
                     Univerzita Komenského v Bratislave                                            

                  Fakulta matematiky, fyziky a informatiky 
 

               
 

 

 

 

 

 

 

 

 

 

 

Katarína Skúpa 
 

 
 

Autoreferát dizertačnej práce 
 

 
 

Computational studies concerning RNA or DNA 
aptamers 

 
 
 
 
 
 

na získanie akademického titulu philosophiae doctor 

v odbore doktorandského štúdia:   4.1.12  Biofyzika 

 
 
 
 
 
 
 
 

Bratislava, 11. máj 2017 

 

http://www.fmph.uniba.sk/fileadmin/user_upload/editors/fakulta/obrazova_galeria/logo/FMFIUK_LIN.jpg


Dizertačná práca bola vypracovaná v dennej forme doktorandského štúdia na Katedre 

jadrovej fyziky a biofyziky Fakulty matematiky, fyziky a informatiky, Univerzity 

Komenského v Bratislave. 

 

Predkladateľka: 

Mgr. Katarína Skúpa 

Katedra jadrovej fyziky a biofyziky 

Fakulta matematiky, fyziky a informatiky 

Univerzity Komenského 

Mlynská dolina 

842 48 Bratislava 

 

Školiteľ: 

prof. RNDr. Ján Urban, DrSc. 

Katedra jadrovej fyziky a biofyziky, FMFI UK  

 

Predseda odborovej komisie: 

prof. RNDr. Tibor Hianik, DrSc. 

Katedra jadrovej fyziky a biofyziky 

Fakulta matematiky, fyziky a informatiky 

Univerzity Komenského 

Mlynská dolina 

842 48 Bratislava 

 

 

 

Študijný odbor:     4.1.12  Biofyzika 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Abstract 

 
 Aptamers are short segments of nucleic acids that form an interesting class of 

molecules because of their wide applicability, for example, they can be used as drugs or as 

recognition elements in biosensors. In this PhD thesis, we present the results of computer 

simulations and quantum chemical calculations concerning two different aptamers. 

 The first is the dopamine binding aptamer. Since its tertiary structure is unknown, our 

calculations were limited to the search of optimal structures of complexes between dopamine 

and individual nucleosides and subsequent calculations of absorption electronic spectra 

obtained by the TD DFT method. According to our results, the spectral change that occurs 

after the formation of complex between dopamine and nucleoside depends on the nucleobase. 

In case of purine base, a red shift of the excitation maximum occurs while for the pyrimidine 

bases there is a blue shift.  

 The other aptamer, called Spinach, is characteristic by its ability of green fluorescence 

in complex with its ligand. Crystal structure of this aptamer in complex with the ligand was 

published in 2014 which allowed us to study their interaction computationally. We focused on 

suggesting new modifications of the ligand that would result in red-shifted fluorescence of the 

complex compared to the original ligand. It is also important for the modified ligands to retain 

or increase the binding affinity to Spinach.  Our results are based on combined QM:MM 

calculations with DFT method used for geometry optimization and TD-DFT calculations of 

absorption and emission electronic spectra. Considering the effect of the surrounding 

environment on the spectra, we compared two approaches – PCM model and the QM:MM 

method. We tested several modifications of the original ligand and we found two molecules 

that fulfill the given requirements.  



1  Introduction 
 

 

The scope of this PhD thesis is to study RNA or DNA aptamers by means of computer 

simulations. Aptamers are short nucleic acid segments, which can bind with high affinity and 

specificity to a wide range of molecules [1]. The RNA/DNA aptamers form an attractive class 

of molecules because they are widely applicable. They can be used in medicine, 

pharmaceutics, environmental and food analytics as diagnostic and therapeutic agents and as 

recognition elements [2].  The first aptamer based therapeutic was approved in 2004 for the 

treatment of age-related macular degeneration and several other aptamers are currently being 

evaluated in clinical trials [3]. Examples of the aptamers under clinical trials are anti-

coagulant, anti-angiogenesis or even anti-cancer aptamers [3]. 

Theoretical contributions to the field of RNA/DNA aptamers are mostly concerning those 

aptamers which have experimentally resolved tertiary structure. In this PhD thesis, we are 

interested in two aptamers – dopamine binding aptamer and aptamer called Spinach. 

Dopamine is an important biomolecule which serves as a hormone and a neurotransmitter 

in the central nervous system. Abnormal levels of dopamine in the brain are associated with 

disorders such as Parkinsonism and schizophrenia. The dopamine binding RNA aptamer was 

found in 1997 [4] and it was later converted into a DNA aptamer. It was found that this DNA 

homolog showed similar specificity and improved affinity compared to the original RNA 

aptamer [5]. The tertiary structure of these aptamers is unknown and our computational study 

is therefore limited to a quantum chemical description of interaction between the dopamine 

molecule and single ribonucleosides/ deoxyribonucleosides. For each nucleoside we were 

looking for energetically most stable complexes of dopamine + nucleoside in vacuum and 

model water based on potential energy surface. The search was performed with the simulation 

annealing protocol in molecular dynamics simulations starting from 500 random positions for 

each dopamine-nucleoside pair. Subsequently, a geometry optimization of coordinates of the 

complex was performed using the semi-empirical PM3 method and 20 structures with the 

lowest interaction energy were re-optimized using DFT method with M062X functional. On 

the acquired complexes, we calculated vertical excitation energies using CIS and TD-DFT 

method with PBE0 functional and compared the results with excitation energies of the 

dopamine molecule alone and single nucleosides. The experimental absorption spectrum of 

the dopamine-aptamer complex has not yet been published. However, a future comparison of 



our computational results to experiment might yield additional information about the binding 

site of the aptamer.   

The aptamer called Spinach is characteristic by its ability of emitting green light in 

complex with its ligand – fluorophore DFHBI. The Spinach aptamer is an RNA substitute of 

the Green Fluorescent Protein (GFP). The GFP protein became an important biological tool in 

the last few decades because it enables visualization of proteins in cells. Modifications of the 

GFP protein shining with different colors also have large exploitation since they enable 

simultaneous visualization of different proteins. 

Complementary to the fluorescent proteins, which mark proteins, the Spinach aptamer 

enables visualization of RNA molecules and therefore a more detailed study of their function 

and regulation. The crystal structure of Spinach aptamer was published in July of 2014. The 

knowledge of the tertiary structure allowed us to study the complex of Spinach aptamer with 

its ligand by the use of computational methods.  

 

Figure 1: Tertiary structure of the Spinach aptamer and structure of the DFHBI chromophore 

 

 

 

Using various computational methods, we studied modifications of the Spinach’s 

original DFHBI chromophore with the aim to achieve a red-shifted fluorescence of the 

modified chromophore in complex with Spinach. Absorption and emission energies of the 

modified chromophores in complex with the Spinach aptamer were calculated by time-

dependent density functional theory (TD-DFT). The impact of the Spinach aptamer on 

geometry of the chromophore and the binding pocket were modeled using the ONIOM 



method with DFT as the higher level quantum mechanics (QM) method and molecular 

mechanics (MM) as the lower level method. Stability of the complexes of different 

chromophores with Spinach was assessed on the basis of binding energy including a 

correction for desolvation effects. This work was inspired by the experimental paper of Song 

et al. [6] where two modifications of the DFHBI chromophore were found with a red-shifted 

emission spectrum in complex with Spinach. However, these two modifications had higher 

values of dissociation constant than DFHBI which means that they form less stable complexes 

with Spinach and it causes decreased fluorescence brightness.  

Our main goal was to find new modifications of the DFHBI chromophore such that the 

resultant complex with the Spinach aptamer would fluoresce at longer wavelengths than 

DFHBI but it was important that the modified chromophores form complexes at least as stable 

as the original DFHBI chromophore. 

 Recently, a new modification of the DFHBI chromophore has been found 

experimentally by Ilgu et al. [7] with a 5-fold lower value dissociation constant than DFHBI 

thus resulting in a significantly brighter complex with Spinach. We tested if our model 

achieves an agreement with these experimental results and investigated several new 

modifications of the ligand suggested in [7] to see the effect on the binding energy with the 

goal of finding modifications with even stronger interactions with the Spinach aptamer. 

 

2  Results 
 

 

. In the first project, we were interested in the interaction between protonated dopamine 

and RNA/DNA nucleosides. The reason why we studied both ribonucleosides and 

deoxyribonucleosides lies in the previous discovery that RNA and DNA versions of the 

analogous sequence showed similar affinity and specificity. The affinity of the DNA aptamer 

for dopamine was found to be a little higher. In our DFT calculations with M062X functional 

and aug-cc-pVDZ basis set, we found that the most stable complexes are formed between 

dopamine and guanosine and that the complexes are stabilized by three hydrogen bonds and 

stacking interaction, see Figure 2. The complex with ribo-guanosine is more stable than 

deoxyguanosine complex – the interaction energy difference is 4kcal/mol in vacuum. The 

structural difference between the two complexes is that in case of riboguanosine complex the 

hydroxyl moiety at second carbon of ribose is engaged in hydrogen bonding with dopamine. 



This moiety is missing in case of deoxyguanosine and instead of it the oxygen that encloses 

the ribose ring is engaged in the hydrogen bonding. 

 

Figure 2:  Structure of the complex of dopamine with riboguanosine 

 

 

 

Our results for the vertical excitations in the complexes show small changes in the 

excitation energies of different transitions and more significant changes in the corresponding 

oscillator strengths. According to our TDDFT and CIS results, the first excitation energy 

changes are small, less than 0.1eV in most complexes, for some complexes the shift is red and 

for some it is blue. However, what holds for all the complexes is that the oscillator strength of 

the first dopamine’s transition decreases after the complex formation. Furthermore, in the CIS 

results a rule can be observed that the higher is the interaction energy of the complex, the 

higher decrease of the oscillator strength occurs. Concerning the nucleosides, the changes of 

the first excitation after the complex formation are different for nucleosides with purine and 

with pyrimidine base. In the purine nucleosides, there is a redshift and a hypochromic shit. In 

case of nucleosides with guanine base, which form the most stable complexes with dopamine, 

the decrease in excitation energy is up to 0.25eV and the oscillatory strength decreases to half 

of its value. In the pyrimidine nucleosides, a blue shift occurs and the oscillatory strength 

increases in (d)cytosine and decreases in uridine and thymidine.  The absorption spectra of 

dopamine interacting with DNA in PBS buffer were reported in references [8, 9]. In these 

references, the absorbance of the dopamine’s first excitation was found to increase a little 

after the addition of DNA. More significant was the change in absorption spectrum of DNA 

after the addition of dopamine – the absorption peak red-shifted from 260nm to 275nm and 

the absorption increased more significantly than the absorption of dopamine. These results do 

not coincide with our results. However, the authors of these references concluded that the 

electrostatic interaction between positively charged dopamine and negatively charged 



polyanion DNA was the main interaction mode in their experiment [8]. Our excited state 

calculations were performed on complexes with neutral nucleosides where the interaction was 

mediated by hydrogen bonds and stacking.  

 

 In the second project, we studied the complex of Spinach aptamer with its original 

ligand and with various modifications of the ligand. The Spinach aptamer was developed as a 

RNA analog of the Green Fluorescent Protein and its role is to serve as a tool for visualization 

of RNA molecules. The fluorescence occurs when the 3,5-difluoro-4-hydroxybenzylidene-

imidazolinone (DFHBI) molecule interacts with the Spinach, but DFHBI or Spinach are non-

fluorescent when separate. In ref. [6], the search for modifications of the DFHBI 

chromophore was motivated and two molecules were found in their experiments. These 

molecules cause a redshift in the emission spectrum of the chromophore+Spinach complex, 

however for one of the molecules, DFHBI-1T, the redshift of the emission maximum was 

only 4 nm and in the other, DFHBI-2T, which had a redshift of 22 nm, there was a reduction 

in the binding affinity and therefore a decrease in the fluorescence brightness. In 2014, crystal 

structure of the aptamer in complex with the original chromophore DFHBI was published and 

it allowed us to investigate the complex computationally. In our contribution, we started by 

checking the results of [6] using the computational approach. A good agreement was found 

between our results and the experiment for both spectral properties and binding affinity 

estimates. Afterwards, we found 15 molecules that had red-shifted absorption maximum in 

the water solvent when compared to DFHBI, see Figure 3, and 10 among these chromophores 

had a red-shifted emission spectrum in complex with Spinach.  

 Our results are based on combined quantum mechanical – molecular mechanical 

simulations using the ONIOM implemented in Gaussian 09.  The more affordable  

ONIOM-ME (mechanical embedding) version, which describes the interactions between QM 

and MM regions by the molecular mechanics model, was used for geometry optimizations, 

and the demanding ONIOM-EE (electronic embedding) method, which includes the point 

charges of the atoms from the MM region into the Hamiltonian, was used for calculations of 

the electronic transition energies. As the QM method, the DFT and TD DFT were chosen with 

the use of different functionals: m062x, wB97x and CAM-B3LYP and the MM forcefield was 

Amber96.  The QM region, depicted in Figure 4, consisted of the chromophore and four 

nearby nucleobases and the rest of the aptamer together with water and cations was described 

by MM. In the calculations of absorption and emission energies, surrounding of the QM 

region was also modeled using the corrected linear response formalism of PCM model with 



solvent of medium dielectric constant. In most complexes, there was approximately 10 nm 

difference between PCM and ONIOM-EE results, the PCM results suggesting longer 

wavelengths than ONIOM-EE are in better agreement with experiment. The comparison of 

the absorption and emission wavelength for various chromophores in complex with Spinach 

gives consistent results using both methods.  

 

DFHBI-2T 
DFHBI-CN DFHBI-NH3 2T-ME 

2T-bridge-CL 2T-bridge-N 2T-switch Ring6-DM 

DFHBI-CO DsRed PSmOrange 2T-CO 

 

DFHBI-S 

 

DFHBI-S-1O 

 

DFHBI-S-3O 

 

Izo-thio 

Figure 3: Suggested modifications of DFHBI chromophore that have red-shifted absorption maximum 

in solvent when compared to DFHBI.  

 

Figure 4: The QM domain of the combined quantum mechanical / molecular mechanical calculations 

consisted of the chromophore (the element coded molecule) and surrounding nucleotides (red are 

guanines and blue is adenine) with an additional ribose sugar that interacts with the chromophore by a 

hydrogen bond 



Estimates of binding affinity were performed on the basis of binding energy including 

a correction for desolvation effects. First, we compared the ONIOM energy of the complex of 

chromophore, Spinach, water and cations with the ONIOM energy of the same system with 

removed chromophore and the QM energy of the chromophore in vacuum. Using this 

strategy, we found that out of the 10 molecules that have red-shifted fluorescence wavelength 

in complex with Spinach, only 3 form complexes that are more stable than the original 

DFHBI chromophore.  These were obtained by substituting the methyl group at position 2 of 

DFHBI molecule by CN group or carbonyl group and by extending the imidazolinone ring of 

DFHBI into pyrazineone ring. However, we realized that these results might be an artifact of 

the binding energy definition that we used because, for example, a hydrogen bond between 

the oxygen of hydroxybenzylidene and a closely located water molecule was formed in some 

complexes but not in others. We suggested a revised model based on describing a bigger part 

of the aptamer by the QM method and using a PCM model to describe the interactions with 

solvent. No further geometry optimization was performed, which allowed us to include 10 

nucleosides of the chromophore's binding site in the DFT calculations. These calculations 

confirmed that the modification with CN substituent and the modification with the 

pyrazineone ring have lower binding energy than DFHBI, and therefore form more stable 

complexes, but excluded the modification with carbonyl substituent.  

 

 

DFHBI-pentafluorobenzyl 

 

DFHBI-phenyl 

Figure 5: Left: Scheme of the molecule found by Ilgu et al that stabilized the complex with Spinach 

aptamer and thus increases fluorescence brightness. Right: We found that substituting the 

pentafluorobenzyl by phenyl decreases the binding energy which means even stronger stabilization of 

the complex. 

 

 In a recent reference of Ilgu et al. [7], it was found that extension of the DFHBI 

molecule by a pentafluorobenzyl leads to a 5-fold lower value of dissociation constant and 

therefore a complex with significantly higher fluorescent yield. In our simulations, we 

achieved a qualitative agreement in the binding energy of the complex of this ligand with 

Spinach compared to DFHBI and we investigated several substituents to see the effect on the 

binding energy. We found that using a benzyl group instead of pentafluorobenzyl destabilizes 



the complex. Similar effects were found when the methylene bridge connecting the 

pentafluorobenzyl to the imidazolinone was substituted into sulphur or oxygen bridge. Also, 

we tried to extend the pyrazinone ring modification of DFHBI by the pentafluorobenzyl, but 

the effect was again destabilizing. The only stabilizing modification that we found was 

obtained by substituting the pentafluorobenzyl moiety by phenyl, see Figure 5. A possible 

reason for the stabilization is that in the binding site within the Spinach aptamer, this moiety 

is surrounded by a polar environment formed by two ribose sugars.  
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