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The interaction between dopamine and RNA structures holds significant potential for understanding 
neurotransmitter-driven RNA modulation and biosensor design. Here, we employ all-atom molecular 
dynamics (MD) simulations to investigate the concentration-dependent binding of dopamine to 
poly(rA)/poly(rU) complex. We reveal that the dopamine molecules are preferentially trapped by 
poly(A)/poly(U) complex where the dopamine catechol rings became oriented parallel towards to RNA 
amine rings, although with the increase of dopamine concentration we track a multi-mode binding 
of dopamine molecules, i.e., different configurations can be found. The increasing of dopamine 
concentration leads to the dense packing of poly(A)/poly(U) complex, where more than half of 
dopamine molecules are strongly bound. We argue that the dopamine shows mainly intercalation 
mechanism of stabilization of poly(A)–poly(U) complexes governed by the hydrogen bonds network 
formation. These findings offer new insights relevant to RNA-based biosensors and the interplay 
between neurotransmitters and nucleic acids.

Keywords  Molecular dynamics study, RNA, Poly(rA), Poly(rU), Dopamine, Neurotransmitter binding, 
Biosensors

Dopamine cognitive role is proven by its value not only in mental disorders, such as attention deficit hyperactivity 
disorder (ADHD) and Parkinson’s disease, but also in healthy states of stress and fatigue that are resulted from 
cognitive control deficit1. Even small fluctuations of dopamine concentration lead to huge and irreversible 
consequences in the brain, such as Parkinson’s disease and schizophrenia2–9. Proceeding from its irreplaceable 
importance and enormous damages for human mental and physical health, caused even at small concentration 
variations, it is actual to monitor its amount in the blood plasma and fix even very small alterations. However, 
today the techniques for dopamine concentration determination are intensively being searched10–21. One of the 
approaches to achieve this goal is to create biosensors that will detect dopamine concentration. On the other 
hand, it is very important to determine which biological material will be chosen as an underlayer for such 
biosensors10,20,21. In this study poly(rA)/poly(rU) complex was chosen as the possible underlayer for dopamine-
sensor.

Dopamine in different forms (neutral, protonated and deprotonated) was intensively investigated using 
various type of experiments22,23, as well as computational methods22,24–26. It is known that at physiological pH, 
the dopamine exists mainly in its cationic form, assuming that this is the active form for transport27,28. On the 
other hand, the theoretical calculations (ab initio molecular orbital study) also indicate that the dopamine is 
stable cationic molecule.

Different RNA/ligand complexes have been intensively studied2–29 to understand the binding properties 
and identify specific links between compounds. In this aspect, the ability of RNA to specifically recognize and 
tightly bind the dopamine molecules30,31 is important to figure out the high affinity of dopamine toward RNA. 
It is experimentally evidenced that RNA and DNA can detect dopamine24; however, the conformation and 
orientation issues are important to understand.

In this regards, molecular dynamics (MD) simulation method is proven to be the unique tool to study the 
structural, orientation and dynamic features of complex structures. We employ a series of long scale MD runs 
to examine RNA/dopamine complexes at wide concentration ranges aimed at revealing the binding affinity 
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and orientation properties of dopamine, as well as at predicting the modes of binding of dopamine inside of 
poly(rA)/poly(rU) couple.

Methods: construction and simulation details
20-meric poly(A) and 20-meric poly(U) molecules were constructed using Avogadro equation32. The starting 
configuration is shown in Fig. 1.

The dopamine molecule was created, using Ligand Reader and Modeler tools available at CHARMM-GUI 
server33. As an output, GROMACS compatible dopamine CHARMM36m force field was extracted from the 
same server34. The schematic presentation of dopamine molecule was shown in Fig.  2. All MD runs were 
carried out, using the latest version of GROMACS software package35 with CHARMM36m force field set33. 
The water molecules were represented as TIP3P36. In overall, five independent long-scale MD runs were 
performed at different dopamine concentrations and without dopamine (Control simulation/run), i.e. (i) 
control simulation—poly(A) and poly(U), (ii) 10 dopamine (0.016 M) molecules/poly(A)/poly(U) complex, (iii) 
20 dopamine (0.033 M) molecules/poly(A)/poly(U) complex, (iv) 30 dopamine (0.049 M) molecules/poly(A)/
poly(U) complex and (v) 50 dopamine (0.083 M) molecules/poly(A)/poly(U) complex. Note, that all simulations 
were done in the presence of 150 mM NaCl concentrations and in water bulk with a volume of 10 × 10 × 10 nm3.

To equilibrate the system thermally, for each case, short simulations in NVT ensemble (6 steps by protocol) 
were carried out, according to the standard protocols, described in CHARMM-GUI server33. Furthermore, each 
of 1000 ns production run at NPT ensemble was performed.

The MD protocols for all runs are: the room temperature and normal pressure was maintained, using Nose–
Hoover37 and Parrinello-Rahman38 algorithms, respectively. The LINCS algorithm39 was applied to maintain 
all bonds to their equilibration values. Particle Mesh Ewald (PME)40 approach was applied to implement 

Fig. 2.  The schematic presentation of cationated dopamine molecule. The molecule was rendered as CPK 
using VMD package. Colors are: nitrogen-blue, carbon-cyan, hydrogen-white and oxygen in red.

 

Fig. 1.  All-atom presentation of poly(A) (grey) and poly(U) (green) molecules. The molecules were rendered 
as Ribbons using VMD package.
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electrostatic part with a cut-off of 1.2 nm and for the same cut-off it was also applied to calculate van der Waals 
interactions. The coordinates and velocities were saved every 0.2 ns and the time-step of production run was 
2fs. For data analysis, GROMACS standard tools were used. The production runs for all cases were long enough 
and therefore, the replica runs to improve the statistics are not performed. The visualization and snapshots were 
done via VMD software package41.

All runs were performed on Armenian HPC infrastructure machine (“Aznavour” supermachine)42.

Results
First, we have checked the stability of the poly(A)/poly(U) complex, we calculated the root-mean-square 
deviation (RMSD), which is a quantitative measure aimed to assessing the accuracy of the simulation and the 
stability of the system. The RMSD curves are shown in Fig. 3. As one can see from RMSD curves, in the case 
of control simulation (without dopamine), we see the fluctuations till poly(A) and poly(U) come close to each 
other (~ 500 ns time-point) and form a complex. Poly(A)/poly(U) complex stays stable till ~ 800 ns time point 
and further, we see large fluctuations. Control simulation shows a maximum deviation of 3.5  nm, which is 
much higher compared to all structures with dopamine molecules. If we compare the structures with dopamine 
molecules, we see that the system with 20 dopamine molecules is the most stable, although one can mention that 
the system with 50 dopamine molecules exhibits a stability with a value of RMSD of ~ 2 nm.

Next, we evaluate the dimension and compactness of complex via calculation of radius of gyration of poly(A)/
poly(U) system. For all runs, the radius of gyration curves was monitored in Fig. 4. Note, that the mentioned 
parameter was determined via GROMACS gyrate code. For control simulation, we see the same tendency as in 
the case of RMSD, i.e. the large fluctuations till 500 ns time-point and the stabilization until ~ 800 ns time-point. 
The Rg  profiles in the case of dopamine molecules show that starting at ~ 100 ns time-points, the Rg  is stable 
and the corresponding averaged values in the presence of 10, 20, 30 and 50 dopamine molecules are ~ 1.54 nm, 
1.75 nm, 1.5 nm, and 1.72 nm. In the case of 30 dopamine molecules, the system is more compact with low Rg  
value, i.e. we track a dense packing of poly(A)/poly(U) complex.

Simultaneously, we have checked the distance between center of mass (C.O.M.) of poly(A) and poly(U). The 
corresponding profiles were monitored in Fig. 5. As one can see from profiles, the dense packing configurations 
mean small distances, which is obviously seen from the case of 30 dopamine molecules. In overall, the distances 
fluctuate from 1.5 to 2.5 nm in presence of dopamine molecules, while in control simulation, where there is no 
dopamine molecule, the distance between poly(A) and poly(U) is very large.

Thus, we argue that dopamine molecules lead to more compact packing of poly(A)/ poly(U) complex.
To understand well the binding of dopamine molecules, we have calculated, so-called, the binding or 

“trapped” dopamine molecules. Note, that the parameter was calculated using in-house TCL script. The plots are 
shown in Fig. 6. At small concentration of dopamine molecules, we track that almost all molecules penetrated 
into RNA bulk, i.e. 10 and 20 dopamine molecules can incorporate into the complex, while the increase of 
dopamine to 30 and 50, only 60% of dopamine molecules are in the poly(A)/poly(U) complex.

To reveal the orientation features of dopamine molecules, we have carefully examined the trajectories of 
various runs. The snapshots extracted from different time-point of Control simulation are shown in Fig.  7. 
We see that the poly(A) and poly(U) dynamically come close to each other by forming a complex. The visual 
inspection of trajectories claims that the, so-called, stability time constant (or binding time constant) which is 
lifetime of forming/disorganization is roughly ~ 200–300 ns.

Fig. 3.  The RMSD curve depending on simulation time for all cases of simulations.
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As you can see from the snapshots, at the end of simulation run, nine of ten dopamine molecules are trapped 
by poly(A)/poly(U) complex (see Fig. 8). Moreover, we track that four dopamine molecules bind to poly(U), 
while five molecules are capped by poly(A). Concerning the orientation of dopamine molecule, we see that the 
rings of dopamine are oriented parallel to poly(A) amine rings. DFT calculations43 with the B97D/6-31 + G* basis 
set claim that between dopamine and RNA/DNA the interacting complexes are formed, where the interplanar 
angle between the plane of dopamine’s aromatic ring and the plane of purine or pyrimidine is ranged from 6° 
to 47°43. For clarity, the close view picture is shown in Fig. 9, extracted from the same last point of simulation. 
From the typical structure of the dopamine-poly(A) at the last time-point snapshot (see Fig. 10), we see that the 
mean distance between two rings is roughly 4 Å. In contrary to poly(A), the orientation of trapped dopamine 
molecules in poly(U) is not straightforward and we track different positions and no peculiarities in orientation 
point of view.

Analyzing the next run (20 dopamine molecules/poly(A)/poly(U)), we found the same orientation tendency, 
i.e. some dopamine molecules are oriented in a such way, where the dopamine rings are parallel to the poly(A) 
amine rings. The snapshot from the last point of simulation was shown in Fig. 11.

Fig. 5.  The distance between C.O.M. of poly(A) and poly(U) depending on simulation time for all series of 
runs.

 

Fig. 4.  The radius of gyration depending on simulation time for all series of runs.
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Note, that parallel stacking is observed also in the case of poly(U), i.e. we see that some trapped dopamine 
molecules are oriented in such way as in the case of poly (A).

Increasing the dopamine concentration to 0.049 M (30 dopamine/poly(A)/poly(U) complex), we see more 
trapped dopamine molecules and the same orientation. The last point snapshot was shown in Fig. 12. Note, that 
in contrary to other concentrations, here, we have denser packing with lower Rg  value (see also Fig. 4).

The increasing concentration of dopamine up to 0.083 M, we have the following picture (see Fig. 13), where 
the parallel stacking modes are also available.

Thus, we imply that the dopamine molecules are mostly oriented parallel to RNA amine rings and increasing 
the concentration of dopamine lead to the growth of parallel orientation modes. Note, that with the increase 
of the dopamine concentrations, some dopamine molecules were intercalated into a core of poly(A)/poly(U) 
complex.

To estimate the hydrogen bond effect we figure out the different cases, including the hydrogen bond 
network between dopamine and water—HBDOP-WAT , dopamine and RNA—HBDOP-RNA, poly(A) and poly(U)—

Fig. 7.  The snapshots extracted from Control run (without dopamine) at different time-points. The next 
snapshot extracted from last time-point of 10 dopamine/poly(A)/poly(U) system is shown in Fig. 8. The 
snapshots were captured via VMD package. Colors are: poly(A)—grey, poly(U) — green.

 

Fig. 6.  The number of trapped dopamine molecules depending on simulation time for all series of runs.
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HBPoly(A)–Poly(U) and RNA and water—HBDOP-WAT. Hydrogen bonding plays a key role in stabilizing dopamine–
receptor complexes. The hydrogen atoms from catechol hydroxyl groups and the protonated amine (NH₃⁺) 
group in dopamine are capable of forming hydrogen bonds when acting as donors44,45. Note, that the hydrogen 
network formed by amine hydrogens is much stronger than those formed by catechol phenolic hydroxyls44. On 
the other hand, the oxygen atoms of dopamine also can be employed to form a hydrogen bonds, i.e. dopamine 
is considered as an acceptor25,44.

In Fig. 14, all possible cases to estimate the hydrogen bond network, were monitored. Note, that all plots were 
calculated via GROMACS hbond module.

As expected with the increase of dopamine concentration, we track the increase of hydrogen bonds between 
dopamine molecules and water. The data indicate the hydrogen bond network between NH3+ group and water, 
as well as between dopamine’s OH and water. The number of water molecules around the dopamine’s NH3+ and 
OH groups is estimated to be ~ 2–3, which is in good agreement with similar results46. In the case of HBDOP-WAT, 
the results show that the increase of dopamine concentration leads to reducing the number of bonds formed 
between RNA and water molecules. Discussing the poly(A)–poly(U) contacts, we see that in the case of control 
simulation (without any dopamine molecules), the hydrogen bonds appear, when poly(A)/poly(U) complex 
is formed and disappear, when two species are far from each other, when the lifetime of hydrogen bonding is 

Fig. 9.  Zoom on binding sites. The part of snapshot extracted from the last point of 10 dopamine/poly(A)/
poly(U) system (1000 ns). Colors are: poly(A)—grey, poly(U)—green, dopamine molecules—red.

 

Fig. 8.  The snapshot extracted from the last point of 10 dopamine/poly(A)/poly(U) system (1000 ns). Colors 
are: poly(A)—grey, poly(U)—green, the dopamine molecules are in red. The visualization was done by VMD 
package.
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estimated to be ~ 200–300 ns as clearly seen from the previous data (see snapshots in Fig. 7). Note, that there 
is no peculiarity, when the dopamine concentration increases, however, one can see that in the case of 20 and 
50 dopamine molecules, the number of H-contacts between poly(A) and poly(U) is reduced. Considering the 
dopamine-RNA case, one can argue that with the increase of dopamine concentration, the H-contacts with RNA 
increases, moreover, we argue that both catechol phenolic hydroxyls and hydrogens at NH3+ groups are involved 
in H-network. For clarity, we show the fragmental snapshot, extracted from the last point of 10 dopamine/
poly(A)/poly(U) system, where two H-bonds cases are shown (Fig. 15).

Fig. 11.  The snapshot extracted from the last point of 20 dopamine/poly(A)/poly(U) system (1000 ns). Colors 
are: poly(A)—grey, poly(U)—green, the dopamine molecules are in red. The parallel stackings are labelled as 
blue rectangles. The visualization was done by VMD package.

 

Fig. 10.  Representative structure of dopamine/poly(A) pair captured at 1000 ns snapshot of 10 dopamine/
poly(A)/poly(U) system. The distances are in Angstroms. Colors are: poly(A)—grey, dopamine molecules—
red.
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Conclusion
We have performed MD simulation of poly(A)/poly(U) complexes in the presence of cationated dopamine at 
physiological conditions. A series of long-scale runs were carried out on dopamine/poly(A)/poly(U) complexes, 
where the wide concentration range of dopamine is considered. We see, when the dopamine molecules are 
added to the poly(A)/poly(U) system, the latter becomes more compact, i.e. the increasing of the dopamine 
concentration leads to more dense packing of poly(A)/poly(U) complex. In control run, the poly(A) and poly(U) 

Fig. 13.  The snapshot extracted from the last point of 50 dopamine/poly(A)/poly(U) system (1000 ns). Colors 
are: poly(A)—grey, poly(U)—green, the dopamine molecules are in red. The visualization was done by VMD 
package.

 

Fig. 12.  The snapshot extracted from the last point of 30 dopamine/poly(A)/poly(U) system (1000 ns). Colors 
are: poly(A)—grey, poly(U)—green, the dopamine molecules are in red. The visualization was done by VMD 
package.
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molecules are periodically organized and disorganized in the complex, and the stability time constant (or 
binding time constant), which measures the time, when two compounds come together to form the complex, is 
roughly ~ 200–300 ns. Adding the dopamine to the system leads to the stabilization of the complex and when at 
the beginning of run the poly(A) and poly(U) form a complex, they remain stable over all course of production 

Fig. 15.  Zoom on one of dopamine molecule in the part of snapshot, extracted from the last point of 10 
dopamine/ poly(A)/poly(U) system (1000 ns).

 

Fig. 14.  The number of hydrogen bonds depending on production runs for different cases.

 

Scientific Reports |        (2025) 15:21379 9| https://doi.org/10.1038/s41598-025-06690-7

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


run. Thus, we argue that the compact structure of the poly(A) /poly(U) complex is stabilized by the binding of 
dopamine molecules, i.e. the dopamine molecules serve as a linkage between two RNA molecules. In fact, RNA-
dopamine hydrogen bonds are partially displaced by the RNA-RNA hydrogen bonds.

When concentration of dopamine increases, the number of trapped molecules increases and at some point, 
the saturation occurs, when about half of dopamine (0.083 M) molecules bind to the poly(A)/poly(U) complex.

Discussing the orientation of dopamine molecules, we argue that most of them are oriented in parallel, i.e. 
the dopamine ring is parallel to RNA amine group, where the average distance between rings is roughly 4 Å.

The poly(A)/poly(U) complex is stabilized by hydrogen bonds, formed between RNA and dopamine 
molecules, where both hydroxyls of the catechol moiety and hydrogens at NH3+ groups are involved in hydrogen 
network. According to the hydrogen bond results, we see that the dopamine exhibits mainly intercalation 
mechanism of stabilization of poly(A)–poly(U) complexes, accompanied by the hydrogen bonds formation 
between RNA and dopamine molecules, suppressing formation of hydrogen bonds between RNA-water.

Data availability
All data generated or analysed during this study are included in this published article. Besides, some supporting 
materials (coordinate files) from this study are available at www.bioinformatics.am for validation and further 
use.

Received: 11 February 2025; Accepted: 10 June 2025

References
	 1.	 Cools, R. Chemistry of the adaptive mind: Lessons from dopamine. Neuron 104, 113–131 (2019).
	 2.	 Skupa, K., Melichercik, M. & Urban, J. A computational study of the interaction between dopamine and DNA/RNA nucleosides. 

J. Mol. Model 21, 1–10. https://doi.org/10.1007/s00894-015-2788-9 (2015).
	 3.	 Nira, B.-J. Dopamine: a prolactin inhibiting hormone. Endocrine Rev. 6(4), 564–589. https://doi.org/10.1210/edrv-6-4-564 (1985).
	 4.	 Wise, R. A. & Robble, M. A. Dopamine and addiction. Annu. Rev. Psychol. 71, 79–106 (2020).
	 5.	 Stoker, T. B. & Greenland, J. C. Parkinson’s Disease: Pathogenesis and Clinical Aspects (Codon Publications, 2018). ​h​t​t​p​s​:​​​/​​/​d​o​​i​.​o​r​​g​/​​

1​0​.​1​5​5​​​8​6​/​c​o​​d​o​n​p​u​b​​l​i​c​a​t​i​​​o​n​s​.​p​​a​r​k​i​n​s​o​n​s​d​i​s​e​​a​s​e​.​2​0​1​8.
	 6.	 Paul, J. T. & Krawczewski, K. Parkinsonism: A review-of-systems approach to diagnosis. Semin. Neurol. 27(2), 113–122 (2007).
	 7.	 Juárez, O. H., Calderón, G. D., Hernández, G. E. & Barragán, M. G. The role of dopamine and its dysfunction as a consequence of 

oxidative stress. Oxid. Med. Cell Longev. 2016(1), 9730467 (2016).
	 8.	 Lee, S. H. et al. Clinical factors and dopamine transporter availability for the prediction of outcomes after globus pallidus deep 

brain stimulation in Parkinson’s disease. Sci. Rep. 12, 16870 (2022).
	 9.	 Xu, H. & Yang, F. The interplay of dopamine metabolism abnormalities and mitochondrial defects in the pathogenesis of 

schizophrenia. Transl. Psychiatry 12, 464. https://doi.org/10.1038/s41398-022-02233-0 (2022).
	10.	 Sliesarenko, V., Bren, U. & Lobnik, A. Fluorescence based dopamine detection. Sens. Actuat. Rep. 7, 100199. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​

1​6​/​j​.​s​n​r​.​2​0​2​4​.​1​0​0​1​9​9​​​​ (2024).
	11.	 Jackowska, K. & Krysinski, P. New trends in the electrochemical sensing of dopamine. Anal. Bioanal. Chem. 405, 3753–3771. 

https://doi.org/10.1007/s00216-012-6578-2 (2013).
	12.	 Ouellette, M., Mathault, J., Niyonambaza, S. D., Miled, A. & Boisselier, E. Electrochemical detection of dopamine based on 

functionalized electrodes. Coatings 9(8), 496. https://doi.org/10.3390/coatings9080496li2013 (2019).
	13.	 Aparna, R. S., Anjali Devi, J. S., Nebu, J., Syamchand, S. S. & George, S. Rapid response of dopamine towards insitusynthesised copper 

nanocluster in presence of H2O2. J. Photochem. Photobiol. A: Chem. 379, 63–71. https://doi.org/10.1016/j.jphotochem.2019.04.043 
(2019).

	14.	 Zhu, L. et al. Highly sensitive determination of dopamine by a turn-on fluorescent biosensor based on aptamer labeled carbon dots 
and nano-graphite. Sens. Actuat. B: Chem. 31, 506–512. https://doi.org/10.1016/j.snb.2016.03.084 (2016).

	15.	 Chen, X., Zheng, N., Chen, S. & Ma, Q. Fluorescence detection of dopamine based on nitrogen-doped graphene quantum dots and 
visible paper-based test strips. Anal. Methods https://doi.org/10.1039/C7AY00028F (2017).

	16.	 Tang, X.-Y. et al. Turn-on fluorescent probe for dopamine detection in solutions and live cells based on in situ formation of 
aminosilane-functionalized carbon dots. Anal. Chim. Acta. https://doi.org/10.1016/j.aca.2021.338394 (2021).

	17.	 Wei, X., Zhang, Z. & Wang, Z. A simple dopamine detection method based on fluorescence analysis and dopamine polymerization. 
Microchem. J. 145, 55–58. https://doi.org/10.1016/j.microc.2018.10.004 (2019).

	18.	 Liu, X., Tian, M., Gao, W., Zhao, J. & Simple, A. Rapid, fluorometric assay for dopamine by in situ reaction of boronic acids and 
cis-diol. J. Anal. Methods Chem. https://doi.org/10.1155/2019/6540397 (2019).

	19.	 Zhang, X. et al. A simple, fast and low-cost turn-on fluorescence method for dopamine detection using in situ reaction. Anal. 
Chim. Acta 944, 51–56. https://doi.org/10.1016/j.aca.2016.09.02 (2016).

	20.	 Liu, X. & Liu, J. Biosensors and sensors for dopamine detection. VIEW 2, 20200102. https://doi.org/10.1002/VIW.20200102 
(2021).

	21.	 Ravariu, C. From enzymatic dopamine biosensors to OECT biosensors of dopamine. Biosensors 13, 806. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​3​3​9​0​/​b​
i​o​s​1​3​0​8​0​8​0​6​​​​ (2023).

	22.	 Huang, X. & Zhan, C.-G. How dopamine transporter interacts with dopamine: insights from molecular modeling and simulation. 
Biophys. J. 93(10), 3627–3639 (2007).

	23.	 Uhl, R. G. Dopamine transporters: basic science and human variation of a key molecule for dopaminergic function, locomotion, 
and Parkinsonism. Mov. Disord. 18, S71–S80 (2003).

	24.	 Sharifian, M., Heidari, T., Razmkhah, M. & Moosavi, F. Dopamine interaction with DNA/RNA aptamers: molecular dynamics 
simulation. Comput. Theor. Chem. 1243, 114990 (2025).

	25.	 Singh, R. et al. DNA tetrahedral nanocages as a promising nanocarrier for dopamine delivery in neurological disorders. Nanoscale 
16, 15158–15169 (2024).

	26.	 Zhou, M., Cheng, K. & Jia, G.-Z. Molecular dynamics simulation studies of dopamine aqueous solution. J. Mol. Liq. 230, 137–142 
(2017).

	27.	 Berfield, J. L., Wang, L., Maarten, C. & Reith, E. A. Which form of dopamine is the substrate for the human dopamine transporter: 
The cationic or the uncharged species?. J. Biol. Chem. 274, 4876–4882 (1999).

	28.	 Krueger, B. K. Kinetics and block of dopamine uptake in synaptosomes from rat caudate nucleus. J. Neurochem. 55, 260–267 
(1990).

	29.	 Álvarez-Martos, I., Campos, R. & Ferapontova, E. E. Surface state of the dopamine RNA aptamer affects specific recognition and 
binding of dopamine by the aptamer-modified electrodes. Analyst 140, 4089–4096 (2015).

Scientific Reports |        (2025) 15:21379 10| https://doi.org/10.1038/s41598-025-06690-7

www.nature.com/scientificreports/

http://www.bioinformatics.am
https://doi.org/10.1007/s00894-015-2788-9
https://doi.org/10.1210/edrv-6-4-564
https://doi.org/10.15586/codonpublications.parkinsonsdisease.2018
https://doi.org/10.15586/codonpublications.parkinsonsdisease.2018
https://doi.org/10.1038/s41398-022-02233-0
https://doi.org/10.1016/j.snr.2024.100199
https://doi.org/10.1016/j.snr.2024.100199
https://doi.org/10.1007/s00216-012-6578-2
https://doi.org/10.3390/coatings9080496li2013
https://doi.org/10.1016/j.jphotochem.2019.04.043
https://doi.org/10.1016/j.snb.2016.03.084
https://doi.org/10.1039/C7AY00028F
https://doi.org/10.1016/j.aca.2021.338394
https://doi.org/10.1016/j.microc.2018.10.004
https://doi.org/10.1155/2019/6540397
https://doi.org/10.1016/j.aca.2016.09.02
https://doi.org/10.1002/VIW.20200102
https://doi.org/10.3390/bios13080806
https://doi.org/10.3390/bios13080806
http://www.nature.com/scientificreports


	30.	 Mannironi, C., Di Nardo, A., Fruscoloni, P. & Tocchini-Valentini, G. P. In vitro selection of dopamine RNA ligands. Biochemistry 
36, 9726–9734 (1997).

	31.	 Walsh, R. & DeRosa, M. C. Retention of function in the DNA homolog of the RNA dopamine aptamer. Biochem. Biophys. Res. 
Commun. 388(4), 732–735 (2009).

	32.	 Hanwell, M. D. et al. Avogadro: An advanced semantic chemical editor, visualization, and analysis platform. J. Cheminform. 4, 1–17 
(2012).

	33.	 Jo, S., Kim, T., Iyer, V. G. & Im, W. CHARMM-GUI: A web-based graphical user interface for CHARMM. J. Comput. Chem. 29, 
1859–1865 (2008).

	34.	 Huang, J. et al. CHARMM36m: An improved force field for folded and intrinsically disordered proteins. Nat. Methods 14, 71–73. 
https://doi.org/10.1038/nmeth.4067 (2017).

	35.	 Abraham, M. J. et al. GROMACS: High performance molecular simulations through multi-level parallelism from laptops to 
supercomputers. SoftwareX 1, 19–25 (2015).

	36.	 Jorgensen, W. L., Chandrasekhar, J., Madura, J. D., Impey, R. W. & Klein, M. Comparison of simple potential functions for 
simulating liquid water. J. Chem. Phys. 79, 926–935 (1983).

	37.	 Nosé, S. A unified formulation of the constant temperature molecular-dynamics methods. J. Chem. Phys. 81(1), 511–519 (1984).
	38.	 Rahman, A. & Parrinello, N. Polymorphic transitions in single crystals: A new molecular dynamics method. J. Appl. Phys. 52, 

7182–7189 (1981).
	39.	 Hess, B., Bekker, H., Berendsen, H. J. C. & Fraaije, J. LINCS: A linear constraint solver for molecular simulations. J. Comput. Chem. 

18, 1463–1472 (1987).
	40.	 Darden, T., York, D. & Pedersen, L. Particle mesh Ewald: An N·log(N) method for Ewald sums in large systems. J. Chem. Phys. 98, 

10089 (1993).
	41.	 Humphrey, W., Dalke, A. & Schulten, K. VMD: Visual molecular dynamics. J. Mol. Graph. 14, 33–38 (1996).
	42.	 Shahinyan, A. A., Poghosyan, A. H. & Astsatryan, H. V. Parallel peculiarities and performance of GROMACS package on HPC 

platforms. Int. J. Sci. Eng. Res. 4, 1755–1761 (2013).
	43.	 Skúp, K., Melicherčík, M. & Urban, J. A computational study of the interaction between dopamine and DNA/RNA nucleosides. J. 

Mol. Model. 21, 241 (2015).
	44.	 Zhai, C. et al. Experimental and theoretical study on the hydrogen bonding between dopamine hydrochloride and N,N-dimethyl 

formamide. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 145, 500–504 (2015).
	45.	 Siani, P. & Di Valentin, C. Effect of dopamine-functionalization, charge and pH on protein corona formation around TiO2 

nanoparticles. Nanoscale 14, 5121–5137 (2022).
	46.	 Callear, S. K., Johnston, A., McLain, S. E. & Imberti, S. Conformation and interaction of dopamine hydrochloride in solution. J. 

Chem. Phys. 142, 014502 (2015).

Acknowledgements
We thank for the computational resources (“Aznavour” HPC) provided at the Institute of Informatics and Auto-
mation Problems of NASRA.

Author contributions
All authors contributed to the study. Armen Poghosyan and Yevgeni Mamasakhlisov designed and performed 
the experiments. Armen Poghosyan wrote the first draft of the manuscript and all authors commented on the 
previous version of the manuscript. Mariam Shahinyan wrote the introduction part and designed the manu-
script. Armen Poghosyan, Yevgeni Mamasakhlisov, Zvart Movsisyan and Marine Parsadanyan conceptualized, 
read, edited and designed the final manuscript. Poghos Vardevanyan supervised the manuscript. All authors 
approved the final version of the manuscript.

Funding
This research was supported by the Higher Education and Science Committee of MESCS RA (Research project 
№ 24WS-1F011).

Declarations

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.A.P.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 
4.0 International License, which permits any non-commercial use, sharing, distribution and reproduction in 
any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide 
a link to the Creative Commons licence, and indicate if you modified the licensed material. You do not have 
permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence 
and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to 
obtain permission directly from the copyright holder. To view a copy of this licence, visit ​h​t​t​p​:​/​/​c​r​e​a​t​i​v​e​c​o​m​m​o​
n​s​.​o​r​g​/​l​i​c​e​n​s​e​s​/​b​y​-​n​c​-​n​d​/​4​.​0​/​​​​​.​​

© The Author(s) 2025 

Scientific Reports |        (2025) 15:21379 11| https://doi.org/10.1038/s41598-025-06690-7

www.nature.com/scientificreports/

https://doi.org/10.1038/nmeth.4067
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.nature.com/scientificreports

	﻿Molecular simulation study of RNA/dopamine complex dynamics at varying concentrations
	﻿Methods: construction and simulation details
	﻿Results
	﻿Conclusion
	﻿References


