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),57 also known as in vitro selection.58 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. 

-  
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Already a preliminary analysis of 1H 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 Lu3+  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 ( - ). 

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, ). 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 AMBER18 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 , which I 

deposited in the PDB database under access code 7QB3.
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 Pb2+, Mg2+ 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. 
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Zn2+ or Mg2+  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 , while the Pb2+ 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 . It is this difference 

that is responsible for the macroscopically distinct picture of the DNAzyme structure in the presence 

of Pb2+ with respect to the other cofactors. The molecular basis for this behavior is the existence of 

two metal binding sites   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 

, 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. 

-  

Pb2+, Mg2+ and Na+, I also 

continued the study the NMR studies of Zn2+ -

2+ binding sites. Since Zn2+ 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 I 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 

Zn2+, yet bind with an orders of magnitude lower affinity and thus can be easily replaced by added 

Zn2+ without accompanying changes to the DNA structure. To locate Zn2+ 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 Zn2+ titration to the already structured DNAzyme sample. This experiment 

-T base pair present at the 

to be impossible, as its metal affinity is so low (Kd > 10-3 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 Zn2+ 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 
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-  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 13C and 15N 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. 

 



 

-

 

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-

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 -

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,47,48 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 

-

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 

-end of the target RNA, as this is the minimal 

-  



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 system64 and potentially opened a path towards a deeper understanding of its 

mechanism of action in the presence of its biologically relevant cofactor Mg2+ 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 Zn2+ and the previously available crystallographic structure determined with a bound Pb2+

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 Mg2+. 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 Communications76 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 Zn2+ or Mg2+. Assuming however that it is not fundamentally 

different from the geometries observed for Pb2+ in the crystal and MD simulations,70 then the available 

structural data are sufficient to enable further studies aimed at the improvement of 8-

Mg2+ 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 9DB118 and 8-1719 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.20 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.60 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 

structures assumed by the most biologically relevant, complex RNA molecules, such as mRNA, 

- 77 81 The scarcity of methods 

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 

. 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.82 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.83 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. 

-
 

 

 

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 

 

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  -way 

 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 

 

 

Synchrotron SOLEIL (Master thesis internship 2013) 

During my Master thesis internship at Synchrotron SOLEIL my research work was 

photoelectron spectroscopy spectra. The conducted research resulted in one publication (position 

My main contribution to this paper was the development of a method to deconvolute 

photoelectron spectra of an HCl 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 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 



; 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 

-

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

below): 

 

1) , lectures and laboratory training on NMR 

Engineering) curriculum. Academic years 2019/2020, 2020/2021, 2021/2022, 
2022/2023. 
 

2) Adam Mickiewicz University - NanoBioMedical Center, lecture and  laboratory 
training on NMR spectroscopy for the students of e
interdyscyplinarne studia doktoranckie w zakresie nanotechnologii PhD program 
(POWR.03.02.00-00-I032/16). Academic years 2018/2019 and 2019/2020. 

 

3) Institute of Bioorganic Chemistry PAS, lectures: Modern Methods of NMR 
for PhD students of  Doctoral School of the Institutes of the 

Polish Academy of Sciences; Academic years 2020/2021 and 2024/2025 
 

4) organized by Adam 
Mickiewicz University - NanoBioMedical Center), workshop Two-dimensional 
NMR spectroscopy  an introduction Editions: 2018, 2019, 2022 

 

5) Institute of Bioorganic Chemistry PAS (Department of Biomolecular NMR), 
workshop: 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 

Adam Mickiewicz University 
 
- mgr PhD co-supervisor, 2021- , IBCh PAS 



- mgr PhD co-supervisor, 2022- , IBCh PAS

- mgr 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.


