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Abstract 

There is an increasing interest in the study of guanine or cytosine-rich sequences that may fold into G-quadruplex (G4) or i-motif 

(iM) structures showing a short hairpin (or stem-loop) stabilized by Watson-Crick base pairs. These hybrid spatial arrangements 

may be target of ligands that have been shown to interact strongly with B-DNA. In this work, the interaction of the palmatine 

alkaloid with several sequences forming different G4s, iMs, and hybrid structures has been studied by means of spectroscopic 

and separation techniques, as well as multivariate data analysis methods. At the experimental conditions used in this work, the 

results have shown that this ligand strongly stabilizes parallel G4 structures, whereas a weaker interaction was observed with 

the antiparallel G4 adopted by the thrombin-binding aptamer or iMs. The presence of hairpins within the loops scarcely affects 

the affinity of this ligand for the hybrid G4/duplex or iM/duplex structures. Fluorescence measurements have provided evidence 

of a certain interaction with iMs at pH 5.1, despite the absence of thermal stabilization effects. 
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Introduction 

The most common (or canonical) DNA structure is the right-handed double helical B-DNA. Genomic research has revealed that 

around 98% of biological DNA is comprised of non-coding regions with important biological functions. These regions are 

repetitive DNA sequences that have the potential to fold into non-B DNA structures such as hairpin, G-quadruplex, i-motif,  Z-

DNA , H- DNA, among others under certain experimental conditions [1]. 

G-quadruplex (G4) structures are formed by guanine-rich sequences from DNA or RNA. G4s are based on the π-stacking of 

quartets of coplanar guanine bases, the so-called G-tetrads. G4 structures can adopt different topologies according to the syn or 

anti conformations adopted by the bases and the sugars. Accordingly, G4 can be grouped into parallel, antiparallel or mixed 

(3+1) topologies. The stability of G4 structures is not only strongly dependent on the hydrogen bonds existing within the G 

tetrads, but also on other factors, such as the nature and concentration of cations, temperature or the presence of bonded 

ligands [2]. Much effort is being done to understand the biological role of G4 structures [3,4], as well to develop ligands that 

could modulate their functions in vivo [5–7]. On the other hand, the i-motif (iM) is a non-B-DNA secondary structure formed by 

cytosine-rich DNA sequences. The core of this structure consists of two intercalated, parallel duplex strands stabilized thanks to 

the formation of cytosine-protonated cytosine (C·C+) pairs. As protonation of some cytosine bases is needed to form C·C+ base 

pairs, pH is a key factor to maintain this structure. The pKa of cytosine is around 4.5 [8]. Therefore, iM structures are stabilized in 

weakly acid environment so that C bases are partially protonated. 

The common characteristics of ligands interacting with G4s are the existence of a π-delocalized system that favours their 

stacking on the face of a G-quartet, and a partial positive charge and/or positively charged substituents to interact with the 

grooves and loops of G4 and the negatively charged backbone phosphates [9]. Accordingly, there are different modes of 

interaction: stacking on external G- quartets, groove binding, non-specific, and even intercalation in some cases [10,11]. The 

interaction of ligands with G4s has been studied more in deep than with iMs because biological pH (around 7) and temperature 

(37 oC) hinder the formation of stable iMs. However, recent studies have revealed the formation of iMs in vivo [12,13], pushing 

the interest in the study of these structures. The compact structure of the iM core makes very difficult the intercalation of 

ligands. So, the potential interactions of ligands with iMs should be non-specific with the negatively charged phosphate groups, 

or stacking interactions with the bases located within the loops [14,15]. 

 

Figure 1. Three-dimensional rendering and chemical structure of palmatine (a), and proposed models for the hybrid G4/duplex 

structure adopted by nmyc02 (b) and for the iM/duplex structure adopted by nmyc01 (c), both of them within the n-myc gene 

[16]. 
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The present work is a part of a project devoted to the study of the interaction of isoquinoline alkaloids with DNAs. Specially, the 

interaction of different DNA structures with one of these ligands, the palmatine chloride, is studied here (Figure 1). Palmatine 

belongs to group of protoberberine alkaloids. It is a quaternary ammonia compound as well as berberine but the structure is 

more opened due to the methoxy groups on positions 2 and 3 instead of methylendioxy group (present in berberine). Berberine 

and palmatine show also similar spectral properties having very similar emission and excitation spectra [17]. Palmatine chloride 

(palmatine) is isolated from plants like Coptis chinensis and Phellodendron amurense. It is the major component of herbal 

preparations used in traditional medicine Chinese, Korean and Indian for its properties such as anti-malarial, anti-oxidant, anti-

inflammatory and low toxicity on human cells [18][19][20]. In anti-cancer therapy, as well as berberine [21], its analogue 

palmatine seems to inhibit the telomerase activity effectively [9][22].  

In aqueous solutions palmatine shows a positive charge, which would favour the interaction with negatively charged phosphates 

within DNA structure. In addition, palmatine is a buckled molecule (Figure 1) that could dock on G-quartets within G4 structures, 

or intercalate between Watson-Crick base pairs. Hence, as berberine [23–25], it has been reported that palmatine can stabilize 

G4 or duplexes through binding or external stacking because of van der Waals and electrostatic attractions [26]. Bhadra and 

Kumar studied the interaction of palmatine with the mixed parallel/antiparallel G4 structure adopted by the human telomeric 

AG3(T2AG3)3 sequence by means of spectroscopic and calorimetric methods [27]. In 50 mM pH 6.8 buffer, 25 oC, and 0.1 M KCl, 

the interaction was shown to be 1:1 DNA:ligand with an affinity constant around 105 M-1. In these conditions, palmatine 

increased in 5 oC the melting temperature (Tm) of the G4. Later on, the interaction with the telomeric antiparallel G4 was shown 

to increase the fluorescence of several alkaloids, including palmatine [28]. More recently, Comez et al. studied the interaction of 

berberine and palmatine with the AG3(T2AG3)3 sequence in 50 mM MES buffer, pH 7 and 100 mM KCl. By using spectroscopic 

techniques as well as multivariate data analysis methods, it was shown that palmatine promoted parallel conformations in 

detriment of antiparallel ones [29].  

The interaction of palmatine with parallel G4s has also been studied. Hence, electrospray ionization mass spectrometry (ESI-MS) 

was used to study the interaction of palmatine with the intermolecular parallel G4 formed by [d(TG4T)]4 [30]. From the results 

obtained, an intercalation mechanism was proposed. A similar result was obtained when studying the interaction with G4 RNA 

[31]. Later on, MS was used to study the interaction with a G4 formed within the promoter region of bcl-2 oncogene [32], being 

proposed a 1:3 DNA:ligand stoichiometry. The interaction of palmatine with [d(T2G4T)]4 and [d(T2AG3T)]4 has also been 

investigated using Nuclear Magnetic Resonance (NMR) [18]. The study revealed dual recognition sites in both G4 DNA 

sequences, resulting in thermal stabilization by 13–17 °C. Restrained molecular dynamics simulations using NOE distance 

restraints for 2:1 palmatine-[d(T2G4T)]4 complex revealed end-stacking, as well as groove binding. Combining ESI-MS with CD 

spectroscopy, a G-rich sequence from miR-92a promoter region was discovered to form a parallel G4 structures, including a 

dimeric G4 structure [33]. Palmatine was shown to promote the stability of the dimeric G4 structure.  

The selective interactions of synthetic derivatives of palmatine, with G4 structures has also been reported [34]. Palmatine 

derivatives were developed by inserting small peptide basic chains. The studies of the interactions of these compounds with 

various G4-forming sequences showed that the presence of suitable side chains is very useful for improving the interaction of 

the ligands with G4 structures. 

To our knowledge, the interaction of palmatine with G4 or iM structures showing a short hairpin fragment within a loop has not 

been studied yet. This could be of interest because of the unique structural characteristics of the boundary between the G4 or 

iM core and the Watson-Crick stabilized hairpin, which could be a convenient site for ligand binding [35–38]. Previously, the 

formation of these hybrid structures was proposed for two sequences (nmyc01 and nmyc02) found near the promoter region of 

the n-myc gene [16] (Table 1). In the present work, the interaction of palmatine with these sequences has been studied by 
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means of different instrumental techniques, as well as multivariate data analysis methods. Also, it has been investigated the 

interaction of the ligand with two mutated sequences (nmyc01m and nmyc02m), where some bases within a loop have been 

mutated to thymine to prevent the formation of the Watson-Crick stabilized hairpin. For comparison, the interaction with 

parallel and antiparallel G4s, as well as iM and duplex structures has also been studied. The results have shown that this ligand 

stabilizes parallel G4 structures, whereas a weaker interaction was observed with the antiparallel G4 adopted by the thrombin 

binding aptamer. No interaction of palmatine with iMs was observed. Finally, the interaction of palmatine with a parallel G4 

structure showing the presence of an internal hairpin is similar to that observed for a similar G4 lacking such hairpin. 

Materials and methods 

Reagents 

Palmatine was obtained from plant material in the Department of Biochemistry, Masaryk University (Brno, Czech Rep.) The DNA 

sequences (Table 1) were synthesized on an Applied Biosystems 3400 DNA synthesizer using the 1 µM scale synthesis cycle. 

Standard phosphoramidites were used. Ammonia deprotection was performed overnight at 55°C. The resulting products were 

purified using Glen-Pak Purification Cartridge (Glen Research, Sterling, VA, USA). The integrity of DNA sequences was checked by 

means of Mass Spectrometry. DNA strand concentration was determined by absorbance measurements (260 nm) at 90 oC using 

the extinction coefficients calculated using the nearest-neighbour method as implemented on the OligoCalc webpage [39]. 

Before any experiment, DNA solutions were first heated to 95oC for 20 minutes and then allowed to reach room temperature 

overnight. 100 mM phosphate buffer (pH 7.1, Sigma-Aldrich, Merck KGaA, Darmstadt, Germany), and 3 M acetate buffer (pH 

5.1, Sigma-Aldrich, Merck KGaA, Darmstadt, Germany) stock solutions were used to prepare the samples for measurements (10 

mM buffer, 5 mM KCl). 

 

DNA name Sequence (5’→3’) Expected structure References 

nmyc02 AGG GGG TGG GAG GGG GCA TGC AGA TGC AGG GGG T Parallel G4 / duplex [16] 

nmyc02m AGG GGG TGG GAG GGG GCT TTT TGA TGC AGG GGG T Parallel G4 [16] 

ckit21T12T21 CGG GCG GGC GCT AGG GAG GGT Parallel G4 [40] 

Pu22T14T23 TGA GGG TGG GAG GGT GGG GAA A Parallel G4 [40] 

TBA GGT TGG TGT GGT TGG Antiparallel G4 [41] 

C3TA2 CCC TAA CCC TAA CCC TAA CCC T iM at pH 5 [42] 

nmyc01 ACC CCC TGC ATC TGC ATG CCC CCT CCC ACC CCC T iM / duplex at pH 5 [16] 

nmyc01m ACC CCC TGC ATC TTT TTG CCC CCT CCC ACC CCC T iM at pH 5 [16] 

T20 TTT TTT TTT TTT TTT TTT TT Unfolded  

 

Table 1. DNA sequences studied in this work. The column labelled “Expected structure” refers to the structure adopted by the 

considered sequence at low temperature, 10 mM phosphate buffer (pH 7.1), and 5 mM KCl, apart from cytosine-rich sequences 

(C3TA2, nmyc01 and nmyc01m) where 10 mM acetate buffer (pH 5.1) was considered. 
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Instruments 

Absorbance spectra were recorded on an Agilent 8453 spectrophotomer. For absorbance measurements, a quartz cuvette with 

an optical path length of 1 cm, and 1400 L volume (Hellma, Jena, Germany) was used. The temperature of the cuvette was 

controlled with an Agilent 89090A Peltier device. CD spectra were recorded on a Jasco J-810 spectropolarimeter. In this case, a 

quartz cuvette with an optical path length of 1 cm, and 3000 L volume was used. The temperature was controlled with a 

JULABO F-25- HD device. Fluorescence spectra were recorded on an Aminco-Bowman series 2 spectrofluorimeter equipped with 

a xenon lamp. The excitation wavelength was set to 360 nm and the emission wavelength was to 530 nm with a sensibility of 

700 or 800V. A quartz cuvette with an optical path length of 1 x 0.4 cm, and 1000 L volume was used. The temperature was 

controlled with a JULABO F-25- HD device. 

SE-HPLC measurements were done on Waters 2695 HPLC equipped with a degasser, a quarternary pump, an autosampler, a 

photodiode array detector and a SEC-S-3000 as a SE-HPLC column. A pH 7.1 buffer (5 mM KCl and 10 mM potassium phosphate) 

mobile phase was used. To characterize DNA structures, 15 µL of samples at 20 oC were injected with a flow rate of 0.8 mL/min. 

DNA and palmatine concentrations were 2 and 6 µM, respectively, and were prepared in 10 mM potassium phosphate (pH 7.1) 

and 5 mM KCl. 

Methods 

CD-monitored melting experiments were measured from 5-15 to 90-95 oC, depending on the studied system. In addition to the 

ellipticity measured at a single wavelength (265, 280 or 292 nm, depending on the DNA structure), a set of CD spectra were 

recorded every 5oC. A temperature ramp of 0.6 oC·min-1 was used. DNA and palmatine concentrations were 2 and 6 M, 

respectively. The spectrum of the blank was removed from the recorded spectra. 

Spectroscopically-monitored titrations of DNA with palmatine were performed by adding increasing volumes of a 60 M 

palmatine stock solution to a 600 L solution of the corresponding DNA (2 µM). All these solutions were prepared in 10 mM 

buffer and 5 mM KCl. The temperature was controlled with a water bath at 20 oC.  

Data analysis 

CD-monitored melting experiments provided two data sets: a table of m CD spectra recorded at n wavelengths (data matrix D), 

and a table of p ellipticity values at a selected wavelength measured at p temperatures. 

Data matrix D was analyzed with a multivariate method, as described elsewhere [16,43]. Briefly, this method allows the 

determination of the number of components (nc) present along the melting, and the calculation of the distribution diagram (C), 

and spectra (S) of the nc components present in that experiment. This calculation was made by using an implementation of the 

Lambert-Beer law for multivariate data: 

𝑫 (𝑚 𝑥 𝑛) = 𝑪(𝑚 𝑥 𝑛𝑐) ∗ 𝑺(𝑛𝑐 𝑥 𝑛) + 𝑬(𝑚 𝑥 𝑛)   (Equation 1) 

In this equation, the dimensions of each matrix are given between parentheses. The matrix E contains residual data not 

explained by the proposed model of nc components. Prior to this analysis, CD spectra in matrix D were smoothed using a 

Savitzky-Golay filter, as implemented in Matlab computing software (The Mathworks Inc., Natick, MA, USA). The components in 

Equation 1 may be related to the different conformations present along the melting. In all cases studied in this work, nc was 

equal to 2, i.e., no intermediates (at least, spectroscopically-active in CD) were resolved with this procedure. The table of 

ellipticity values measured at a single wavelength was also analyzed to determine the melting temperature (Tm) of the transition 
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[44]. In this case, the baseline drifts were removed prior to the analysis and a two-state process was assumed. The Tm value was 

determined from the least-squares fitting of a sigmoidal curve to the processed data by using the cftool Toolbox in Matlab. 

For the analysis of binding equilibria, fluorescence spectra recorded along the titrations of DNA with palmatine were analyzed by 

means of the Equispec program [45], another method for multivariate analysis. As in the previous case, this program 

decomposes the matrix containing the experimentally-measured spectra into three matrices, which contain the distribution 

diagram, the spectra and the residual fluorescence data not explained by the proposed model of species (Equation 1). Goodness 

of fit was evaluated by calculating the r2 and the lack-of-fit (%) according to: 

𝑙𝑎𝑐𝑘 𝑜𝑓 𝑓𝑖𝑡 = 100√
∑(𝐹𝑖−𝐹𝑖,𝑐𝑎𝑙𝑐)

2

∑ 𝐹𝑖
2    (Equation 2) 

In this equation, Fi and Fi,calc are the experimental and fitted fluorescence values, respectively. 

Results and discussion 

Scarce structural modifications upon interaction with palmatine 

Firstly, the interaction of palmatine with the selected sequences was studied qualitatively by means of CD spectroscopy and SE-

HPLC. CD spectra of some G4 forming sequences (Pu22T14T23, TBA, nmyc02 and myc02) are shown in Figure 2. The CD spectra 

of Pu22T14T23, nmyc02 and nmyc02m showed positive and negative signals at 262 and 245 nm, approximately. These 

signatures have been assigned to parallel G4 conformations [46]. The CD spectrum of ckit21T12T21 also shows the 

characteristics of a parallel G4 (Figure S1a). Otherwise, the CD spectrum of TBA showed positive signals at 292 and 245 nm, and 

a negative signal at 267 nm (Figure 2b), which were related to an antiparallel G4 conformation [46]. In presence of palmatine 

(1:3 DNA:ligand ratio), little changes were observed in the UV region of the CD spectra. This fact suggests that the overall 

structure of the G4 was maintained upon interaction with the ligand. Only Pu22T14T23 and nmyc02 showed small changes. On 

the other hand, no induced signals were observed in the visible region of the CD spectra in any case, which points to a weak 

interaction that does not produce changes in the chirality of the ligand. 

 

Figure 2. CD spectra of G4 and G4:ligand mixtures. (a) Pu22T14T23, (b) TBA, (c) nmyc02, (d) nmy02m. DNA concentration was 2 

M, ligand concentration was 6 M, 5 mM KCl, 10 mM phosphate buffer, pH 7.1, 20 oC. 
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Whereas long cytosine-rich sequences, such as those studied in this work, fold into monomer iM structures, G4-forming 

sequences may adopt monomer structures but also, dimer, tetramer or even higher-order aggregates, such as G-wires [47]. CD 

spectroscopy provides an overall picture of the structure adopted by a sequence but it does not provide information about the 

molecularity of the structures formed. SE-HPLC chromatography is a separation technique that provides a clue on molecularity 

of the structures adopted by DNA sequences at experimental conditions very similar to those of spectroscopic measurements 

[48]. Figure 3 shows the chromatograms obtained for some of the G4-forming sequences. The chromatograms of ckit21T12T21, 

nmyc02 and nmyc02m showed the presence of two bands, which reflects the formation of structures of different molecularity. 

On the other hand, both Pu22T14T23 and TBA showed the presence of only one band. The number of strands involved in each 

band was deduced from the calibration plot of the log10(MW) against Ve/V0 [48], where Ve and V0 are the elution and dead 

volumes, respectively. According to this graph, the elution bands observed for the ckit21T12T21 sample corresponded to 

monomer (10.3 minutes) and dimer (9.6 minutes) structures. The bands observed in the chromatograms of Pu22T14T23 and 

TBA at 10.6 minutes were assigned to the monomer G4. Finally, the bands observed in the case of nmyc02 and nmyc02m 

samples were assigned to the monomer (10.2 minutes) and to a broad envelope of aggregates [16]. In all cases, the 

chromatograms recorded for the DNA:palmatine (1:3) mixtures only revealed very small changes in the polymorphism of the 

considered G4-forming sequences. 

 

Figure 3. Normalized SE-HPLC chromatograms of DNAs (blue) and 1:3 DNA:ligand mixures (red) . (a) ckit21T12T21, (b) 

Pu22T14T23, (c) nmyc02, (d) nmy02m, (e) TBA. “m”, “d” and “a” stands for “monomer”, “dimer” and “aggregates”. Experimental 

conditions were 2 M DNA, 6 M ligand, 10 mM phosphate buffer and 5 mM KCl, 20 oC. 

 

To gain insight into the stabilizing potential of palmatine, a series of CD-monitored melting experiments were carried out. From 

these, it may be deduced whether the ligand binds more tightly to the folded or unfolded forms of each sequence. As described 

in the experimental section, not only the variation of ellipticity at selected wavelengths was monitored, but also a set of CD 

spectra were measured along the melting experiment (Figures S2 and S3). The values of the melting temperatures (Tm) 

associated to the unfolding process were determined from the transformed ellipticity curves by considering a two-state 

approach (Figure S4). This assumption was checked by applying multivariate analysis to the sets of CD spectra.  
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As example, the melting experiment of the 1:3 nmyc01:palmatine mixture at pH 5.1 is explained here. Some of the measured 

spectra along this experiment are shown in Figure 4a, whereas the complete set is included in Figure S3. This last data set was 

analyzed by means of a multivariate data analysis method to determine the number of spectroscopically-active components 

present along the melting experiment [43], as well as their corresponding distribution diagram and spectra. These components 

were assigned to the different DNA conformations present along the melting, as palmatine does not show any CD signal. In the 

case of the 1:3 nmyc01:palmatine mixture, two significant components were observed, which were assigned to the folded and 

unfolded conformations of DNA. Considering this number of components, the corresponding distribution diagram (Figure 4b) 

and CD spectra (Figure 4c) were calculated. Finally, Figure 4d shows the calculated and experimental ellipticity values at 285 nm, 

reflecting that the proposed model of two components fits well the experimental data. The analysis was also carried out for a 

large number of components but the obtained results were not meaningful. Once the assumption of a two-state process was 

confirmed, the ellipticity vs. temperature curve was transformed into the fraction of folded DNA vs. temperature (Figure S4). 

From this curve, the Tm value was determined (Table 2). 

 

Figure 4. Melting experiment of the nmyc01:palmatine (1:3) mixture at pH 5.1. (a) Selected CD spectra. Inset: temperature 

values. DNA and palmatine concentration were 2 and 6 M, respectively; (b) Calculated distribution diagram for the two 

components proposed; (c) Calculated spectra for the two components proposed. (d) Fitted versus experimental ellipticity values 

at 285 nm. 

 

The experimental conditions used in the melting experiments consisted in 10 mM phosphate buffer (pH 7), and 5 mM KCl. This 

relatively low concentration of potassium ion was chosen to prevent the extraordinary stabilization of G4 structures, especially 

parallel G4, which would hinder the study of the stabilizing potential of palmatine. Concerning parallel G4s, the most stable 

structure is that adopted by Pu22T14T23 (76.5 oC). Other sequences (ckit21T12T21, nmyc02 or nmyc02m) also form stable 

structures with Tm values around 55 oC. In presence of palmatine, Tm values increase dramatically (Tm > 14.5 oC), which reflects 

a clear stabilization of the parallel G4 structures, as already pointed by other authors [34]. In addition, the Tm value was similar 

(within the experimental error) for the mixture of the ligand with nmyc02 (a hybrid parallel G4 with Watson-Crick hairpin) and 
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for the mixture with nmyc02m (a parallel G4 that does not show such hairpin). Therefore, it was deduced that the presence of 

the internal hairpin within the G4 adopted by nmyc02 does not yield an additional stabilization of the resulting G4:palmatine 

complex, in relation to that observed for the G4 structure lacking that hairpin (nmyc02m). Finally, only a small increase was 

observed in the case of the antiparallel G4 structure adopted by TBA (4.2 oC). This smaller stabilization could be due to a certain 

selectivity of the ligand for parallel G4s, or from the fact that TBA has only two G-tetrads instead of three in all other G-

quadruplex structures. 

 

 Expected structure Tm 
(oC) 

Tm 
(oC) 

Tm 

(oC) 

pH 7.1     

ckit21T12T21 Dimeric parallel G4 59.0 ± 0.8 76.9 ± 1.0 17.9 ± 1.8 

Pu22T14T23 Parallel G4 76.5 ± 0.7 ~ 94 > 17.5 

TBA Antiparallel G4 44.3 ± 0.5 48.8 ± 0.5 4.2 ± 1.0 

nmyc02 Parallel G4 with Watson-Crick hairpin 56.8 ± 0.5 73.1 ± 0.8 16.3 ± 1.3 

nmyc02m Parallel G4 57.1 ± 0.6 72.7 ± 0.7 15.6 ± 1.3 

nmyc01 Hairpin 32.4 ± 0.8 33.1 ± 1.1 0.7 ±1.9 

nmyc01m Hairpin 21.6 ± 0.7 21.5 ± 0.7 -0.1 ± 1.4 

nmyc01 : nmyc02 Watson-Crick duplex 66.8 ± 0.4 ~ 85 > 18.2 

nmyc01m : nmyc02m Watson-Crick duplex with internal bulge 54.9 ± 0.4 81 ± 2 26.1 ± 2.4 

     

pH 5.1     

C3TA2 iM 56.4 ± 0.8 56.2 ± 0.7 -0.2 ± 1.5 

nmyc01 iM with Watson-Crick hairpin 54.2 ± 0.7 52.7 ± 1.0 0.5 ± 1.7 

nmyc01m iM 54.0 ± 0.6 53.9 ± 0.6 -0.1 ± 1.2 

Table 2. Determined Tm values from the melting experiments of DNA and DNA:ligand mixtures. DNA concentration was 2 M, 10 

mM phosphate (pH 7.1) or acetate (pH 5.1) buffer, 5 mM KCl. Palmatine concentration was 6 M in all cases, except for duplex 

and duplex with internal bulge (9 M). 

 

At pH 7.1, the meltings of the cytosine-rich sequences nmyc01 and nmyc01m were characterized by smaller values of Tm values 

than those determined for G4 structures. This fact was related to the formation of partially folded structures, such as hairpins. 

By using Nupack software [49], the structure and stability of these structures were calculated (Figure S5). It is expected that, at 

the experimental conditions used in this work (10 mM phosphate buffer, 5 mM KCl, 20 oC) both, partially folded and unfolded 

strands coexist. On the other hand, the formation of very stable iM structures by nmyc01 or nmyc01m at this pH is probably not 

possible due to several reasons, like the length of cytosine stretches in these sequences, and the nature and length of the loops 

[50][51]. In this sense, it is clear that nmyc01 forms a relatively more stable structure than nmy01m. Upon addition of 

palmatine, and considering the associated uncertainties in Tm values, the structure adopted by nmyc01 was not more stabilized 

than that formed by nmyc01m.  

For comparison, the interaction of palmatine with the B-DNA formed by the 1:1 mixture of nmyc01 and nmyc02 at pH 7.1 was 

studied. As expected, the value of Tm could not be determined accurately because of the large stabilization provided by the 

ligand. Also, the melting of the 1:1 mixture of the mutated sequences nmyc01m and nmyc02m was carried out. In this case, as 

both sequences show a five-long stretch of thymine bases, the duplex contains an internal bulge, probably stabilized by T·T base 

pairs. The presence of such internal bulge produces a clear reduction of the stability in relation to the non-mutated mixture 

(54.9 vs. 66.8 oC). The addition of the ligand also produced a clear stabilization of the mutated duplex (Tm = 26.1 oC).  
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The effect of palmatine on the structures adopted by nmyc01 and nmyc01m at pH 5.1 were also studied. At this pH, the iM was 

observed to be the major structure [16]. The determined Tm values were high (around 54 oC), which confirms the key role of pH 

on the stabilization of iMs. The C3TA2 sequence forms an iM of similar stability, which points out to the formation of a similar 

number of C·C+ base pairs (six) in all three cases. Upon addition of palmatine, Tm was near 0 for C3TA2 and nmyc01m, and 0.5 

for nmyc01. Considering the uncertainty associated to Tm determination, it was deduced that palmatine has no effect on the 

stability of iM structures, even in the case of the hybrid iM/duplex structure.  

Binding constants 

Palmatine has a weak fluorescence emission at 530 nm, which may be dramatically enhanced upon interaction with DNA [52]. 

Therefore, the interaction of palmatine with G4, iM and hybrid structures was also studied by means of molecular fluorescence-

monitored titrations in order to determine the stoichiometry and association constants of the formed complexes (Figures S6 and 

S7). Figure 5 shows the relative fluorescence intensity measured for samples consisting on DNA and palmatine (1:3 ratio). At pH 

7, it was observed that the fluorescence of palmatine was higher in the presence of G-quadruplex and duplex structures than in 

the presence of cytosine-rich sequences. At pH 5.1 (where iMs are the major structures), fluorescence intensity is slightly higher 

than at pH 7.1. 

 

Figure 5. Fluorescence relative intensity of DNA:palmatine mixtures. The DNA and palmatine concentrations were 2 and 6 M, 

respectively. Samples were prepared in 10 mM phosphate or acetate buffer, 5 mM KCl, and 20 oC. All fluorescence intensities 

were measured at the same voltage (700 V). 

 

Figure 6a shows the spectra measured along the titration of nmyc01 at pH 5.1 with palmatine. An increase of fluorescence was 

observed along the titration. The set of spectra were analyzed by means of the Equispec program in order to determine the 

number of different complexes formed along the experiment, as well as their distribution diagrams and spectra [45]. This 

analysis showed that the experimental data could be satisfactorily explained considering a non-cooperative 1:1 (DNA:ligand) 

binding (logarithm of the binding constant equal to 5.14±0.06). The calculated distribution diagram and spectra are shown in 

Figure 6b and 6c, respectively. Figure 6d shows the fitted versus experimental fluorescence intensities at 530 nm. The 1:1 

stoichiometry was also checked by means of the Job’s plot (Figure S8). 
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Figure 6. Titration of nmyc01 with palmatine at pH 5.1. (a) Fluorescence spectra. Inset: palmatine:nmyc01 ratio. DNA 

concentration was 2 M, 20 oC, 800 V; (b) Calculated distribution diagram for the three species proposed; (c) Calculated spectra 

for the three species proposed. (d) Fitted versus experimental fluorescence intensity values at 530 nm. 

 

Table 3 summarizes the values of the determined binding constants, as well as the lack of fit, which is a measure of the quality of 

the fitting procedure. For all the considered sequences and mixtures, the spectroscopic data were well fitted to a non-

cooperative 1:1 binding, whereas other stoichiometries provided higher values of the lack of fit parameter. This 1:1 

stoichiometry agrees with previous reports on the interaction of palmatine with the AG3(T2AG3)3 telomeric sequence [27], and 

with guanine-rich sequences forming tetramolecular G4 structures [18]. 

 

pH 7.1 Logarithm of the binding constant lack of fit (%) 

ckit21T12T21 6.24±0.07 3.0 

Pu22T14T23 6.80±0.18 3.5 

TBA 5.73±0.02 1.6 

nmyc02 6.30±0.05 3.2 

nmyc02m 6.32±0.05 3.5 

nmyc01 5.14±0.06 2.0 

nmyc01m 4.74±0.03 1.3 

nmyc01:nmyc02 6.04±0.04 3.3 

nmyc01m:nmyc02m 6.00±0.04 3.4 

   

pH 5.2 Logarithm of the binding constant lack of fit (%) 

C3TA2 5.34±0.06 3.5 

nmyc01 5.76±0.05 3.9 

nmyc01m 5.41±0.02 1.4 

nmyc01:nmyc02 5.88±0.04 2.9 

Table 3. Values of the association constant KA, as well as their corresponding uncertainties (95 % confidence level) and fitting 

parameters, calculated for the interaction between berberine and the selected DNA sequences.  
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At pH 7.1 and at 20 oC, stronger interactions were observed for duplex and for G4 structures. The weaker interactions were 

observed for nmyc01 and nmyc01m, which are mainly present as a partially folded hairpin, as shown previously. For G4 

structures, the binding constants are around 106.3 – 106.8 M-1, which denote a relatively strong binding. In a previous work, 

Franceschin et al. reported an affinity constant equal to 105.49 M-1 for the interaction of palmatine with a parallel G4 structure 

found near the promoter of the c-kit gene in 10 mM tris-HCl buffer and 100 mM of KCl [34]. This smaller value of the binding 

constant determined by these authors could be related to the greater content of salt used in their experiments, which would 

produce a reduction of the electrostatic interactions between charged ligand and DNA [17]. No differences were observed 

between the binding affinity of palmatine for nmyc02 (parallel G4 with Watson-Crick hairpin) or nmyc02m (parallel G4 without 

any hairpin), which could be explained as a result of a similar affinity of the ligand for the G4 and hybrid moieties within the 

structure adopted by nmyc02. Finally, the affinity constant determined for the interaction of palmatine with the antiparallel G4 

structure adopted by TBA was slightly smaller than those determined for ckit21T12T21, nmyc02 or nmyc02m. This result is in 

agreement with the smaller Tm value determined in the case of the TBA:palmatine mixture than in the case of the mixtures 

with parallel G4 structures. Overall, these results pointed out to a greater interaction with parallel than with the antiparallel G4 

structure adopted by TBA.  

The interaction of palmatine with the perfect duplex (nmyc01:nmyc02) and with the mismatched duplex (nmyc01m:nmyc02m) 

was very similar, and slightly weaker than with the G4 structures. At pH 5.2, the binding with the perfect duplex was also weaker 

than at pH 7.1, probably due to the disruption of the duplex to yield the intramolecular G4 and iM structures. 

At pH 7.1, the interaction of palmatine with cytosine-rich sequences is very weak, being the binding constant for the 

palmatine:nmyc01 interaction slightly higher than for the mutated sequence. This could be related to the slightly greater 

stability of the hairpin formed by nmyc01 in relation to nmyc01m. At pH 5.2, the interaction of the ligand with the iMs is 

characterized by an increase of the fluorescence (Figure 7) and for a higher value of the binding constant. This increase of the 

fluorescence intensity in presence of an iM structure could be used to develop analytical methodology to detect it, as shown 

already by using other ligands [53]. The determined binding constant, however, was lower than those determined for G4s or 

duplex structures, and similar to that previously reported for the berberine alkaloid [17]. Again, the binding constant for the 

interaction of palmatine with the iM/duplex hybrid structure is slightly higher than with the structure lacking the internal 

hairpin. 

 

Figure 7. Binding curves for nmyc01 and nmyc01m at pH 5.1 and 7.1 (20oC, 800 V). Symbols are the experimental values, 

whereas lines represent the fitted values considering a 1:1 DNA:palmatine interaction model. 
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Conclusions 

In this work, the interaction of palmatine ligand with a series of G4, iM and duplex structures has been studied by means of 

spectroscopic and separation techniques. The results have shown that this ligand interacts more strongly with parallel than with 

the antiparallel G4 structure adopted by the thrombin binding aptamer. However, no changes were observed within the DNA 

structures upon interaction with the ligand, which points out to a mode of binding based on stacking on external G-tetrads. In 

the case of the G4/duplex hybrid structure, such as that formed by the nmyc02 sequence, the presence of an internal hairpin 

within the G4 structure has no effect on the interaction with the ligand. Palmatine has also been shown to stabilize strongly 

duplex structures, including those showing internal bulges.  

In the case of iM structures, the addition of the ligand produced a clear increase of the fluorescence emission at pH 5.2 in 

relation to that observed at pH 7.1, where the iM unfolds. However, the binding is very weak, as deduced from melting and 

binding experiments, which pointed out to a mode of interaction rather based on electrostatic interaction, rather than on 

intercalation. As in the case of the G4/duplex hybrid formed by nmyc02, the presence of a hairpin within the iM structure has no 

effect on stabilization due to ligand binding.  
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