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A B S T R A C T   

Small molecules as ligands target multifunctional ribonucleic acids (RNA) for therapeutic 
engagement. This study explores how the anticancer DNA intercalator harmine interacts various 
motifs of RNAs, including the single-stranded A-form poly (rA), the clover leaf tRNAphe, and the 
double-stranded A-form poly (rC)-poly (rG). Harmine showed the affinity to the polynucleotides 
in the order, poly (rA) > tRNAphe > poly (rC)⋅poly (rG). While no induced circular dichroism 
change was detected with poly (rC)poly (rG), significant structural alterations of poly (rA) fol-
lowed by tRNAphe and occurrence of concurrent initiation of optical activity in the attached 
achiral molecule of alkaloid was reported. At 25 ◦C, the affinity further showed exothermic and 
entropy-driven binding. The interaction also highlighted heat capacity (ΔCo

p) and Gibbs energy 
contribution from the hydrophobic transfer (ΔGhyd) of binding with harmine. Molecular docking 
calculations indicated that harmine exhibits higher affinity for poly (rA) compared to tRNAphe 

and poly (rC)⋅poly (rG). Subsequent molecular dynamics simulations were conducted to inves-
tigate the binding mode and stability of harmine with poly(A), tRNAphe, and poly (rC)⋅poly (rG). 
The results revealed that harmine adopts a partial intercalative binding with poly (rA) and 
tRNAphe, characterized by pronounced stacking forces and stronger binding free energy observed 
with poly (rA), while a comparatively weaker binding free energy was observed with tRNAphe. In 
contrast, the stacking forces with poly (rC)⋅poly (rG) were comparatively less pronounced and 
adopts a groove binding mode. It was also supported by ferrocyanide quenching analysis. All 
these findings univocally provide detailed insight into the binding specificity of harmine, to single 
stranded poly (rA) over other RNA motifs, probably suggesting a self-structure formation in poly 
(rA) with harmine and its potential as a lead compound for RNA based drug targeting.   
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1. Introduction 

Only 0.05 % of the human genome is targeted by small molecules and antibody treatments, and the majority of diseases target lack 
well-defined active regions that small molecules may bind to. The spectrum of druggable targets is widened by abundant RNAs’ se-
lective action on proteins, transcripts, and genes. Recently, development of RNA treatments is greatly facilitated by a standard 
sequence for RNA targeted drugs [1]. RNA therapy that refers to the treatment or prevention of diseases using RNA-based molecules, 
has rich history, various applications and unlimited future prospects [2]. Lately, list of altered miRNAs and long noncoding RNAs 
(lncRNAs), their targeted genes, and pathway analysis were performed for pancreatic carcinogenesis [3–6]. Therefore, the focus has 
been shifted from DNA targeted molecules to RNA binding molecules. Several RNA drugs have been authorized, and another dozen are 
under trials to treat common and uncommon disorders [1]. 

RNAs are incredibly adaptable molecules that have been connected to a variety of biological functions along with development of 
numerous diseases caused by viruses [7–9]. Moreover, it plays significant function in accelerating the progress of novel antibiotics 
targeting bacterial rRNA [10]. Discovery of micro RNAs with their contribution in biological functions further augmented the sig-
nificance of RNAs [11–13]. Numerous dsRNAs, tRNAs, and mitochondrial introns play key roles as bio-markers in microbial ecology 
and in the splicing of pre-mRNA, the solubility of C5 protein inside cells, silencing of particular genes and the production of 
self-splicing RNA molecules [14–18]. Hence study of various RNA conformations including intricate tertiary and secondary motifs, 
in-trans and cis conformations and its targeting drug molecules is very significant in research. Numerous man-made and natural 
compounds have been found to be carcinogens or mutagens [19]. Although these don’t directly interact with nucleic acids in vivo, 
metabolic processes change them to produce electrophiles that form covalent bonds with DNA, RNA, or even proteins. The enzyme 
known as mixed-function cytochrome P-450 oxidase, whose primary role appears to be the detoxification of foreign compounds, is 
responsible for the majority of these changes [19]. While in non-covalent reversible interactions, modes of binding of the therapeutic 
molecules to the nucleic acids occurs in two steps: the first step occurs outside the helix, while the second step accounts for inter-
calation with concurrent helix unwinding, lengthening, and overall stiffness [20,21]. DNA polynucleotides show intercalative, partial 
intercalative and groove binding based on the structure of the drug molecule [22–24]. Similarly, RNAs also show the above mode of 
binding with the various drug molecules based on the varied motifs of the polynucleotides and structure of the drug molecules [25–27]. 
The rational design of novel RNA binding drugs require a thorough understanding of the binding mode, mechanism, affinity, speci-
ficity, and selectivity of already existing drugs. These parameters can only be discovered by investigating the interactions of known 
compounds with known RNA structures. In the creation of RNA targeted therapeutics, one method has been to create a database on the 
interactions of already known DNA binding compounds in order to investigate how they might specifically recognize the RNA 
conformations. 

The extracts of many natural products have been reported to possess antitumor effect [28–34]. One such product is Peganum 
harmala that had been used for many years in traditional medicine in many regions of the world mainly in Middle east and China. Apart 
from Peganum harmala, beta carboline compounds also exist in other medicinal plants and mammalian tissues. In P. harmala extracts, 
harmine and harmaline made up more than 70 % of the composition [35]. Harmine, an unsaturated fully aromatic β-carboline 
alkaloid, has been described by the author to possess antitumor properties and was tested for cervical cancer therapy [36]. Harmine 
has been reported to enhance the activity of the HIV-1 latency-reversing agents ingenol A and SAHA [37]. Additionally, harmine along 
with few other isoquinoline alkaloids have been found to have therapeutic potential for myotonic dystrophy type I [38]. According to 
earlier research, harmine suppresses the growth and triggers death in a variety of tumor cell types via a number of signaling methods 
[39–41]. Even though there are many reports about the binding of β-carboline compounds with deoxyribonucleic acids [42–46], not 
much information is obtainable about their binding and affinity with different conformational structures of ribonucleic acid RNA 
[47–49]. Actually, it is the detrimental influence on DNA that has been a frequently studied area that aids carcinogenesis, the 
development of genetic disorders and cancer. Whereas because of our limited knowledge of RNA structures and its functional behavior, 

Fig. 1. Competition dialysis analysis at 25 ± 0.5 ◦C in 15 mM citrate-phosphate buffer with pH 6.8. A bar graph representing the amount of harmine 
bound to each sample of RNA polymer is displayed. The statistics shown are the average results of four different tests conducted in the same manner. 
Inset: Structure of harmine. 
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even today’s probable causes of RNA damage are still at a basic level. 
This research focused to explain the binding of harmine (Fig. 1, inset), with different structural motifs of RNA viz. poly (rA), poly 

(rC)⋅poly (rG) and tRNAphe based on calorimetric, multifaceted spectroscopic, and in-silico approaches. All the three polynucleotides 
are biologically and structurally very significant. Attention has been drawn to polyriboadenylic acid poly (rA) because of its signifi-
cance in mRNA functioning [20,50,51]. Poly (rA) has the unique characteristics to exist either as a single stranded helix or as a parallel 
stranded double helical structure. These structures have been fully characterized [20,52,53], the latter being stabilized by base paired 
protonated adenines. Many small molecules, mostly alkaloids, have been shown to induce a unique self-assembled structure formation 
in poly(A), similar to the low pH induced bihelix [26,54,55]. Unilike poly (rA), under natural conditions, poly (rC)-poly (rG) assumes a 
double-stranded A-form structure [25]. Efficacious interferon induction (IFN) and double-stranded RNAs’ antiviral properties have 
been reported [56,57]. Bovine enteroviruses, encephalomyocarditis virus, and foot-and-mouth disease viruses all feature sequences of 
C-G double-stranded RNA structures in their genomes [58]. On the other hand, the most adaptable, soluble natural RNA molecules are 
tRNAs, which have a clover leaf structure with significant folding that is maintained via base stacking, base pairing, and other tertiary 
interactions [20]. By decoding the message contained in nucleic acids (nucleotides) and translating it into proteins (amino acids), tRNA 
attaches to the ribosomal A-site which is a vital component of the translation process. There have been several studies in compre-
hending tRNA-small molecules binding [59–61]. The originality of the present study results from the conformational and structural 
aspects towards possible disorders imposed on ribonucleic acid structures on account of interaction with harmine, which may be 
associated to RNAs cellular dysfunction. This would increase our understanding in designing RNA targeted drugs for future therapeutic 
purposes. 

2. Materials and methods 

2.1. Apparatus 

Jasco V-630 monochromator double-beam spectrophotometer (Jasco International Co. Ltd, Tokyo) attached with a thermo-
electrically controlled cell holder in matched quartz cells of 1 cm path length under stirring at 25 ± 0.5 ◦C was utilized for measuring 
the absorbance spectra. The above unit with Jasco PAC-743 accessory attachment, was used for analyzing the melting curves [45]. 
Quartz cells with a 1 cm path length for the steady state fluorescence measurements on a Hitachi F-7000 fluorescence spectrometer 
were used. The excitation wavelength for harmine was 376 nm [36]. Excitation and emission band passes were kept to 2.5 and 10 nm 
for all experimental measurements. The sample was kept at a constant temperature of 25 ± 0.5 ◦C. Jasco J-1500 CD spectrometer 
equipped with a temperature programmer (model PFD 425 L/15) and temperature controller, was used to record CD spectra. 
Isothermal titration calorimetry (ITC) experiments were performed by Nano ITC, TA instruments, independent model [62,63]. Dif-
ferential scanning calorimetry, DSC, was studied on a Microcal VP-differential scanning calorimeter (MicroCal, Inc., Northampton, 
MA, USA) and analyzed using Origin 7.0 software [62]. 

2.2. Materials 

Harmine was procured from Sigma-Aldrich in St. Louis, Missouri, USA. The sample’s purity was verified in the manner specified 
previously [36]. The alkaloid concentration was calculated using molar absorption coefficient (ε) of 14,600 M− 1 cm− 1 at 318 nm [39]. 
Poly (rC). poly (rG), tRNAPhe (yeast) and poly (rA) were also acquired from Sigma. Using a molar absorption coefficient (ε) of 10,000 
M− 1 cm− 1 at 257 nm, 7700 M− 1 cm− 1 at 259 nm and 6900 M− 1 cm− 1 at 260 nm, for poly(A), poly (rC). poly (rG) and tRNAPhe (yeast) 
respectively, at neutral pH buffer, spectrophotometric analysis was used to determine the concentration of these polynucleotides [62, 
63]. Nucleotide phosphates were used to express all concentrations of the polynucleotides. It was citrate-phosphate (CP) buffer (15 mM 
[Na+]), pH 6.8 where the experiments were conducted for the binding of harmine to poly (rC). poly (rG) and poly (rA). For binding 
studies with tRNAPhe, additional 3 mM MgCl2 was added to the CP buffer [64,65]. To get rid of any impurities, the buffer solutions, 
made in MilliQ water, were run through 0.45 μm syringe filters (Millipore India Pvt. Ltd. In Bengaluru, Karnataka). All other chemicals 
and reagents were of analytical grade. 

2.3. Methods 

2.3.1. Assay by competition dialysis 
The protocol of competition dialysis assay was followed based on protocol developed by Chaires [48]. Origin 7.0 software (Micro 

Cal, Inc., CA, USA) was used to plot the data in the form of bar graph. This data was then used to compute the apparent binding 
constant (Kapp) using the relation  

Kapp = Cb/ (Cf) (Stotal - Cb)                                                                                                                                                       (1)  

2.3.2. Quantum efficiency by fluorescence spectroscopy 
Analysis of quantum yield using the Parker and Rees equation (3) were performed as mentioned previously [63] by Hitachi F-7000 

with specific parameter settings of -excitation wavelength: 318 nm; emission start wavelength: 350 nm; emission end wavelength: 600 
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nm; scan speed: 1200 nm/min; excitation slit:2.5 nm; emission slit: 5.0 nm; PMT Voltage: 600 V; response: 0.5 s.  

φs = (FsεqCq × 0:55) / (Fq - εsCs)                                                                                                                                              (2) 

Where ε represents the molar extinction coefficient, C represents the molar concentration of sample (s) and quinine sulfate (q) and F is 
the integrated area of the fluorescence emission curve in arbitrary unit. For measurements of quantum yield, quinine sulfate in 0.1 N 
H2SO4 was used as the reference standard. 

2.3.3. Ferrocyanide quenching analysis 
The anionic quencher [Fe(CN)6]4- was used in the quenching technique analysis. The experiments were executed by mixing KCl, 

and K4 [Fe(CN)6] at fixed total ionic strength, in addition to the normal buffer components. Fluorescence quenching studies were 
carried out at a fixed P/D (nucleotide phosphate/alkaloid molar ratio), detecting the change in fluorescence intensity as a function of 
increasing ferrocyanide concentration as outlined earlier [27,66]. Each set received an average of at least four measurements. 
Stern–Volmer plots of Fo/F versus ferrocyanide ion concentration were plotted. 

2.3.4. Circular dichroism (CD) studies 
Conformational alterations in the intrinsic CD regions (210–400 nm) were checked with a fixed RNA concentration of 65 μM 

titrated with an increasing concentration of the alkaloid harmine in a 1 cm path length of cuvette as described earlier [43–45]. 
Equipment settings were: band-width of 1.0 nm, scan rate of 100 nm/min, sensitivity of 100 m degree response time of 1 s and no of 
scans = five. It was in terms of per nucleotide phosphate that the molar ellipticity [θ] values in the spectra were plotted. 

2.3.5. Isothermal calorimetry (ITC) analysis of RNAs binding to harmine 
Aliquots of degassed polynucleotide solutions (1000 μM) were injected into the isothermal sample chamber with the alkaloid (10 

μM) solution using a revolving syringe at 290 rpm. Control experiments were performed by injecting identical volumes of the same 
(corresponding polynucleotide) into the buffer to analyze the heat of dilution. The time interval of each injection was 10 s and the 
delay time between each injection was 180 s. An initial delay of 60 s was maintained before the first injection. Each injection of 10 μL 
produced a heat burst curve (microcalories per second versus time). The heat associated with each alkaloid-buffer mixing was sub-
tracted from the consistent heat related with the polynucleotide injection to the alkaloid to give the heat of alkaloid binding to the 
polynucleotide. The resulting corrected heat injection were plotted as a function of the P/D [nucleotide phosphate molar ratio]/[alk], 
fit with a model for one set of binding sites, to analyze the binding affinity (Kb), the binding stoichiometry (N) and the enthalpy of 
binding (ΔHo). The free energies (ΔGo) were determined using the standard relationship  

ΔGo = − RT ln Kb … … … … … … … … …                                                                                                                           …(3) 

Where temperature T in Kelvin (293.15 K) and the gas constant R (1.987 cal. K− 1 mol− 1). The binding free energy along with the 
binding enthalpy gave the value of the entropic contribution (TΔSo), where ΔSo is the calculated binding entropy, using the standard 
equation  

TΔSo = ΔHo − ΔGo … … … … … … … … ….                                                                                                                          (4) 

Three times each experiment was repeated, and the error value, which reflects the standard deviations between the several runs, 
was never greater than 10 %. 

2.3.6. In-silico analysis 

2.3.6.1. Molecular docking. AutoDock 4.2 software [67] was employed to perform molecular docking calculations of Harmine (HRM) 
with poly (rA) (PA), poly (rC). poly (rG) (PGC) and tRNA (TRNA) to evaluate the binding mode and affinity. The crystal structure of 
TRNA (PDB ID: 6UGG) with a resolution of 1.95 Å was obtained from Protein Data Bank [68], while the 3D structures of PA and PGC 
was created and minimized using Biovia Discovery Studio. The 3D structure of HRM was procured from PubChem and converted to 
PDB using Biovia Discovery Studio [69]. To rectify any changes in the geometries, charges and valences, minimization of HRM, PA, 
PGC and TRNA were performed on Avagadro software by using the steepest descent and conjugate gradient protocols and MMFF94 
force field [70,71]. To facilitate the docking procedure, AutoDock Tools 1.5.6 [67] was utilized for the creation of receptor map files 
and the generation of grid and docking parameters. A grid spacing of 0.375 Å was used to cover the entire receptor encompassing all 
the domains of TRNA and grooves of PA and PGC [48,49]. A total of 100 poses were generated for each rigid docking calculation with a 
set energy evaluation of 25000000 for every step. 

2.3.6.2. Molecular dynamics. NAMD GPU 2.0 [72] on Google Colab platform was used to perform molecular dynamics simulations of 
the receptor-ligand systems. We examined the docked position with the lowest binding affinity as the starting structure for the sim-
ulations. To generate topology and parameter files for the receptor and ligand molecules, CHARMM GUI [68,73] was employed, and 
the resulting complexes were solvated using the TIP3P water model. To neutralize the complex systems, appropriate sodium and 
chloride ions were added, and the complex systems were minimized for 8000 steps. The salt concentrations for Poly-A, Poly-dC and 
tRNA was 15 mM [Na+] with an additional 3 mM MgCl2 for tRNA (for maintaining the tertiary structure), while maintaining a constant 
pH of 6.8. The chain lengths of Poly-A and Poly-dC were set to 10 nucleobases and 12 base pairs in our study to complete one helical 
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turn in a duplex. The dcd freq, xst freq, output energies and restart freq were all set to 2000, while the switch dist, cutoff and pair dist 
list were set to 11, 12, and 13 respectively. The timestep was set to 2 and steps per cycle were set to 20. Langevin Piston was on with the 
Target set to 1.02 atm for a period of 150 and decay set to 90. The PBC conditions were throughout maintained the simulations with the 
water wrapped to the central cell. SHAKE algorithm was not used for the production run. Both NVT and NPT equilibrations were 
performed for 1ns each followed by a production run of 100ns for all complexes [74–77]. The simulations were performed on the set 
parameters of 298K temperature and 1.02 atm pressure using CHARMM36 force fields [78–81]. Despite its limitations, CHARMM36 
remains one of the most reliable force fields available for RNA simulations [78–81], making it a suitable choice for our study. Analysis 

Fig. 2. Representative steady state fluorescence emission spectral changes of harmine (3 μM, Curve 1) treated with (A) 2.0, 3.5, 4.0, 5.8, 10.6, 12.5, 
15.5, 18.0, 20.6, 22.5, 25.0, 27.0, 30.0, 31.5, 32.4, 33.5, 35.0 and 36.0 μM (curves 2–19) of Poly (rA), (B) 10.0, 20.05, 30.7, 47.5, 55.5, 65.0, 75.0, 
85.6, 105.5 and 120.0 μM (curves 2–11) of poly (rC)⋅poly (rG) and (C) denote 5.0, 10.2, 15.9, 30.5, 40.7, 58.6, 65.0, and 75.0 μM (curves 2–9) of 
tRNAphe in 15 mM CP buffer, pH 6.8 at 25 ± 0.5 ◦C. Inset of A, B, and C represent plots of the relative quantum yield φ/φo vs. P/D for the 
interaction of harmine (●) with the respective RNA nucleotides. 
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of all trajectories including RMSD, Rg and Bonds were evaluated on VMD 1.9.3 software [82]. Additionally, eRMSD was calculated to 
measure the deviation of the receptor structure from its ideal native conformation using Barnaba software. 

2.3.6.3. Principal Component Analysis (PCA). Furthermore, Principal Component Analysis (PCA) was computed on the MD trajectories 
to assess the ligand induced conformational variations on the receptors by using the Bio3d package [83], a component of the R sta-
tistical interface on Galaxy Cheminformatics Server [84]. The eigenvectors, eigenvalues, and their projection along the first three 
principal components were analyzed [85]. Eigenvectors provide insight into the direction of the motion and fluctuation of the 
polymers, while eigenvalues convey the amplitude of these motions [86]. PCA captures the most pronounced and variable dynamic 
motions within simulations, which are crucial for biological functionality [87]. Drug-bound complexes in a stable state will exhibit 
diminished dynamic fluctuations due to the site’s rigidity induced by the binding of the drug/ligand [86,87]. 

2.3.6.4. MM/PBSA. For the calculation of binding free energies in all the complexes, the MM/PBSA (Poisson Boltzmann Surface Area) 
method was employed [88]. This approach combines gas phase free energy (molecular mechanics) with polar and non-polar solvation 
energies to estimate binding free energies. To perform these calculations, 2500 stable snapshots were extracted from the trajectories 
obtained during the 100 ns simulations of HRM complexes with PA, PGC, and TRNA. 2500 stable snapshots were extracted from every 
20 ps after the 25 ns marked in our analysis. The MM/PBSA calculations were carried out using the gmx_MMPBSA tool [89]. 

3. Results and discussion 

3.1. Competition dialysis assay 

Competition dialysis assays are used to find ligands that can bind to nucleic acids with structural and sequence selectivity. They are 
based on the thermodynamic theory of equilibrium dialysis and was developed by Chaires [90]. The result showed that at equilibrium, 
more harmine (Fig. 1 inset) collects in the RNA containing dialysis tube to which it has the maximum binding. Based on the outcomes 
of the experimental results, bound harmine was 44.66 μM in the dialysis tube of poly (rA) followed by 12.98 μM in the dialysis tube 
containing tRNAphe and least amount of 5.85 μM in the dialysis tube with poly (rC)⋅poly (rG) (Fig. 1). Kapp was obtained from the 
experimental results, where the corresponding values were found to be 4.24 ± 0.01 × 105, 0.947 ± 0.004 × 105 and 0.243 ± 0.002 ×
105 M− 1, for poly (rA), tRNAphe and poly (rC)⋅poly (rG), respectively. So, harmine had the highest binding affinity for single-stranded 
poly (rA), followed by cloverleaf tRNAphe, and the lowest binding affinity for double-stranded poly (rC)poly (rG). 

3.2. Spectroscopic results and estimation of binding parameters 

Harmine gives fluorescence peak at 417 nm, when excited at 318 nm. Fluorescence emission spectra of the alkaloid on titration 
with ribonucleic acids were studied in the range of 350–450 nm (Fig. 2A–C). Harmine fluorescence was gradually enhanced while 
titrating with increasing concentration of the RNA polymers, finally attaining the peak of saturation. The fluorescence increase was 
greatest with poly (rA), then tRNAphe, and least in poly (rC)-poly (rG). Quantum yield (φ/φo) data were analyzed based on fluorescence 
titration (inset, Fig. 2A–C) and the values were presented in Table 1 φ/φo analysis showed 16.35 ± 0.6 at saturation P/D 12 with 
harmine-poly (rA), while harmine-tRNAphe gave φ/φo of 5.72 ± 0.04 at saturation P/D 25 and harmine-poly (rC)⋅poly (rG) showed 
φ/φo of 2.55 ± 0.03 at saturation P/D 40. Fluorescence intensity at 417 nm vs concentration of the free alkaloid molecule was checked 
(Fig. S1). 

To further study the interaction phenomena of harmine with the above RNA polymers, Benesi Hildebrand plot was used by UV 
absorption spectroscopic technique (91–93). The absorption spectra of harmine (10 μM) in presence of increasing RNA polynucleotide 
concentrations are presented in Figs. S2A–C. During the experiment, RNA was added both in the sample and reference cell. So, the 
contribution of the RNA gets automatically nullified. The titration showed hypochromic and negligible (~1.00 nm) bathochromic 
shifts. No clear isosbestic point was observed, which may be due to the fact that the molar extinction coefficient of harmine-RNA 
complex is very much lower than that of the alkaloid alone or may be indicative of more than one type of binding [94]. But, the 
absorbance spectra of harmine showed a pronounced hypochromic effect with increasing concentration of RNA polymers suggesting a 
strong association of the alkaloid to RNAs. The hypochromic changes were more in poly (rA) followed by tRNAphe and least with poly 

Table 1 
Spectrofluorometric analysis of comparative quantum yield and K4 [Fe(CN)6] quenching constant obtained from the RNA- Harmine complex in 15 
mM CP buffer at 250C.  

RNA polymers Spectrofluorimetric analysis 

φ/φο at saturation P/D K’sv M− 1 (free alkaloid) K’sv M− 1 (bound alkaloid) 

poly (rA) 16.35 ± 0.6 314 ± 7 149 ± 4 
poly (rC)⋅poly (rG) 2.55 ± 0.03 314 ± 7 246 ± 6 
t-RNAphe 5.72 ± 0.04 314 ± 7 201 ± 6 

aData is expressed based on an average of four determinations made for each. φ/φο denotes the relative quantum yield value at saturation nucleotide/ 
alkaloid molar ratio (P/D) determined as described in the text. Spectrophotometry analysis by Benesi Hildebrand plot for binding constant Ki has been 
presented in Fig, S2. 
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(rC)⋅poly (rG). Binding parameters (inset, Fig. S2 A-C) from the absorption titration, evaluated by Benesie-Hildebrand plot showed 
preference and binding affinity of harmine with the above polynucleotides [91–93,95]. However, in the UV spectroscopy with an 
isosbestic point in the spectra because of binding, McGhee and vonHippel Scatchard analysis may be applied [22–27,43,44,48,49]. 

3.3. UV optical thermal melting study 

The optical thermal melting of nucleic acid-drug complexes is a useful approach for studying interaction and stabilization by the 
small molecules. The neutralisation of phosphate charges of the polynucleotides via external binding, as well as the stacking in-
teractions of intercalated or partial intercalated molecules, all contribute to an increase in melting temperature. Absorbance versus 
temperature profiles (melting curves) of the three polynucleotides viz. poly (rA), tRNAphe and poly (rC)⋅poly (rG) were measured on the 
Jasco PAC-743 accessory attachment (Fig.S3 A-C). 

The free poly (rA) (curve 1, Fig.S3 A) melting profile revealed a wide non-cooperative transition with no acute UV melting tem-
perature. However, with harmine, a cooperative melting transition was observed (curve 2, Fig.S3 A), indicating that the alkaloid 
induced self-structure in poly (rA). The thermal melting of poly (rA) with different harmine input ratios revealed that at D/P [alk]/ 
[nucleotide phosphate molar ratio] 0.5, poly (rA) cooperatively melts with a Tm of 65 ± 1 ◦C. The melting of the cloverleaf tRNAphe 

structure in the absence of harnime revealed transitions at 36 ± 1, 49 ± 1 and 65 ± 1 ◦C (curve 1, Fig.S3 B). The averaged melting 
temperature of the tRNAphe is about 48 ± 1 ◦C [96,97]. In presence of harmine at D/P 0.6, the average Tm of tRNA increased by 4 ±
1 ◦C (Curve 2, Fig.S3 B). The melting curve demonstrated a cooperative transition with a hyperchromicity change that spanned the 
temperature range. The A-form double stranded poly (rC)poly (rG) structure, on the other hand, is astonishingly stable and does not 
melt under our solution conditions until 110 ◦C (Curve 1, Fig.S3 C), the limit of the UV-melting equipment [25,98]. 

3.4. Ferrocyanide quenching analysis 

Fluorescence spectroscopy was also used for fluorescence quenching study that serves as a definitive method to probe the avail-
ability of the alkaloid molecule to fluorescence quencher like ferrocyanide ion [Fe(CN)6]4− . Due to the electrostatic barrier created by 
the negatively charged phosphate groups, an anionic quencher like the [Fe(CN)6]4- ion will not be able to penetrate the inside of the 
helix, and as a result, very little quenching will be seen in the case of compounds bound inside the helical RNA. When compared to 
intercalation, the ligand/alkaloid binding to the grooves is exposed to the solvent to a higher extent, making it more accessible to the 
quencher. On calculation, the values of Stern-Volmer quenching constants for free harmine (314 ± 7 M− 1) and its complexes were, 149 
± 4, 246 ± 6 and 201 ± 6 M− 1 with poly (rA), poly (rC).poly (rG) and tRNAphe, respectively (Table 1; Fig. 3). 

Consequently, the magnitude of the Stern–Volmer quenching constant (Ksv) of ligands that are bound inside will be less than that of 
the unbound molecules. The site of the attached alkaloid molecule is suggested to be partially sequestered from the solvent by the 
inference of the Stern-Volmer quenching constant values, pointing towards a partial intercalation approach of binding to poly (rA) 
followed by tRNAphe. As the alkaloid showed different percentage of quenching with the polynucleotides, it can be inferred that 
harmine approached the polynucleotides in different fashion which largely depends on the latter’s conformation mainly and also on 
the sequence of base-pairs. Furthermore, the orientation of base pairs, electrostatic charges on them may also influence the mode of 
binding. Thus, the nature of binding for the alkaloid become apparent from ferrocyanide ion quenching studies - partial intercalation to 
poly (rA) and tRNAphe while weak intercalation to poly (rC).poly (rG). The proposed mode of binding from the above analysis has been 

Fig. 3. Stern-Volmer plots for quenching by increasing concentration of [Fe(CN)6]− 4 with harmine in the absence and presence of respective 
polynucleotides represented by different symbols in the figure. The plots have been compared with ethidium bromide, as classical intercalator. The 
corresponding K’sv values are presented in Table 1. 
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further confirmed from docking and dynamic simulation (vide infra). 

3.5. Secondary structural changes in RNA conformation 

Differences in the chiral confirmation of RNA polynucleotides due to alkaloid-RNA interactions can be analyzed with the help of 
circular dichroism (CD) spectroscopy [43,44,62,96,98]. Additionally, it provides detail evidence on how the orientation of the ligand 
chromophore happened inside the helical conformation of the adjacent nucleic acid base pairs that happened because of some 
asymmetric (chiral) electronic interactions of π → π* at the interactive site due to ligand-nucleic acid non-degenerative coupling [43, 
44,49,62,97,99]. The region 215–550 nm was chosen to monitor the structural perturbations of the RNA structures as non-covalent 
interactions with harmine that subsequently alter the intrinsic CD spectral behavior of the RNA polynucleotides. The spectra 1 of 
Fig. 4 A-C are the CD representation of the RNA polynucleotides, poly (rA), poly (rC).poly(G) and tRNAphe, respectively, displaying the 
conventional conformations of the polymers. Binding of harmine with poly (rA) showed slight perturbation in the 265 nm positive 
peak, while the 250 nm negative peak showed prominent changes in molar ellipticity. An extrinsic CD positive broad band from 350 to 
450 nm and negative band from 450 to 525 nm was observed with an isodichroic point at 450 nm which corroborates again a strong 
affinity where the bound and unbound molecules are in equilibrium. Harmine with poly (rC).poly (rG) on the other hand showed a 
weak interaction with no extrinsic CD bands. While, binding of harmine with tRNAphe showed a decrease in peak in the UV region at 
272 nm. Along with this modification, a positive induced CD band with increasing ellipticity in the band region 465–525 nm wave-
lengths also developed as the binding progressed. Consequently, CD modifications offered a means to display the distinct binding 
positions of harmine with the different conformational structures of RNA polynucleotides. 

3.6. Calorimetric analysis by isothermal titration calorimetry (ITC) 

Isothermal calorimetry is a consistent and reliable approach for the precise measurement of thermodynamic parameters in various 
biomolecular interactions by offering important understandings of the chemical mechanisms behind complex formation [100–105]. 
The complete thermodynamic profile like the entropy contribution (TΔSo), Gibbs energy change (ΔGo), binding enthalpy (ΔHo), and 
also the stoichiometry (N) and binding affinity (K) can be provided by ITC [106,107]. Every single injection is indicated by each heat 
burst curve in upper panel of Figs. S3 and S4. The injection is obtained by integrating the areas within this heat burst curves. These 
injection heats are adjusted by deducting the appropriate dilution heats obtained from injecting identical volumes of macromolecule 
(RNA polynucleotides) into buffer alone. The resulting adjusted injection heats are represented against the relevant molar ratios and 
are presented at the bottom panel of the graphs, whereas, the solid line provides calculated best-fitted line of the data. Table 2 
summarizes the calorimetric data. Fig. 5A–C shows the binding affinity values of harmine with poly (rA), poly (rC).poly (rG) and 
tRNAphe, respectively evaluated at 25 ± 0.5 ◦C. The bindings are exothermic and entropically driven. A Kb value of 1.22 ± 0.04 × 106 

M− 1 with a stoichiometry of 4.08 nucleotide phosphates was obtained by harmine interacting with poly (rA). In addition, the inter-
action results an enthalpy change (ΔHo) of − 0.201 ± 0.001 kcal/mol, a contribution from entropy (TΔSo) of 8.103 ± 0.003 kcal/mol 
and a free energy change (ΔGo) of − 8.304 ± 0.005 kcal/mol. Contrarily, harmine-poly (rC).poly (rG) (Fig. 5B) calorimetric data with a 
stoichiometry of 6.916 nucleotide phosphates, produced a weak Kb value of 0.286 ± 0.008 × 106 M− 1, an entropy change (TΔSo) of 
5.497 ± 0.001 kcal/mol and an enthalpy change (ΔHo) of − 1.946 ± 0.002 kcal/mol. Harmine binding with 

tRNAphe (Fig. 5C), showed a Kb 0.473 ± 0.002 × 106 M− 1, (ΔHo) of − 0.331 ± 0.001 kcal/mol and TΔSo of 7.411 ± 0.004 kcal/mol. 
This interaction was seen to be similar to the previously explained Aristololactam-D-glucoside and Daunomycin binding to tRNAphe 

[108]. In addition, the strong positive entropy terms seen in the three cases where harmine was involved in interaction with the 
polynucleotides, point to the possibility of water molecules being disrupted and released, as well as partial-intercalative, stacking, and 
non-intercalative binding of the alkaloid into the corresponding nucleotide helix. 

Moreover, using the standard relationship, ΔCo
p = ∂(ΔH)/∂T, the temperature dependence of the binding enthalpy determines the 

change in heat capacity (ΔCo
p). For connecting structural and energetic data as well as for description of the hydration–dehydration 

that occur during the interaction, ΔCo
p values are very significant. Calorimetric analysis was performed in 25–35 ◦C range and the 

Fig. 4. Representative CD spectra resulting from interaction of (A) poly (rA) (65 μM) treated with 0, 30, 85, 120, 150, 180, 220 μM (curves 1–7) of 
harmine, (B) poly (rC)⋅poly (rG) (65 μM) treated with 0, 90, 120, 160, 200, 300 μM (curves 1–7) of harmine and (C) t-RNAphe (65 μM) treated with 
0, 60, 90, 120, 180, 240 μM (curves 1–6) of harmine. 
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thermodynamic parameters elucidated are collated in Table 2. Figs. S4 and S5 showed the ITC profile for titration of the poly-
nucleotides (1000 μM) into 10 μM harmine solution at 30 ◦C and 35 ◦C, respectively. The association constant for harmine binding to 
poly (rA) varied from 1.22 ± 0.01 × 106 M− 1 at 25 ◦C to 0.313 ± 0.004 × 106 M− 1 at 35 ◦C. It was entropy driven interactions at all the 
three temperatures. Subsequently, the Gibbs energy exhibited only small changes (varied from − 8.304 ± 0.005 to − 7.740 ± 0.008 
kcal/mol). The enthalpy changes at different temperatures produced heat capacity ΔCo

p estimation. A value of − 0.137 kcal/mol K was 
determined from slope of the line. On the other hand, the binding constant of the complexation for harmine with tRNAphe varied from 
0.473 ± 0.002 × 106 M− 1 at 25 ◦C to 0.121 ± 0.002 × 106 M− 1 at 35 ◦C. This interaction exhibited small changes in Gibbs energy that 
varied from − 7.742 ± 0.009 to − 7.164 ± 0.004 kcal/mol. The binding enthalpy increased and the entropy term (a favorable term to 
the Gibbs energy) decreased with increase in temperature keeping ΔGo almost constant. A value of − 0.112 kcal/mol K was obtained 
from the heat capacity (ΔCo

p) (Fig. 6A–B). The Gibbs energy is compensated by the reaction entropy and enthalpy, both of which are 
significant temperature-dependent factors. Many ligands’ interactions with RNA [48,49] as well as with DNA [104–107] have been 
reported to include this type of compensation. It is proposed that the phenomena are caused by a significant hydrophobic component to 
the binding energies. Small negative ΔCo

p values are associated with a minimal sequence specific binding [109]. By extending the 
argument, it can be said that the slightly negative non-zero ΔCo

p value that is shown here for harmine binding to the aforementioned 
RNA polynucleotide complexation, indicates binding that is structure specific. 

Furthermore, from the relationship, ΔGhyd = 80 (±10) × ΔCp
o, the Gibbs energy contribution from the hydrophobic transfer of 

binding with harmine may be analyzed [110]. The range of ΔGhyd that is observed for intercalating compounds is reported to be 
between − 10/kcal mol− 1 and − 14/kcal mol− 1 [111]. Hence, from the obtained ΔGhyd values of − 10.96/kcal mol− 1 and − 8.96/kcal 
mol− 1 for poly (rA) and tRNAphe, respectively, it may be expected to be intercalative and partial intercalative interactions (Fig. 6A and 
B). This assumption regarding mode of binding of harmine also supports the analysis by ferrocyanide quenching (vide supra). 

Based on the above spectroscopic and calorimetric assays harmine shows non-isosbestic UV spectroscopic interaction with 
enhancement of fluorescence intensity with the above RNA motifs. The interaction further showed exothermic and entropy-driven 
binding. From mode of binding and stability point of view, harmine adopts a partial intercalative binding with poly (rA) and tRNA-
phe, and stronger binding free energy was observed with poly (rA). In contrast, the stacking forces with poly (rC)⋅poly (rG) were 
comparatively less pronounced and adopts a groove binding mode. However, with double stranded CT-DNA as reported by the authors, 
harmine showed isosbestic UV spectroscopic interaction with cooperative mode of binding, almost 85 % quenching in fluorescence 
intensity and the interaction showed partial intercalative, exothermic and entropy-driven binding [36]. 

3.7. Molecular docking 

Further, to assess the binding profile of harnime (HRM) with the polynucleotide sequences viz., poly (rA) (PA), poly (rC). poly (rG) 
(PGC), and tRNAphe (TRNA), a comprehensive set of in-silico techniques were employed, involving molecular docking, dynamics 
simulations and MM/PBSA calculations. 

Initially, molecular docking studies were conducted on the polynucleotide-ligand systems, allowing HRM to freely explore the 
entire length of the polynucleotide sequences. This approach facilitated the assessment of the binding mode and binding affinity of 
HRM with each polynucleotide sequence. The results revealed that HRM binds to the upper central region of both polynucleotide 
sequences, PA and PGC, demonstrating partial intercalative and groove binding, respectively, with both the sequences. The average 
binding affinities of HRM with PA and PGC were found to be − 5.8 kcal/mol and − 3.6 kcal/mol, respectively. Notably, in these 
complexes, hydrophobic interactions between the aromatic rings of HRM and the base pairs, as well as hydrogen bonds formed be-
tween the –NH and –OH groups of HRM and the surrounding base pairs, that played significant roles in the stabilization of the complex. 
In case of TRNA, HRM was found to bind specifically in the TΨC arm of the acceptor domain, with an average binding affinity of − 4.5 
kcal/mol. In this complex, pi-pi stacked interactions were observed between the three aromatic rings of HRM and the target, while the 
methyl groups formed pi-alkyl interactions with the adjacent base pairs. Furthermore, hydrogen bonds were also formed between the 
–NH and –OH groups of HRM and the binding site base pair. From the docking results, the docked poses exhibiting the highest binding 

Table 2 
Temperature-dependent thermodynamic parameters for the binding of harmine to poly (rA), poly (rC)⋅poly (rG) and t-RNAph.e.  

RNA Polymers Temperature (K) Kb ( × 106 M− 1) N ΔGo 

/kcal mol− 1 
ΔHo 

/kcal mol− 1 
TΔSo 

/kcal mol− 1 

poly(A) 298.15 1.22 ± 0.04 4.080 − 8.304 ± 0.005 − 0.201 ± 0.001 8.103 ± 0.003 
303.15 0.824 ± 0.006 4.872 − 8.207 ± 0.007 − 0.505 ± 0.003 7.703 ± 0.007 
308.15 0.313 ± 0.004 4.887 − 7.740 ± 0.008 − 0.942 ± 0.001 6.800 ± 0.004 

poly (rC)⋅poly (rG) 298.15 0.286 ± 0.008 6.916 − 7.445 ± 0.006 − 1.946 ± 0.002 5.497 ± 0.001 
303.15 0.191 ± 0.007 6.603 − 7.325 ± 0.008 − 4.395 ± 0.008 2.930 ± 0.009 
308.15 0.110 ± 0.005 6.600 − 7.115 ± 0.009 − 6.232 ± 0.007 0.883 ± 0.005 

t-RNAphe 298.15 0.473 ± 0.002 6.450 − 7.742 ± 0.009 − 0.331 ± 0.001 7.411 ± 0.004 
303.15 0.193 ± 0.008 6.633 − 7.332 ± 0.008 − 0.975 ± 0.002 6.357 ± 0.008 
308.15 0.121 ± 0.002 6.444 − 7.164 ± 0.004 − 1.451 ± 0.001 5.713 ± 0.003 

aAll the data in this table are derived from ITC experiments conducted in the same buffer, pH 6.8 and are average of three determinations. Kb and ΔHo 

values were determined from ITC profiles fitting to Origin 7 software as described in the text. The values of ΔGo and TΔSo were determined using the 
equations ΔGo = − RT ln Kb and TΔSo = ΔHo − ΔGo. 
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affinity for each target were selected for subsequent molecular dynamics (MD) simulations. 

3.8. Molecular dynamics 

Valuable insights were gained into the multi-RNA binding profile of HRM with PA, PGC and TRNA through the analysis of the 
molecular dynamic simulations of the complexes. These simulations allowed for the exploration of the stability of the drug- 
polynucleotide complexes in a dynamic solvent system, shedding light on the dynamic nature of the interactions involved in com-
plex formation. This approach provided a deeper understanding of the significant interactions driving the binding of HRM with the 
above polynucleotide sequences. 

Fig. 5. Representative ITC profile for titration of 1000 μM each of (A) poly (rA), (B) poly (rC)⋅poly (rG) and (C) t-RNAphe into 10 μM harmine 
solution at 25 ◦C. Each heat burst curve (upper panel) represents the outcome of a 10 μL injection of the polynucleotides into the ligand solution. The 
bottom section shows the normalized heat signals vs molar ratio. The data points (●) indicate the experimental injection heat, while the solid line 
represents the estimated data fit. 

P. Sarkar et al.                                                                                                                                                                                                         



Heliyon 10 (2024) e34183

11

3.8.1. HRM binding: insights into PA, PGC and TRNA interactions 
Root Mean Square Deviations (RMSD) were calculated to ascertain the stability of the complexation in a dynamic solvent envi-

ronment. The RMSD plots of the polynucleotide sequences PA and PGC (Fig. 7A and B), portray higher fluctuations which can be 
attributed to the terminal base pair fraying associated with the structure of the polynucleotide sequences. The occurrence of terminal 
base pair fraying is a widely observed phenomenon in MD simulations of nucleotide sequences, particularly when the terminal base 
pairs consist of Adenine and Thymine [112]. Interestingly, on binding of HRM to the polynucleotide sequences, the fluctuations are 
stabilized due to the additional base stacking provided by the presence of HRM which reduces the base pair fraying and increases the 
structural steadiness of the polynucleotide sequences and thereby establishes complex stability. Furthermore, the single-stranded 
structure of PA showed bending at the interacting site, indicating a possible transition from the single strand to double strand due 
to the binding of HRM. The structural similarities of the receptors and stability were monitored by calculating the eRMSD values, 
which are below 1.5 Å for all the three receptors. The values indicate that deviation of structural conformation of the receptor is not 
major, and the structure remains stable throughout the simulations. To further assess the result of HRM binding on the overall 
structural compactness of the polynucleotide sequences, Radius of Gyration (Rg) was calculated and analyzed (Fig. 7C and D). The 
results of Rg suggest that HRM induces a marginal increase in the flexibility on the overall structure of both the polynucleotide se-
quences. Upon visualizing the trajectory of the HRM-PA complex, we further observed that HRM engages in base stacking with the PA 
nucleobases. This interaction promotes stable complexation and reduces base pair fraying compared to PA in the absence of the ligand. 
These stacking forces played a crucial role in stabilizing the complex formation between HRM and PA. To analyze the degree of base 
stacking between HRM and the binding site residues, representative MD poses were extracted after 40 ns, when the complex achieves 
stability (Fig. 8A). HRM was found to bind in the central region of the single strand, specifically between the nucleobases Adenine 4 
and 5. At 44 ns, HRM aligned itself with Adenine 5 and formed pi-pi stacked interactions with its purine ring system. The resulting base 
stacking forces with Adenine 5 were consistently maintained by the ligand throughout the trajectory, serving as a major contributor to 
the steadiness of the formation of complex. Between 70 and 80 ns, a notable shift occurred as the nucleobase Adenine 4 moved above 
HRM, with its purine ring positioned perpendicular to the drug. This new orientation led to weaker pi-alkyl interactions between 

Fig. 6. Temperature dependent thermodynamic parameters, TΔS◦, ΔH◦, and ΔG◦ for (A) poly (rA), (B) tRNAphe binding to harmine. Values of all the 
parameters are presented in the text. 
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Adenine 4 and HRM. Furthermore, the shift brought the backbone closer to the ligand, allowing the –NH group of HRM to form 
hydrogen bonds with the backbone and sugar molecules of both nucleobases. Adenine 4 underwent further changes in orientation and 
eventually settled into a parallel position above HRM. In this configuration, the drug establishes enhanced pi-pi stacked interactions 
with both nucleobases, resulting in a partial intercalation binding with the PA polynucleotide sequence. These partial intercalation 

Fig. 7. RMSD of HRM with (A) PA and (B) PGC, Rg of HRM with (C) PA and (D) PGC.  

Fig. 8. (A) Representative MD poses of HRM-PA complex and their binding interactions in 3D representation, (B) Number of Bonds representation 
and (C) Occupancy of the stable binding interactions. 
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patterns observed in the computational results aligned with the experimental findings. Although it is imperative to acknowledge the 
inherent limitations in capturing complete thermodynamic convergence for flexible chains like Poly-A within the relatively short 
timescales of MD simulations. The study’s duration is indeed restricted, and it is essential to recognize that molecular relaxation 
processes, which can span micro-milliseconds, remain beyond the scope of our investigation. The conformational changes observed in 
Poly-A through experimental measurements may not be entirely captured within the confines of our brief MD simulations. The oc-
cupancy rate of the binding interactions analyzed shows that the stacking forces with the Adenine 5 were present for 96 % of the 
trajectory while that with Adenine 4 were present for 75 % establishing a partial intercalation with the polynucleotide sequence and 
stabilized the complex formation of HRM with PA (Fig. 8 B, C). Furthermore, the equilibrated conformation of PA after binding with 
harmine has been depicted in Fig. S6 (a1 and b1). 

In the case of HRM binding with PGC, the stacking forces were observed to be less pronounced compared to the HRM-PA 
complexation. HRM was found to bind between Guanine 5 and Cystine 6, with only Guanine 5 exhibiting a favorable base stacking 
alignment (Fig. 9A). The aromatic rings of HRM form pi-pi stacked interactions with the purine ring of the nucleobase, while the –N 
atom of the ring establishes a hydrogen bond with the sugar molecule of Guanine 5. Fig. S6 (a2 and b2) shows the equilibrated 
structure of PGC after binding with harmine. 

Additionally, the other –NH and –OH groups of HRM form hydrogen bonds with water molecules in the surrounding environment 
(Fig. 9 B). RMSD graphs comparing TRNA in the presence and absence of HRM indicate that HRM binds to TRNA with minimal 
fluctuations (Fig. 10 A). These fluctuations may be attributed to the fraying of base pairs and subtle conformational changes of the 
bases within the domains, influenced by the dynamic solvent environment. The Rg plots shows that, for the majority of the simulation, 
the structural compactness of TRNA is slightly reduced, accompanied by a marginal increase in nucleobase flexibility (Fig. 10 B). 
Interestingly, after 60 ns, the structural compactness of TRNA starts to increase, indicating a rigidification of the nucleobases. This 
rigidification may be attributed to enhanced interactions that stabilize the complex formation between HRM and TRNA. The binding of 
HRM to TRNA was primarily stabilized by hydrophobic interactions showing a partial intercalation binding with TRNA. The aromatic 
rings of HRM engaged in pi-pi stacked and pi-alkyl interactions with the purine and pyrimidine rings of the nucleobases at the binding 
site (Fig. 10C). Additionally, the –OH group of HRM formed hydrogen bonds with the nucleobases (Fig. 10 D). These increased in-
teractions between HRM and the nucleobases restricted their conformational degree of freedom and contributed to the enhanced 
structural compactness observed in the Rg results. Fig. S6 (a3 and b3) shows the structure of TRNA alone and equilibrated structure of 
TRNA after binding with harmine. 

3.8.2. Principal Component Analysis (PCA) 
To gain a comprehensive understanding of the intricate structural changes induced by the binding of harmine on the selected RNA 

structures, Principal Component Analysis (PCA) was conducted on the nucleobases. PCA emerges as an invaluable analytical approach, 
facilitating the visualization of synchronized atomic displacements within macromolecules during molecular dynamics (MD) trajec-
tories [85,86,113–117]. Remarkably, the initial three Eigen vectors collectively accounted for approximately 50–80 % of the dynamic 
motions. The juxtaposition of major principal components on a 2D plane offers a clear depiction of atomic displacement patterns 
(Figs. 11–13) [85,86,113]. PC1, PC2, and PC3 were plotted against one another to visually assess the structural disparities that may 
have induced during the binding of harmine to the above structures. The relative eigenvalues, which signify the percentage of total 
mean square displacement (or variance) of atom-position fluctuations. 

Obtained PCA results suggest that PA shows stable structural variations caused by the partial intercalation of harmine and terminal 
base pair fraying as indicated by the congregation of majority of the data points in the central portion of the PCA plot (Fig. 11a, c). 
Minimum fluctuations were observed in the binding site area suggesting that the intercalation supported by the strong stacking forces 
restricts the movement of the nucleobases and stabilizes the complex formation (Fig. 11 b). Conversely, substantial fluctuations were 

Fig. 9. Binding interactions of HRM with PGC (A) 3D representation and (B) 2D representation.  
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observed in the terminal nucleobases, indicating heightened mobility in these regions (Fig. 11 b). This phenomenon aligns with the 
single-strand to double-strand transition observed in PA, as substantiated by both experimental evidence and the visualization of MD 
simulations. 

Similar terminal base pair fraying was also observed in the structure of PGC with maximum fluctuations observed in PCA RMSF plot 
(Fig. 12 a-c) while the binding site nucleobases reflected only minimum fluctuations suggesting that binding with harmine restricts the 
movement of nucleobases by forming stable interactions in minor groove of the nucleic acid. 

The structural variations observed in TRNA are slightly more prominent with the data points clustered in an elliptical form sug-
gesting that TRNA has a greater conformational range as compared to the other two RNA receptors (Fig. 13 a). Interestingly, as 
indicated by the PCA RMSF plot, the maximum fluctuations are observed in the terminal and elbow regions of TRNA, far from the 
binding site (Fig. 13 b, c). Conversely, the binding site domain portrays minimum fluctuations which can be attributed to the stable 
stacking forces provided by the binding of harmine. Validation of the structural variations within each nucleotide is further sub-
stantiated by representative MD poses extracted across the 100 ns simulations, coupled with experimental data. Through this 
methodical investigation, we gain substantial insights into the evolving structural landscape and dynamics of the polynucleotides on 
binding with the ligand. 

3.8.3. Energy evaluations: MM/PBSA 
The stable trajectories of HRM complexes with PA, PGC and TRNA were analyzed for their respective binding free energies through 

MM/PBSA calculations. The results of the individual energetic terms including the entropic component are provided in Table 3. The 
results indicate that HRM binding with TRNA and PA are more energetically favorable than with PGC. 

4. Conclusion 

Apart from the above conformations of RNA, there are many other RNA motifs, and drugs that are meant to bind to specific 

Fig. 10. TRNA with HRM complex formation (A) RMSD and (B) Rg representation. Binding interactions of HRM with TRNA (C) 3D representation 
and (D) 2D representation. Encapsulated within each dimension, were also computed, and presented. The color gradient – transitioning from blue to 
white to red – indicates the recurring shifts among conformers throughout the trajectory. 
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sequences or structural patterns. Hence this study of harmine binding to the above three RNAs has no immediate application but rather 
serves as a future promising biochemical and biophysical characterization of RNA-small molecule interactions. 

From the standpoint of designing of potential RNA targeted drugs, and the diverse conformational variations found in the RNA 
structures, our data here present significant insights into the nature of binding of the small molecule. Throughout this investigation 
based on spectroscopic, calorimetric and molecular docking and dynamics, binding of the alkaloid, harmine depends on the suitability 
to the geometry of the RNA nucleotides that showed maximum preference with single stranded poly (rA) followed by moderate binding 
with clover leaf structure of tRNAphe and least with homopolymer of A-form double stranded structure of poly (rC).poly (rG). 

Harmine is presumed to induce single stranded to double stranded conformational change in poly (rA). Many small molecules have 
been reported to induce such single stranded to double stranded conformational change in poly (rA), called self-structure induction, at 
physiological pH [26,54,55,118–121]. This was assumed to be an antiparallel duplex formation in poly (rA). The self-structure of 
polyribonucleic acid A by harmine has been assumed in this research based on the results of differential scanning calorimetry and a 
cooperative UV absorbance melting profile. (Fig. S7). The melting profile generated by differential scanning calorimetry showed a 
two-state transition with a ratio of the calorimetric and van’t Hoff enthalpy close to unity for the melting of the self-structure of 
harmine-induced poly (rA) complex. Self-structure formation in single-stranded poly (rA) is a potential strategy that can switch off 
protein synthesis and bring a novel approach for the improvement of RNA-based therapeutic agents against cancer like disorder. While 
with rigid clover leaf motif in tRNAphe structure, harmine showed moderate binding at the TΨC arm. On the other hand, steric hin-
drance by the 2-NH2 group of guanine in the homopolymer of A-form poly (rC).poly (rG) is significant enough to make the structure 
more shallow, wide, and electrostatically positive and due to features such as the 2′-OH group in the RNA minor groove [46], provide 
least acceptability compared to the other aforesaid polynucleotide structures for harmine to bind. Comparing the binding site and 
binding location of harmine inside the aforesaid varied RNA polynucleotide motifs, the findings from the molecular dynamics sim-
ulations further shed light on the binding behavior of harmine with the polynucleotides. It was observed that harmine adopts a partial 
intercalative binding mode with both poly (rA) and tRNAphe. This binding mode is characterized by pronounced stacking forces and a 
stronger binding free energy observed specifically with poly (rA) followed by tRNAphe. Interestingly, the stacking forces between 
harmine and poly (rC).poly (rG) were relatively less pronounced, making intercalative binding less favorable and showed groove 
binding more probable. The association between harmine and poly (rA) led to notable changes in the structural configuration, pri-
marily influenced by the partial intercalative mode of binding adopted by the drug. This transformation is discernible through the 

Fig. 11. (a) PCA cluster plot and Scree plot, (b) PCA RMSF plot, (c) Superimposed MD poses of PA extracted at 0 ns (red), 50 ns (white) and 100 
ns (blue). 
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heightened RMSD graph (Fig. S8), and is further elucidated by the analyses of Rg and PCA, which collectively capture the nuanced 
shifts and dynamics within the poly (rA) structure induced by harmine binding. These observations indicated that the binding 
characteristics of harmine vary, depending on RNAs of different motifs and showed a clear specificity towards the single stranded poly 
(rA) compared to the other motifs. Thus, these results further advance our fundamental understanding towards small molecule-RNA 
interaction. 
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[56] V. Brabec, O. Vrána, G.A. Platonova, E.M. Kogan, N.S. Sidorova, Biophysical studies of the modification of poly(rG). poly(rC) by cisplatin. Relations to the 
biological activity of the complex, Chem. Biol. Interact. 78 (1) (1991) 1–12, https://doi.org/10.1016/0009-2797(91)90098-r. 

[57] R.E. Randall, S. Goodbourn, Interferons and viruses: an interplay between induction, signalling, antiviral responses and virus countermeasures, J. Gen. Virol. 
89 (1) (2008) 1–47, https://doi.org/10.1099/vir.0.83391-0. 

[58] E.V. Pilipenko, V.M. Blinov, V.I. Agol, Gross rearrangements within the 5’-untranslated region of the picornaviral genomes, Nucleic Acids Res. 18 (11) (1990) 
3371–3375, 10.1093%2Fnar%2F18.11.3371. 

[59] C.D. Kanakis, S. Nafisi, M. Rajabi, A. Shadaloi, P.A. Tarantilis, M.G. Polissiou, J. Bariyanga, H.A. Tajmir-Riahi, Structural analysis of DNA and RNA interactions 
with antioxidant flavonoids, Spectroscopy 23 (2009) 29–43, https://doi.org/10.3233/SPE-2009-0368. 
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