn*" binding sites in 8-17
DNAzyme I thus applied the CSP method by first saturating the structural transition using Na* ions
and then performing a Zn?" titration to the already structured DNAzyme sample. This experiment
allowed me to locate the “structural” binding site in the vicinities of a G-T base pair present at the
peripheries of the catalytic domain. This site was identified as the “structural” one by its characteristic
high affinity. Unfortunately, the localization of the “catalytic” site using the same method turned out
to be impossible, as its metal affinity is so low (K4 > 10 M; based on the performed catalytic activity
measurements) that a series of other weak metal binding sites started to become populated alongside it.
For this reason, at the later stages of Zn*" titration I observed non-zero CSP values in multiple regions
of the DNAzyme structure, including its substrate-binding arms, which made their interpretation in

terms of binding site location uncertain.



A summary of the 8-17 DNAzyme NMR study

The paper H4 apart from presenting the spatial structure of the 8-17 DNAzyme induced by
Zn*" ions, also proposes a new interpretation of the mode in which interactions with divalent metal
ions shape the conformational preferences of this system. The proposed model allows for a
reinterpretation of the results obtained throughout over 20 years of 8-17 DNAzyme studies, by
showing that they can be explained by the existence of only a single catalytically proficient fold. In
this manner the H4 paper also provides the first structural basis necessary to understand the
mechanism of 8-17 DNAzyme’s action in the presence of Mg?' ions that are the most important

cofactor in the context of the intracellular application of this system.

Chapter 3

A comparative analysis of the results obtained for the three studied systems
and an attempt at a synthetic summary of the impact of the presented work
on the research field

3.1 A critical methodological analysis of the presented research

A summary of the methods used to characterize the metal binding sites

The goal of NMR studies in all the papers presented in Chapter 2 was the same — to elucidate
the noncanonical DNA/RNA spatial structure induced by metal ion binding and to identify and
characterize the interaction site. However, in practice for each of the studied systems —
r(UGGUGGU)s G-quadruplex, LnA aptamer and 8-17 DNAzyme — I used a different subset of the
NMR methods described in Chapter 1.2, which translated into a very varied degree of precision with
which [ was able to characterize the position assumed by the metal ions in each structure. In the first
part of the current Chapter [ would like to take another look at each of the three systems, compare the
sets of methods I used for their study and attempt a critical assessment to what degree additional
experiments, not included in the respective papers might have helped to improve the level of

understanding of the DNA/RNA-metal interactions occurring in each molecule.

A short summary of the information obtained about the positions of the metal binding sites in

each of the studied systems presents itself as follows:

1) In the case of ((UGGUGGU)4 G-quadruplex, while the spatial structure of this RNA system
was determined using NMR methods with good accuracy, the entirety of information regarding the
positions of the interacting K" ions was obtained using molecular dynamics simulations. This means

that the determined positions assumed by the K" ions in the G-quadruplex channel and the presence of



additional binding sites in the groove might both constitute only artifacts of the applied computational
methods. To reduce the chances of such an outcome I repeated the MD simulations with several
different force field parameters describing water molecules and metal ions (paper H1), yet an
experimental verification of the observed interaction details would constitute a more convincing

argument.

2) On the other hand, the structure of LnA aptamer complex with a lanthanide ion constitutes
an example of the determination of bound metal ion position with an accuracy level rarely achieved in
NMR studies (metal ion position RMSD between the twenty conformers deposited to the PDB of 0.11
A). This result was made possible by the application of several hundred long-range PCS restraints,
each of which carried information about the position of one of the atoms belonging to the DNA
molecule with respect to the metal ion. In this case further refinement of the metal ion position does

not appear to be necessary.

3) The results obtained in paper H4 regarding the interaction geometry between 8§-17
DNAzyme and a Zn?* ion constitute in turn a rather typical example of information NMR
spectroscopy can deliver in case of interactions involving diamagnetic metal ions. For this system,
through the application of CSP data, I was able to identify the set of nucleotides most likely involved
in the formation of the Zn*" binding site. However, the determination of the exact position assumed by
the metal ion or the identification of the DNA functional groups forming specific interactions with it
lies outside the capabilities of this method. For this reason, in paper H4 I had to speculate about the

details of the interaction site using trends typically observed in metal coordination by DNA ligands.

Was it possible to obtain further experimental data to improve the metal binding site
characterization for the systems in which the exact position of the metal ion remains uncertain? If so,

why have I not done so in the published papers?

Supplementary methods — molecular dynamics simulations

I used MD simulations as one of the methods in the papers describing the first two of the
discussed systems, yet I did not apply them in the H4 paper describing 8-17 DNAzyme interactions
with Zn*". This may seem particularly puzzling given the fact that for this system I was able to collect
a set of CSP data, that may optimally be complemented by simulation results to describe the geometric
details of the occurring interactions. While gathering materials for the H4 paper I attempted to use this
method, yet it did not yield clear cut results. I performed a series of MD simulations in which the Zn?"
ion was either initially manually put in the vicinities of the expected interaction site or randomly
positioned close to the DNA surface. In each independent run however, the ion positioned itself in the

first deeper local minimum it encountered (usually in the first geometry featuring a direct contact with



a DNA ligand) and remained there until the end of calculations. This means that the simulation
timescales were orders of magnitude too short to achieve convergence with respect to the metal ion
preferred positions. Overcoming this problem would require the use of more advanced simulation
methods allowing for an improved sampling the conformational space by the metal ion. Similar
analysis may however itself constitute the material for a separate publication, similarly to what was the
case with the study of Pb?" binding to the crystallographic structure published previously.”’ For this
reason, | decided to leave this subject to research groups specializing in computational methods and

abandoned the use of MD simulations in paper H4.

Supplementary methods — chemical shift perturbation (CSP) measurement

On the other hand, I applied the CSP method only in the H4 paper, while similar experiments
theoretically constitute a perfect approach to experimentally verify the presence of K* binding sites in
the grooves of the ((UGGUGGU)4 G-quadruplex. I did not however decide to perform this kind of
measurements when preparing papers H1 and H2 because all studied samples already contained
manyfold molar excess of the metal ion with respect to RNA — the 50 mM KCl, customarily used in G-
quadruplex studies, to ensure the quantitative formation of the G-quadruplex fold. This means that,
even if the K" binding sites in the grooved are weak (with millimolar dissociation constants), they
would still be filled with the metal ion to a significant extent already at the starting point of
hypothetical further K" titration. The addition of more KCI may thus not induce significant CSPs
regardless of whether these binding sites exist or not. Lowering KCIl concentration during sample

preparation may in turn interfere with G-quadruplex formation.

Supplementary methods — intermolecular NOE

To confirm the geometries of metal ion binding the G-quadruplex channel one could
potentially perform additional experiments based on measurement of intermolecular NOEs, that [ did
not apply in any of the presented papers. They would require the use of NH4" ions as substitutes for K*
during G-quadruplex formation. The positions of these ions in the central channel can be directly
assessed experimentally by NOE restraints,”’? similarly to what I described in Chapter 1.2 for
Co(NH;)s*" ions. Similar measurements would however need to be preceded by repeated structural
studies to ascertain that NH,4" induce the same G-quadruplex fold as K* (which appears plausible based
on preliminary NMR measurements).”> Another limitation of this method is the fact that interaction
geometries of NH4" and K* in the channel of even identical G-quadruplexes may still differ and thus
even a precise localization of NH4" ions does not guarantee that the obtained results would be

transferable to the biologically relevant K* ions.



In theory a similar experiment may also be performed for the 8-17 DNAzyme using the
Co(NH;)s*" ion, as a substitute for hydrated Mg?". In this case an important unknown is to what extent
the ions interacting with 8-17 DNAzyme remain hydrated. If cofactor binding involves their partial
dehydration, then the geometry of interactions observed for Co(NHs)¢*" may not constitute a good

approximation for the complexes of metal ions actually relevant for the activity of this system.
Supplementary methods — paramagnetic effects

The potential of applying paramagnetic NMR effects, PRE and PCS, to the study of
r(UGGUGGU)4 G-quadruplex and 8-17 DNAzyme interactions with metal ions is an interesting
question. While there are literature examples of lanthanide ion binding both in the grooves’ and the
central channel of G-quadruplexes’® the potential for similar interactions was not verified for
r(UGGUGGU),. Similarly to the use of NH4" ions discussed in the previous point a significant
limitation of this method would be the impossibility to verify to what extent the observed interaction

geometries are representative of those assumed by the K™ ions.

The perspective of applying paramagnetic effects to the study of the 8-17 DNAzyme appeared
more promising. Paramagnetic Co®" ions are among the known cofactors of this system,** and these
ions can give rise to strong paramagnetic shifts, when binding to the biomolecule with a well-defined
first coordination sphere geometry. Lanthanide binding to 8-17 DNAzyme is also confirmed.”
However, these ions act as inhibitors of its catalytic activity and thus it remains unclear whether they
interact with this system in a similar manner to other ions. Nevertheless, during the studies preceding
the preparation of the H4 paper | performed the NMR analysis of 8-17 DNAzyme interactions with
both Co?" and several lanthanide ions. In each case however the only effect 1 observed was line
broadening (PRE). The lack of observable paramagnetic shifts (PCS) meant that these ions while
interacting with 8-17 DNAzyme are characterized by close to zero Ay values and thus do not assume a
single interaction geometry or remain largely hydrated. The observed line broadening was indeed the
most pronounced for the residues belonging to the catalytic domain which in itself confirmed
preferential paramagnetic ion interaction with this part of the system. Quantitative PRE measurement
is however difficult for samples with natural isotope levels*® which prevented me from using these
effects as structural restraints. A repeated DNA synthesis with full *C and "N isotope enrichment
would probably allow for PRE restraint generation from HSQC-type spectra, yet I did not attempt it
due to its very high costs.

Paramagnetic broadening, in theory translatable into PRE restraints, was also present next to
the PCS effect in the NMR spectra of the LnA aptamer, studied in paper H3. Also, in this case | did not
attempt their quantitative interpretation as structural restraints, as once again samples without isotope
enrichment were used. For this system however the use of additional restraints was hardly necessary,

as the position of the bound metal was already very well determined using PCS restraints.



A summary of the comparative methodological analysis

The availability of a broad range of NMR methods sensitive to the interactions of a given
biomolecule with metal ions leaves for each studied system an opportunity to plan additional
experiments potentially capable to improve the description of these interactions. However, as
demonstrated by the presented examples, the practical feasibility of such additional measurements, as
well as the actual usefulness of the results they may bring are often impossible to accurately predict a
priori. In the studies I conducted within the papers H1-H4 the choice of the methods used was
informed by the physical properties of each studied system, that determine the likelihood of
successfully applying any given NMR method. This does not mean however that the methods used in
the published works exhaust the full range of information obtainable by NMR spectroscopy for the

studied systems, as discussed in this Chapter.

3.2 Impact of the published results on the research field

The systems that I studied belong to two types of biologically important noncanonical nucleic
acids architectures: G-quadruplexes and so called “multiple way junctions”, that is structures

composed of a central loop to which a number of helical elements is attached.

In the last decades G-quadruplexes have become arguably the most studied type of
noncanonical nucleic acid structures, due to both the important roles they were shown to play in living
organisms* and due to their overwhelming structural diversity which allows for new G-quadruplex
folds to still be uncovered, despite hundreds of their high-resolution structures being already known.
Such a newly discovered G-quadruplex structural element is for example the “reversed U-tetrad”
motif, whose identification and characterization are the subject of papers H1 and H2. This element is a
building block available only to RNA G-quadruplexes, which makes it rather unique in the general
context of G-quadruplex conformational variability, as there exist many structural motifs observed
only in DNA G-quadruplexes,*’*® but the opposite situation is rarely encountered. On the other hand,
this motif can only form in the structures of tetramolecular G-quadruplexes, whose biological
relevance is still debatable. For this reason, apart from a structural curiosity, I see it rather as an
element potentially useful in the context of nucleic acid nanotechnology, a research field concerned
with the design of DNA/RNA systems that thanks to correctly tuned structural properties are capable
of carrying out specific technological tasks. The “reversed U-tetrad motif” due to its capability to
strongly stabilize the architecture of a tetramolecular RNA G-quadruplex, could be used for example
to promote the self-association of four RNA strands in response to a stimulus consisting of an
increased K* or Na* concentration in solution. Enabling the system to use this mechanism would only
involve the addition of a GGU sequence at the 3’-end of the target RNA, as this is the minimal

sequential motif shared by the systems, for which the “reversed U-tetrad” was observed to date.



The other two studied systems, while sharing a multiple way junction type architecture, should
be considered separately in terms of the effects the determination of their structures had on the
research discipline I practice. My results related to the effects that divalent ions have on the structure
of the 8-17 DNAzyme allowed to reinterpret the results obtained throughout over 20 years of
structural studies of this system® and potentially opened a path towards a deeper understanding of its
mechanism of action in the presence of its biologically relevant cofactor Mg?" and perhaps even
towards rational design of its variants more active in cellular conditions. The demonstration that the 8-
17 DNAzyme assumes only one active structure regardless of the available cofactor shed new light on
the structural data available to date and showed that both the new NMR structure solved in the
presence of Zn?* and the previously available crystallographic structure determined with a bound Pb?*
ion can be directly used as starting points to elucidate the molecular mode of action of this system also
in presence of other cofactors — such as the biologically relevant Mg?*. The importance of results
presented in paper H4 in well-illustrated by the fact, that this work became the subject of a Comment
also published in Nature Communications’® and that in less than a year since its came out it was cited
over ten times. What however, remains a significant unknown is the geometry of the catalytically
relevant binding site for ions such as Zn** or Mg**. Assuming however that it is not fundamentally
different from the geometries observed for Pb*" in the crystal and MD simulations,” then the available
structural data are sufficient to enable further studies aimed at the improvement of 8-17 DNAzyme’s
Mg?*" binding capabilities through rational, structure-based, introduction of chemically modified
nucleotide building blocks into its sequence. Similar studies are currently underway in my research

group, as a direct continuation of the structural studies described in paper H4.

The published results are also of significant importance in the context of DNAzyme structural
studies in general, as thus far high-resolution structures of similar systems remain very scarce. Apart
from the crystal structure of DNAzymes 9DB1'® and 8-17" and the NMR structure of the latter
system, described in paper H4 only one other high-resolution structure of a DNAzyme is available in
the literature —the structure of 10-23 DNAzyme solved using NMR methods.?’ Even this limited
assortment of structural data have already dramatically changed our perspective on this kind of
systems. Before 2016 (when the first high-resolution DNAzyme structure was published) multiple
failed attempts at DNAzyme structural characterization led to the rise of supposition that these systems
probably do not form stable tertiary structures and even that the presence of substantial single-stranded
regions may be pivotal for their mechanisms of action.®® The currently available set of spatial
structures have fundamentally inverted this paradigm, as all of them revealed complex, rigid
DNAzyme tertiary architectures. May however this new view be equally misleading? Those among
DNAzyme systems that may potentially not assume rigid folds would naturally be less susceptible to
studies using typical structural biology methods, as this property would make them on one hand more

difficult to crystallize and on the other to prove large scale conformational disorder in solution the use



of long-range NMR restraints may be necessary, which are not easily obtained for DNA/RNA
molecules. This problem is actually relevant to all DNA and RNA structures based on “multiple way
junction” type architectures. Similar elements constitute a common building block of secondary
structures assumed by the most biologically relevant, complex RNA molecules, such as mRNA,
IncRNA (“long non-coding RNA”) or genomic RNA of virial pathogens.””8! The scarcity of methods
to assess which among the present “multiple way junctions” remain conformationally labile and which
form stable tertiary structure, as well as how these preferences depend on external factors (the
presence of protein partners, metal ions etc.) remains in my opinion one among the major obstacles in

the prediction of tertiary structures of complex RNA molecules.

In this context the results I reported in paper H3 have a very significant, not yet realized,
potential to provide the tools necessary. The identification of a DNA structural element, capable of
inducing strong paramagnetic shifts in the NMR spectra, translatable into high-quality long-range PCS
structural restraints, opens the perspective of using these valuable effects in structural studies of a
broad range of other DNA and RNA systems. The requirement for such studies would be, as I
proposed in paper H3, the isolation of the lanthanide binding site from the determined LnA aptamer
structure, followed by its introduction into other DNA or RNA molecule whose structural properties
we would like to study. Such a procedure would allow to measure long-range PCS restraints in many
DNA/RNA systems that in normal conditions do not interact with lanthanide ions, which would

greatly facilitate their structural studies using biomolecular NMR methods.

The structural features of the binding site formed by the LnA aptamer, determined in paper
H3, make it the most suitable for introduction by substitution of apical loops originally present in the
“host” molecule, as illustrated in Figure 3.2.1. This means that nucleic acid systems such as
DNAzymes and biologically relevant multiple way junctions are among the spectrum of molecules
into which paramagnetic sites could be introduced using this approach. It has to be noted that PCS
values measured for these systems would provide crucial information about their conformational
preferences regardless of whether a rigid structure is present or not. This is because in case of large
scale conformational variability being present in the studied system the observed PCS — unlike other
spectral properties that are related to nuclear relaxation, such as NOE or PRE — undergo a simple
averaging over the ensemble of conformations assumed by the biomolecule.®? This allows them to be
used to unequivocally determine whether the structural elements present in the studied system form
one rigid tertiary architecture or are they moving with respect to one another and to what extent, as
was already demonstrated multiple times for protein systems.® The application of PCS restraints
would allow to greatly broaden the capabilities of NMR to study the structures of complex RNA
molecules. Pilot studies of this type are currently underway in my research group. In parallel I also
carry out structural studies of a series of other DNA molecules, for which literature data shows the

ability to strongly interact with lanthanide ions, yet the locations and geometries of their metal binding



sites remain unknown. The goal of these studies is to identify additional systems capable of inducing
strong PCS effects, potentially with structures much different from LnA. This would allow me to
compose a library of paramagnetic tags, that would be possible to introduce to an even greater variety

of target DNA and RNA molecules.

Figure 3.2.1 A general scheme of paramagnetic tagging using a LnA-derived lanthanide binding site. Black dotted frames —
residues from LnA_28 that can likely be omitted in this process. The figure is a copy of Figure 9 from paper H3.

target DNA LnA tagged target

In summary, the studies I performed allowed for the identification of a new structural element
in RNA G-quadruplexes, deciphering the structure of a lanthanide binding site to a DNA molecule,
characterized by a rarely encounter interaction affinity and metal specificity, as well as for the
elucidation of key structural information necessary to advance mechanistic studies of the 8-17
DNAzyme. They thus constitute, in my opinion, a notable contribution to the understanding of the
properties of nucleic acid structures induced by specific metal ion binding. Moreover, thanks to
demonstrating that lanthanide ions bound to LnA give rise to strong PCS in the NMR spectra my

research opens the potential of a broader use of paramagnetic NMR effects in nucleic acid structural

biology.
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5. Presentation of significant scientific or artistic activity carried out at more than one

university, scientific or cultural institution, especially at foreign institutions.

Over the span of my scientific career thus far, I have conducted research activities in one
Polish and three foreign scientific institutions - Institute of Bioorganic Chemistry Polish
Academy of Sciences, University of Florence (Italy), Synchrotron SOLEIL (France) and Leiden
University (The Netherlands). Below I shortly summarize the subject matter and results of studies

conducted in each institution:

Institute of Bioorganic Chemistry PAS (employment 2017-)

My scientific activity at IBCh PAS concentrates around the study of structure, function
and interactions of nucleic acid molecules using NMR spectroscopy, complemented by a series of
other biophysical methods. The projects I conduct touch upon a broad spectrum of DNA and
RNA molecule types. Over the years I was involved in the studies of, among others, the factors

determining the stability of RNA G-quadruplexes, the influence of modified nucleotide units on



the structures of RNA duplexes and hairpins or the interactions of small molecules ligands with
DNA duplexes. Recently the most prominent subjects of my scientific activity include the search
for and structural characterization of lanthanide-binding DNA structural motifs and high-
resolution structural studies of DNAzyme systems aimed at understanding their mechanisms of
action. My research activity at IBCh PAS resulted in 15 scientific papers (positions 8-22 on the

publications list provided as point 1.4 of the “List of scientific or artistic achievements ...” form).

University of Florence (employment 2013-2016)

During my work at the University of Florence the main subject of my scientific activity
was the application of paramagnetic NMR effects to the study of biomolecular structure and
dynamics. My most significant achievement from that period, and the cornerstone of my PhD
thesis, was the development of a computational method allowing for a partial reconstruction of
the ensemble of conformations assumed by multidomain biological polymers from the motionally
averaged NMR structural data. This method was applied, among others, to determine the
preferred conformations in solution of a two-domain protein — calmodulin — and a “two-way
junction” RNA element — HIV1 TAR and to identify very lowly populated transition states of a
protein-protein complex. My research activity at the University of Florence resulted in 6 scientific
papers (positions 2-7 on the publications list provided as point 1.4 of the “List of scientific or

artistic achievements ...” form).

Synchrotron SOLEIL (Master thesis internship 2013)

During my Master thesis internship at Synchrotron SOLEIL my research work was
related to an attempt to experimentally observe the, co called “rotational Doppler effect” in
photoelectron spectroscopy spectra. The conducted research resulted in one publication (position
1 on the publications list provided as point 1.4 of the “List of scientific or artistic achievements
...” form). My main contribution to this paper was the development of a method to deconvolute
photoelectron spectra of an HCI molecule into bands origination from different rotational energy

states.

Leiden University (two research stays 2014 and 2016, over 6 months in total)

My stay at Leiden University took place within the scope of research internships planned
in my PhD project (co called “secondments” in the Marie-Curie Actions ITN program). It was
related to the application of the paramagnetic NMR data analysis method that I developed, to the
identification of lowly populated minor states in a protein-protein complex. This project resulted

in one scientific publication (positions 6 on the publications list provided as point 1.4 of the “List



of scientific or artistic achievements ...” form; my affiliation for this publication is the University

of Florence, as this was the institution of employment during my PhD studies).

6. Presentation of teaching and organizational achievements as well as achievements in

popularization of science or art.

Lectures and workshops/laboratory training for university students.

The institutions at which I was employed thus far did not require me to conduct teaching

activities as a part of my employment contract. Nevertheless, over the years from my own

volition I involved myself in the organization and teaching of courses related to the subject of

NMR spectroscopy. These courses were conducted both as parts of teaching plans of Poznan-

based higher education institutions (points 1-3 below) and specialized workshops (points 4-5

below):

1)

2)

3)

4)

5)

Poznan University of Technology, lectures and laboratory training on NMR
spectroscopy for the students of the “Inzynieria Farmaceutyczna” (Pharmaceutical
Engineering) curriculum. Academic years 2019/2020, 2020/2021, 2021/2022,
2022/2023.

Adam Mickiewicz University - NanoBioMedical Center, lecture and laboratory
training on NMR spectroscopy for the students of . Srodowiskowe
interdyscyplinarne studia doktoranckie w zakresie nanotechnologii” PhD program
(POWR.03.02.00-00-1032/16). Academic years 2018/2019 and 2019/2020.

Institute of Bioorganic Chemistry PAS, lectures: ,,Modern Methods of NMR
Spectroscopy” for PhD students of Poznan Doctoral School of the Institutes of the
Polish Academy of Sciences; Academic years 2020/2021 and 2024/2025

~AMPERE Nuclear Magnetic Resonance Summer School” (organized by Adam
Mickiewicz University - NanoBioMedical Center), workshop: “Two-dimensional
NMR spectroscopy — an introduction”, Editions: 2018, 2019, 2022

Institute of Bioorganic Chemistry PAS (Department of Biomolecular NMR),
workshop: ,.Jednodniowa szkola 2D NMR”, co-organizer of the event and lecturer,
24-26.04.2019 (three editions)

Scientific advisor for master and PhD students:

Julia Wieruszewska, master thesis supervisor (currently in review): ,,Wyznaczenie
struktury przestrzennej DNAzymu 8-17 w celu zrozumienia jego mechanizmu
dzialania”, Adam Mickiewicz University

mgr Aleksandra Pawlowicz, PhD co-supervisor, 2021-, IBCh PAS



- mgr Ewa Potomska, PhD co-supervisor, 2022- , IBCh PAS
- mgr Mikotaj Podlewski, PhD co-supervisor, 2022- , IBCh PAS

The three PhD students listed above were employed at IBCh PAS entirely from the funds that
I secured from NCN OPUS19 and OPUS22 grant programs.
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