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Višnjevaca, and Ivo Piantanidaa,* 

 
Comparison of neutral and cationic calix[6]arene and calix[4]arene derivatives revealed that only cationic analogues non-

covalently bind to ds-DNA and ds-RNA, by insertion into DNA minor groove or RNA major groove. Also, cationic analogues 

revealed strong and highly selective charge-dependent stabilization of AT-DNA against thermal denaturation, calix[6]arene 

trication being for an order of magnitude more efficient than its calix[4]arene dicationic analogue. At variance to DNA/RNA 

selectivity for only cationic calixarenes, both, neutral and cationic calixarenes bind nucleoside monophosphates with similar 

efficiency, by forming tweezer-like supramolecular complexes, with nucleobases inserted between aromatic pendant arms 

grafted to calixarene rims. Such nucleotide-calixarene complexes were monitored by emission change of calixarene as a 

function of nucleobase insertion, whereas calixarene was inserted into DNA/RNA polynucleotide groove with no change in 

the calixarene emission – stressing importance of the ligand insertion within calix-basket for the fluorimetric sensing. 

Introduction 

Synthetic small molecules targeting DNA/RNA or nucleotides have 

attracted considerable interest due to a huge versatility in 

biochemical and biomedical applications, spanning from drugs-like to 

toxic properties, or as various probes for monitoring of bio-related 

processes.1,2 The research on DNA/RNA-interacting small molecules 

has been mostly focused on its impact on the DNA/RNA function or 

selective/specific DNA/RNA labelling.2-4 However, huge complexity 

of DNA- or RNA- coded processes, which do not depend only on 

coding DNA base pair sequences, but also include epigenetics, has 

only recently attracted more attention.5,6 

Calixarenes were traditionally studied as supramolecular receptors 

for various low molecular weight cationic, anionic or neutral species, 

but only marginally investigated for their biological effects or 

applications.3,4 However, systematic study revealed that cationic 

calixarenes can be applied as innovative DNA-transfection agents.5,6 

Also, in our previous report we demonstrated that particular cationic 

calixarene-dimers bind into ds-DNA major groove,7 which is a rather 

rare propensity of small molecules that commonly target DNA minor 

groove.2 Other studies with monomeric calixarenes revealed 

intriguing bioactivity, and different DNA-binding profile, which was, 

at the time, not studied in detail.7 

Within the last decade we have developed three generations of 

calix[6]arene-based (funnel), as well as two generations of 

resorcinarene-based (bowl) supramolecular systems featuring two, 

three or four methylimidazole-containing coordination arms grafted 

at the large rim, and with ever increasing level of biomimicry.8-10 

Major breakthrough in development of fully biomimetic systems has 

been achieved recently with the optimized synthetic procedure for 

water-soluble structures, which are now readily available.11-13 

Cationic calix[4]arene 2 and calix[6]arene 4 (Scheme 1) studied 

within this report were among the first examples of our water soluble 

systems, at the time showing promising recognition of metal cations 

and primary amines in aqueous solution.14,15 

Scheme 1. Molecular structures of studied cationic calixarenes 2 (as a 

chloride salt), 4 (as a nitrate salt) and their non-charged analogues 1 and 

3. 

Previously published calixarene derivatives targeting DNA, 

based their action on the substituents bearing multiple positive 

charges, which strongly interacted with DNA negatively charged 

backbone, in several cases strongly condensing plasmid-DNA 

into globular species followed by efficient DNA-transfection into 

the cells,5,6 while dimeric derivatives did not cause DNA-

condensation but were instead inserted into the DNA major 

groove.7 In contrast to previously published results, in this work 

we focused on calixarenes with very short, triazole-attached 
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permethylated positively charged substituents (2 and 4) and 

their neutral analogues (1 and 3). We were particularly intrigued 

by the possible influence of several structural features of these 

calixarenes on the non-covalent interactions with double 

stranded DNA or RNA, as well as with nucleotides as building 

blocks of nucleic acids. Based on our previous work7 we 

presumed minor groove binding as the mode of interaction with 

ds-DNA, which should be controlled by the size (1, 2 vs. 3, 4) and 

charge (1, 3 vs. 2, 4) of the calixarenes. Moreover, ds-RNA major 

groove could be another suitable binding site, thus fine 

structural differences between 1, 2, 3 and 4 could lead to ds-

DNA vs. ds-RNA selectivity. Furthermore, 1-4 with several 

aromatic substituents grafted to one calixarene rim (1, 3) or 

both rims (2, 4) resemble to some extent to supramolecular 

tweezer-like constructs designed to bind nucleotides, which by 

fine interplay of electrostatic, hydrophobic, aromatic stacking 

and H-bonding interactions demonstrated particular selectivity 

towards various nucleotides.16-19 

Results and discussion 

Characterization of Studied Compounds in Aqueous Solutions 

Studied compounds are moderately soluble in water as described 

earlier.14,15 However, for easier handling, stock solutions were 

prepared in DMSO at 5 mM concentrations, stored in a refrigerator 

and diluted in buffer prior to use.  
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Figure 1. a) The fluorescence spectra of 1-4 (c = 2 × 10−6 M), ʎexc = 300 

nm, at pH 7.0, sodium cacodylate buffer, I = 0.05 M. 

The UV/Vis spectra in buffered solution at pH 7.0 revealed that all 

compounds have absorption maxima < 300 nm, with a shoulder at λ 

= 300 nm, and hence are convenient for spectrophotometric studies 

of interactions with ds-DNA/RNA (absorbing below 300 nm). 

Absorbancies for all compounds were proportional to their 

concentrations up to 10 µM. 

Literature search on related calixarene analogues did not show any 

mention of their fluorescence emission. However, 1,2,3-triazole-

phenol based ‘‘turn-on’’ fluorescence sensor for the detection of 

anions20,21 resembles closely to the building block used in 2 and 4. 

This prompted us to check the fluorescence emission properties of 

1-4. Upon excitation at different absorption maxima or at absorption 

shoulder at 300 nm (chosen for convenience of not overlapping with 

the absorbance of DNA), studied compounds exhibited very weak but 

applicable fluorescence (Figure 1), with the intensity proportional to 

compounds concentration up to 5 µM. The collected excitation 

spectra were in accordance with UV/Vis spectra, supporting that the 

same chromophore is responsible for absorption and emission of the 

light. 

Relative quantum yields, determined in comparison to NATA 

standard (N-acetyl-L-tryptophanamide, ΦR=0.14, λexc = 280 nm; λem = 

300 – 360 nm) were very low (ESI, Table S2; Φf < 0.005), mutual 

comparison generally confirming order of magnitude lower Φf values 

for triazole-analogues 2, 4 in respect to amine – derivatives 1 and 3. 

In order to check whether studied compounds have stable, unique 

excited state, we performed three experiments by using three 

different excitation wavelengths (270, 280 and 290 nm) and for each 

wavelength the same quantum yield was obtained. 

Comparison of emission maxima revealed that neutral molecules 1 

and 3 emit light at about 30 - 40 nm shorter wavelength in 

comparison to their triazole-cationic analogues 2 and 4. To address 

this by computational chemistry methods,  the fluorescence spectra 

of compounds 1 and 2 were calculated (ESI, Fig. S6) to identify the 

part of the molecule responsible for the fluorescence, as well as the 

type of molecular orbitals dominating the transitions. The structures 

of 1 and 2 were optimized employing the density functional theory 

in conjunction with the polarizable continuum model (DFT-D3/PCM) 

for a fully implicit description of the aqueous environment. The 

global hybrid B3LYP exchange-correlation functional was used for 

geometry optimizations in ground and first excited states, as well as 

for harmonic frequencies calculations. The dispersion corrections 

where included using the Grimme’s D3 model.22 The structures 

where optimized using the 6-31G(d), since this level of theory 

showed very good performance in previous studies of fluorescent 

calix[4]arenes.23 The fluorescent spectra were calculated employing 

the time dependent density functional theory (TD-DFT/B3LYP/6-31G 

(d)) with corrected linear response approach. All calculations were 

done in Gaussian16 program package.24 According to the 

calculations, approximately the same red-shift (for 47 nm) in 

emission wavelength was observed in case of compound 2 in 

comparison with 1. The emission of 1 and 2 originates from the 

transition of electrons in their HOMO (π orbital) to LUMO (π orbital, 

Fig. 2.) according to the 100 % ratios, showing the obvious π π 

characters, the electron-donating HOMO of 1 π distributed mainly on 

benzene ring and amino group and the electron-accepting LUMO is 

also a π orbital but distributed on two adjacent benzene rings.25 The 

results obtained for calixarene 2 showed a charge transfer from tert-

butyl benzene ring to benzene-triazole subunit. As shown in 

theoretical calculations, the energy difference between HOMO and 

LUMO of compound 2 is lower than of compound 1 so the compound 

2 has red-shifted emission wavelength,26 in accordance with 

obtained experimental results (Figure 1). It is expected that 

calix[6]arenes 3 and 4 with larger ring size will be more flexible than 

calix[4]arenes 1 and 2, and due to more fluorophores, exhibit 

increased emission intensity. 
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Figure 2. The excited states optimized structures of calix[4]arene 1 (left) and 

2 (right) and the emission mechanism predicted by TD-DFT. 

 

Interactions with nucleotides 

Taking advantage of the weak fluorescence exhibited by 1-4, we 

performed fluorimetric titrations by adding nucleotide aliquots 

to buffered solutions of 1-4 and measuring resulting emission 

alteration. In all cases, addition of nucleotide caused 

fluorescence quenching (Figure 3, ESI, Fig. S7); however, 

intensity of emission change and binding constant calculated for 

1:1 stoichiometry of complex formed, depended strongly on 

which nucleotide and calixarene were involved (Table 1). Fitting 

data to other stoichiometries (2:1 or 1:2) by Specfit program27,28 

for multivariate analysis, did not give better fit or logical species 

distribution. 

Due to the generally weak emission of the calixarenes, titration data 

points show some variation and thus values of binding constants 

obtained by fitting procedures are accurate within the order of 

magnitude, consequently only differences larger than the order of 

magnitude can be considered as significant. Analysis of binding 

constants (log Ks, Table 1) revealed that neutral compounds 1 and 3 

show similar affinity for nucleotides as compared to their cationic 

analogues 2 and 4, which leads to the conclusion that electrostatic 

interactions between positive and negative charges did not 

contribute significantly. Furthermore, only neutral compounds 1 and 

3 exhibited similar affinity toward purine (A, G) and pyrimidine (U, C) 

bases, while cationic 2 and 4 bind purine (A, G) more than an order 

of magnitude stronger than pyrimidine (U, C) bases. The diameter of 

the calixarene cavity in the studies compounds does not allow the 

deep inclusion of nucleobases inside the calixarene cavity, but the 

flexibility and spacing of aromatic subunits at both calixarenes rims 

(Fig. 4) allow for a possible insertion of aromatic ligands (such as 

nucleobases) in the form of a supramolecular tweezer-like complex. 
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Figure 3. Changes in fluorescence of: UP) 2 (exc = 300 nm, em = 400 nm, 

c = 1 × 10−6 M) or DOWN) 4 (exc = 300 nm, em = 400 nm, c = 1 × 10−5 M); 

upon addition of various mononucleotides. Done at pH 7.0; sodium 

cacodylate buffer, I = 0.05 M.                                          

Binding constant values (log Ks) > 4 do support formation of the 

tweezer-like type of nucleobase-calixarene complex, where the 

nucleobase is inserted between two or three imidazole or triazole 

subunits, based on the sandwich-type aromatic stacking interactions 

(Fig. 4). Similar tweezer-like complex with a nucleobase inserted 

between aromatic subunits has been characterized previously.18,19 

Taking into account the structures of the studied calixarenes, for 

neutral analogues of 1 and 3, the nucleobase binding site would be 

between imidazole subunits, whereas for cationic analogues 2 and 4, 

there is an additional possibility of binding between triazole-cation 

subunits – allowing additional electrostatic interactions between 

negatively charged phosphate of the nucleotide and cationic part of 

2 and 4.  
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Table 1. Binding constants log Ks
a and emission quenching efficiency of 

complexes (bΔInt) of 1-4 with nucleotides calculated by processing 

fluorimetric titrations (c = 2 × 10−6 M), at pH = 7.0, sodium cacodylate buffer, 

I = 0.05 M. 

 AMP GMP UMP CMP 

2 
4.3±0.1  

(ΔInt = 0.8) 

4.8±0.2  

(ΔInt = 0.6) 

2.5±0.3  

(ΔInt = 0.3) 

3.1±0.3  

(ΔInt = 0.4) 

4 
4.0±0.1  

(ΔInt = 0.9) 

3.4±0.3  

(ΔInt = 0.6) 

2.4±0.3  

(ΔInt = 0.4) 

3.2±0.2  

(ΔInt = 0.2) 

1 
5.0±0.1  

(ΔInt = 0.8) 

4.7±0.1  

(ΔInt = 0.8) 

4.1±0.2  

(ΔInt = 0.6) 
cNP 

3 
4. ±0.1  

(ΔInt = 0.6) 

5.0±0.1  

(ΔInt = 0.5) 

5.0±0.1  

(ΔInt = 0.6) 

4.7±0.2  

(ΔInt = 0.6) 
a Obtained by processing titration data by the nonlinear regression fitting 

method (Origin 7.0) according to the model the compound / NMP = 1: 1 

stoichiometry complex; correlation coef. R>0.99. 

b ΔInt = Int (100% complex) / Int0;  
cNP = too small emission changes for reliable data processing 

 

The addition of a nucleotide to any calixarene generally quenches its 

fluorescence (Figure 3), likely due to the partial aromatic π-π 

interactions between the nucleobase and the fluorophore, occuring 

during the insertion of part of the nucleotide between the calixarene 

arms. It is well known that such π-π interactions facilitate non-

radiative relaxation of the fluorophore, but they are often not 100 % 

effective, leading to only a partial quenching of the emission. Further, 

a detailed analysis of the emission quenching efficiency (Table 2, 

ΔInt) showed some selectivity. The main structural difference 

between the tested calixarenes is that compounds 2 and 4 contain 

two and three positive charges, respectively, while the compounds 1 

and 3 are neutral. Purine bases induce similar emission quenching of 

charged or neutral analogues, but a significant selectivity is observed 

with pyrimidine bases (C and U), which are generally smaller in size 

than purine bases (A and G). Only for cationic calixarenes (2 and 4), 

the addition of any pyrimidine base resulted in significantly stronger 

fluorescence quenching (ΔInt) as compared to purine bases. Very 

likely, a smaller pyrimidine base penetrates deeper into the 

calixarene structure, thus influencing its fluorescence properties 

more strongly. 

To confirm this assumption we investigated, by set of computational 

methods the possibility of inclusion of both pyrimidine and purine 

nucleobases, specifically CMP and AMP into the positively charged 

calixarene 4 cavity. Two complexes of calixarene 4 with each 

mononucleotide were prepared, one with mononucleotide oriented 

between the imidazole groups (Fig. 4. left) and the other between 

triazole subunits (Fig. 4. right). The molecular dynamics simulations 

were done for 50 ps with a time step of 4 fs at the temperature of 

298.15 K, which was found sufficient to reach the most stable 

thermodynamic state. The water was modelled implicitly with 

generalized Born model with surface area (gbsa).  

 

 

(a) 

 

 

(b) 

 

Figure 4. Optimized complexes of calixarene 4 (capped sticks style) with 

nucleotides (space fill) inserted between imidazoles (left) and triazoles (right): 

a) CMP, b) AMP. Determined by semiempirical GFN2-xTB method and 

molecular dynamics simulations 

 

The most stable structures of the complexes are shown on Fig. 4, 

demonstrating that for cationic derivative 4, nucleobase insertion 

from both, imidazole or triazole, side is indeed possible. Complexes 

are stabilized with aromatic stacking interactions between 

nucleobase and aromatic substituents of calixarene, while for 

triazole side negatively charged phosphate groups are oriented 

towards positively charged trimethylamine group in triazole binding 

subunit, suggesting electrostatic interaction contribution. It is 

important to note that CMP enters a cavity more deeply in 

comparison to AMP (Fig.4 right; a) and b)), supporting aforesaid 

impact on emissive properties of fluorophores and consequent 

stronger emission quenching in comparison to purine nucleotides. 

Interactions with ds-DNA, ds-RNA 

The choice of ds-DNA and ds-RNA in this study was driven by 

significant differences in the secondary structure of particular 

homogeneous polynucleotide sequences (for detailed structural 

features, see ESI, Table S1): poly dAdT - poly dAdT are characterized 

by typical B-helical structure and minor groove ideal for small 

molecule binding; poly dGdC - poly dGdC minor groove is sterically 

blocked by guanine amino groups significantly hampering small 

molecule insertion; poly A — poly U presenting typical RNA A-helical 

structure with a major groove as a potential target for small 
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molecules. Also, for comparison, we used naturally isolated DNA 

from calf thymus (ct-DNA), characterized by a typical B-helical 

structure and an equal amount of AT- and GC-base pairs. All chosen 

polynucleotides are 100–200 base pairs long, ensuring a large 

quantity of identical, mutually independent binding sites for a small 

molecule and thus rendering the contribution of molecule binding at 

polynucleotide termini negligible. 

Thermal denaturation experiments 

The thermal denaturation experiments provide information 

about the ds- polynucleotide helix thermal stability as a function 

of interaction with added small molecules.29 The difference 

between the Tm value of free ds-polynucleotide and a complex 

with a small molecule (Tm value) is an important factor in the 

characterization of small molecule/ds-polynucleotide 

interactions. Thermal denaturation is particularly informative 

for presumed polynucleotide groove binding of small 

molecules, like hereby studied calixarenes. Namely, insertion 

into polynucleotide groove is controlled by several steric 

factors: groove width, groove depth and particularly by steric 

obstruction of guanine amino groups in the DNA minor groove, 

which effectively hamper efficient binding in GC-sequences. For 

instance, all typical DNA minor groove binders are highly 

selective or even specific for AT-sequences.2 Moreover, thermal 

denaturation of DNA/RNA is also sensitive to electrostatic 

interactions of positively charged small molecules with 

negatively charged DNA/RNA backbone.30 

Table 2. Tm valuesa (°C) for ratio br = 0.3 of 1 - 4 added to various 

polynucleotides 

 ct-DNA pApU  p(dAdT)2 pdA - pdT  

1 0 0 0 0 

2 0 2 1 1 

3 0 0 0 0 

4 0 1 10 3 

a Tm-Value error  0.5 °C; b r = (compound)/(polynucleotide). 

 

Addition of 1-4 to studied DNA/RNA resulted in quite selective 

stabilization of double stranded AT(U) containing 

polynucleotides (Table 2, ESI, Figs S18-S25). The impact of 

neutral calixarenes 1 and 3 on stabilization of ds-

polynucleotides was negligible for all studied DNA/RNA (Table 

2), strongly stressing the importance of positive charge for 

effective binding to DNA/RNA. Cationic analogues 2 and 4 

selectively stabilized AT(U) polynucleotides, whereas mixed 

sequence ct-DNA, containing 42 % of GC-base pairs, was not 

stabilized which suggests that grooves are dominant binding 

sites. Smaller, +2 charged calixarene 2 similarly stabilized all 

AT(U)-polynucleotides, while larger +3 charged calixarene 4 

much stronger stabilized p(dAdT)2 with groove width of 6.3 Å, 

than polynucleotides with narrower grooves [pApU (3.8 Å) or 

pdA – pdT (3.3 Å)]. 

 

Fluorimetric titrations 

The emission of studied 1-4 changed only negligibly upon 

addition of any ds-DNA or ds-RNA, which is in compliance with 

location of presumed fluorophores inside calixarene ring 

(phenol-triazole or phenol-amine units). Such fluorophore 

would be sensitive to bound cations or deeply inserted 

nucleobases, but structure of DNA/RNA binding sites does not 

include insertion into calixarene but rather more likely 

enveloping calixarene inside DNA/RNA. 

In order to mitigate the low emission responsiveness of 

calixarenes upon binding to ds-DNA/RNA, we opted for 

Indicator Displacement Assay (IDA) methodology,31 particularly 

for ethidium bromide (EtBr) displacement assay by preparing a 

highly emissive EtBr/polynucleotide complex and then 

displacing EtBr by addition of calixarene, monitoring 

simultaneously the decrease of EtBr emission (Figure 5, ESI, Figs 

S8-S17).32,33   
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(b) 

Figure 5. Changes in fluorescence of ethidium bromide (c = 5 × 10−6 M, 

exc = 505 nm, em = 600 nm) from the complex with the p(dAdT)2 (c = 5 

× 10−5 M): a) upon addition of 2 or b) upon addition of 4. Note five times 

larger quantity of 2 in comparison to 4, necessary to reach IDA50%. 

Done at pH 7.0; sodium cacodylate buffer, I = 0.05 M. 
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Table 3. The IDA50% ratios of ethidium bromide against calixarenes 1 – 4 

(IDA50% = [EtBr] / [calixarene] at which 50% of EtBr is displaced) obtained by 

displacement of ethidium bromide (c = 5 × 10−6 M) from the complex with the 

tested polynucleotide (c = 5 × 10−5 M). Measurements were performed at pH 

= 7.0; sodium cacodylate buffer, I = 0.05 M. 

 ctDNA p(dAdT)2 p(dGdC)2 pApU 

1 b b b B 

2 0.15 0.10 0.11 0.09 

3 b b b b 

4 0.34 0.47 0.68 0.68 
a The IDA50% value is calculated as a ratio [EtBr] / [calixarene] = (Int(EtBr-

DNA complex) – Int(EtBr)) / 2 ; b Negligible change of Int(EtBr-DNA complex) 

prevented calculation of IDA50% value. 

Calculated IDA50% (Indicator Displacement Assay) values (Table 3) 

corroborated the previously established dependence of the binding 

to a polynucleotide chain and positive charge of a binder (vide supra). 

+3 charged 4 is 3 - 6 times more effective in EtBr displacement as 

compared to +2 charged 2, while neutral analogues 1 and 3 were 

unable to displace EtBr from any ds-DNA/RNA. Since ethidium 

bromide is actually an intercalator, which is displaced from DNA/RNA 

by groove binding calixarenes 2 and 4, one cannot directly derive 

apparent binding constant from calculated IDA50% values (Table 3). 

However, displacement took place close to an equimolar ratio of EtBr 

and 4, suggesting roughly comparable affinity. Therefore, in order to 

verify these IDA50% values, we performed competition experiments 

with DAPI, a typical minor groove binder, highly selective to AT-DNA 

minor groove, and for monitoring displacement we opted for circular 

dichroism as a fluorescence-independent method (see below). 

 

Circular dichroism experiments 

To study in more detail the structural properties of the formed 

complexes, we used circular dichroism (CD) spectrophotometry.34 A 

small molecule can, upon binding to polynucleotides, acquire an 

induced (I)CD signal, positioned at the absorption bands of the small 

molecule, in the case of our compounds 1-4 in the range 300 – 550 

nm, not coinciding with the DNA/RNA CD signals. The character and 

the magnitude of the ICD signal offer valuable information for the 

determination of binding modes (intercalation, agglomeration, 

groove binding, etc.).35 Minor groove binding to ds-DNA orientates 

the ligand approximately at 45° with respect to the DNA chiral axis, 

giving a strong positive ICD band. Intercalation brings the aromatic 

moiety of the ligand in a coplanar arrangement with the base pairs, 

giving only a weak ICD band (in the majority of cases with a negative 

sign due to parallel orientation of the transition vector of the ligand 

and the longer axis of the surrounding base pairs).34,35 

Studied calixarenes are achiral, thus do not possess intrinsic CD 

spectra. Addition of any studied calixarene to any DNA or RNA did 

not change significantly the CD spectrum of a polynucleotide and no 

induced CD bands at > 300 nm were observed (ESI, Fig. S26, S27). 

Considering the barrel-like shape of calixarene molecules, it is very 

likely that transition moments of their absorption spectra did not 

align uniformly in respect to the DNA/RNA chiral axis (thus no ICD 

bands) and that their insertion into DNA/RNA grooves did not disturb 

significantly the DNA/RNA helicity. 

However, in order to confirm a presumed binding of cationic 

calixarenes 2 and 4 in the DNA minor groove, we performed series of 

displacement experiments with DAPI, a well-known minor groove 

binder. DAPI binds into AT-DNA minor groove with high affinity, 

yielding strong positive ICD band at about 375 nm.36 If cationic 

calixarenes bind also into DNA minor groove, they should efficiently 

displace DAPI, but if they bind into major groove, DAPI ICD band 

should remain unchanged.7 Indeed, addition of 2 or 4 very efficiently 

displaced DAPI, as monitored by disappearance of DAPI ICD band 

(Figure 6, ESI, Figs. S28, S29). Observed IDA50% values differ by factor 

of four, suggesting that smaller 2 displaces DAPI from the AT-DNA 

minor groove somewhat more efficiently than its larger analogue 4. 

Intriguingly, difference in IDA50% values for the ethidium bromide 

displacement (Table 3) was opposite, likely due to the different 

binding modes of ethidium (DNA intercalator) and DAPI (DNA minor 

groove binder). 
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Figure 6. Changes in induced CD band of DAPI at 375 nm (c = 5 × 10−6 M) from 

the complex with the p(dAdT)2 (c = 2 × 10−5 M): a) upon addition of 2 or b) 

upon addition of 4. Done at pH 7.0, buffer sodium cacodylate, I = 0.05 M. 
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Conclusions  
At variance to previously reported evidences for hereby studied class 

of calixarenes, we have demonstrated that they do emit weak but 

applicable fluorescence, responsive for inclusion-type of complexes. 

We also identified phenol-amine and phenol-triazole subunits as 

responsible for the fluorescence of our compounds. 

Studied series of neutral and cationic calixarenes demonstrated two 

different modes of interaction with biorelevant targets. The 

mononucleotides (NMP) form tweezer-like complexes with their 

nucleobases inserted between aryl-substituents grafted to 

calixarene rim, dominantly based on aromatic stacking and 

hydrophobic interactions – as evidenced by similar affinity of neutral 

and cationic calixarenes. Formation of such complexes is easily 

monitored by change of calixarene fluorescence, particularly of 

cationic calixarenes which reveal selective response to pyrimidine 

bases (UMP, CMP). 

Unlike the small molecule (NMP) complexation, only cationic 

analogues 2 and 4 of hereby studied calixarene derivatives bind to 

large polynucleotides by insertion into a DNA minor and RNA groove. 

The binding interactions involved in the formation of the resulting 

assemblies have an important electrostatic contribution, since only 

cationic calixarenes 2 and 4 show measurable interactions. 

Nevertheless, the efficiency of EtBr displacement by far exceeds the 

effect of only two or three positive charges per calixarene molecule, 

thus suggesting that also hydrophobic interactions are involved 

(based on water expulsion from a DNA/RNA groove). This 

hydrophobic effect is corroborated by efficient displacement of DAPI 

from AT-DNA groove. CD experiments showed that the insertion of 

calixarene into DNA or RNA grooves does not disturb the secondary 

structure of the double helix significantly; however more efficient 

DAPI displacement by  derivative 2 in comparison to its larger 

analogue 4 does reveal a limited steric-controlled selectivity.   

The existence of two different possible modes of binding open an 

avenue for an innovative simultaneous monitoring system, in which 

mixture of mononucleotides and large polynucleotides could be 

simultaneously tested for both components: the calixarene emission 

change would be a qualitative mark for the formation of a complex 

between the calixarene and a mononucleotide, while efficient 

displacement of EtBr from DNA and/or selective AT-DNA stabilization 

would signal calixarene binding to a polynucleotide chain. The 

calix[6]arenes 3 and 4 herein studied are by their design rather 

flexible and their flexibility (this especially stands for 4) might also be 

an important factor to modulate to gain more information about the 

DNA/RNA binding of this class of molecules. This work is currently in 

progress in our laboratories. 

 
Experimental section 

General information 

Compounds 1-4 were prepared and characterized as described 

earlier.14,15,37 

 

Computational methods 

For calixarene spectrophotometric properties modelling the global 

hybrid B3LYP exchange-correlation functional was used for geometry 

optimizations in ground and first excited state, as well as for 

harmonic frequencies calculations. The dispersion corrections where 

included using the Grimme’s D3 model.38 The structures where 

initially optimized using the Pople-style basis set (3-21G) and 

reoptimized using the 6-31G(d) since this level of theory showed very 

good performance in previous studies of fluorescent calix[4]arenes.39 

The fluorescent spectra where calculated employing the time 

dependent density functional theory (TD-DFT/B3LYP/6-31G (d)) with 

corrected linear response approach. All calculations were done in 

Gaussian16 program package.24 

For modelling calixarene/nucleotide complexes we employed 

semiemipirical tight-binding GFN2-xTB method40,41 for optimizations 

and molecular dynamics to explore the conformational space and 

noncovalent interactions. Grimme’s xtb (Semiempirical Extended 

Tight-Binding Program Package)42 program was used for geometry 

optimizations and molecular dynamics simulations as well. 

Calixarene 4 was initially optimized in Gaussian16 at the PCM-B3LYP-

D3/G-31G(d) level of theory. 3D preliminary structures of AMP and 

CMP were taken from ChemSpider website43 in form with 

deprotonated phosphate group to ensure the experimental 

conditions in neutral buffered solutions. 

Study of Interactions with nucleotides and ds-DNA/RNA 

All measurements were performed in aqueous buffer solution (pH = 

7.0, sodium cacodylate buffer, I = 0.05 M). The UV-Vis spectra were 

recorded on a Varian Cary 100 Bio spectrometer, fluorescence 

spectra were recorded on a Varian Cary Eclipse fluorimeter, and CD 

spectra were recorded on JASCO J815 spectropolarimeter at 25.0 °C 

using appropriate quartz cuvettes (path length:1 cm). 

Nucleotides (AMP, GMP, UMP and CMP) were purchased from 

Sigma, dissolved in stock solutions of c = 0.01 M and used. 

Polynucleotides were purchased as noted: poly dAdT–poly dAdT, 

poly A–poly U, poly dA – poly dT, poly dGdC – poly dGdC, (Sigma), 

calf thymus (ct)-DNA (Aldrich) and dissolved in sodium cacodylate 

buffer, I = 0.05 M, pH = 7.0. The ct-DNA was additionally sonicated 

and filtered through a 0.45 mm filter to obtain mostly short (ca. 100 

base pairs) rod-like B-helical DNA fragments.44 Polynucleotide 

concentration was determined spectroscopically44 as the 

concentration of phosphates (corresponds to c (nucleobase)). 

Fluorimetric titrations were performed by adding aliquots of 

nucleotide stock solutions to solution of calixarene (c = 1 × 10−5 M) , 

using exc = 300 nm and monitoring change of emission in whole 

spectrum, then using change at em = 400 nm from calculation of 

binding constant by fitting to 1:1 stoichiometry of complex formed.  

Circular dichroism (CD) spectra were recorded on JASCO J-815 

spectropolarimeter at room temperature using 1 cm path quartz 

cuvettes with a scanning speed of 200 nm/min (an average of three 

accumulations). A buffer background was subtracted from each 

spectrum. CD experiments were performed by adding portions of the 

compound stock solution into the solution of the polynucleotide (c = 

2 × 10–5 M). 

Thermal melting curves for ds-DNA, ds-RNA, and their complexes 

with studied compounds were determined as previously described29     

by monitoring the absorption change at 260 nm as a function of      

temperature. The absorbance of the ligands was subtracted from 

every curve, and the absorbance scale was normalized. Tm values are 

the midpoints of the transition curves determined from the 

maximum of the first derivative and checked graphically by the 
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tangent method. The Tm values were calculated subtracting Tm of 

the free nucleic acid from Tm of the complex. Every Tm value here 

reported was the average of at least two measurements. The error 

in Tm is  0.5 °C. 

Ethidium bromide (EB) displacement assay was done on a Agilent 

Eclipse fluorimeter in a 1.5 mL of sodium cacodylate buffer in a 1 cm 

path length quartz cuvette (pH 7.0, I = 0.05 M), excitation at  = 505 

nm and emission at the  = 600 nm recorded. First, the solution of 

ethidium bromide (c = 5 × 10−6 M) was recorded (Int(EB), 

subsequently, polynucleotide was added (c = 5 × 10−5 M) and 

emission of EB/polynucleotide was collected (Int(EB/DNA)). Aliquots 

of tested compound are then gradually added so that the ratio of 

ethidium bromide to test compound (r = [EB] / [compound]) ranges 

from 1 to 0.1, and quenching of the EB/DNA complex fluorescence 

emission was monitored as function of r = [EB] / [compound]. The 

percentage of EB displaced by compound was calculated, given 

IDA50% values presenting the ratio r = [EB] / [compound] at which 

50% of EB/DNA emission is quenched in respect to emission of free 

EB (Int(EB)). 

DAPI displacement experiment was done on a Jasco J815 CD 

spectropolarimeter, in a 1.5 mL of sodium cacodylate buffer in a 1 cm 

path length quartz cuvette (pH 7.0, I = 0.05 M), range 230 – 500 nm, 

high sensitivity of detector, a scanning speed of 200 nm/min (an 

average of three accumulations). First, the CD spectrum of AT-DNA 

solution (c = 2 × 10−5 M) was recorded, than DAPI (r[DAPI]/DNA]= 0.6) 

was added, yielding strong positive ICD band at  = 375 nm. 

Gradually, studied compound was added for ratios r = 

[compd]/[DNA] = 0.2 - 3,2, and CD spectra were collected, 

monitoring a decrease of the ICD band at 375 nm.36 The percentage 

of DAPI displaced by compound was calculated, given IDA50% values 

presenting the ratio r = [DAPI] / [compound] at which 50% of 

ICD375nm band is decreased in respect to the zero baseline of the 

free DNA. 
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