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Abstract

The alkaloid berberine presents many biological activities related to its potential to bind DNA structures, such as
duplex or G-quadruplex. Recently, it has been proposed that berberine may interact with i-motif structures formed
from the folding of cytosine-rich sequences. In the present work, the interaction of this alkaloid with the i-motif
formed by the human telomere cytosine-rich sequence, as well as with several positive and negative controls, has
been studied. Molecular fluorescence and circular dichroism spectroscopies, as well as nuclear magnetic resonance
spectrometry and competitive dialysis, have been used with this purpose. The results shown here reveal that the
interaction of berberine with this i-motif is weak, mostly electrostatics in nature and takes place with bases not
involved in C-C* base pairs. Moreover, this ligand is not selective for i-motif structures, as binds equally to both,
folded structure, and unfolded strand, without producing any stabilization of the i-motif. As a conclusion, the
development of analytical methods based on the interaction of fluorescent ligands, such as berberine, with i-motif
structures should consider the thermodynamic aspects related with the interaction, as well as the selectivity of the

proposed ligands with different DNA structures, including unfolded strands.
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1. Introduction

DNA may form complex structures apart from the well-known duplex structure firstly proposed by Watson and Crick.
Among them, the G-quadruplex and the i-motif structures have gained increased interest because of their in vitro
properties, but also because of their functions in vivo that are still matter of research. G-quadruplex structures are
formed by guanine-rich sequences and stabilized by cations, such as potassium or sodium [1]. In vitro, G-quadruplex
structures have been observed in DNA sequences that may be found at the end of telomeres and near the promoter
regions of several oncogenes [2]. On the other hand, the i-motif structures are formed by cytosine-rich sequences
usually found at the end of telomeres, centromeres and near the promoter regions of several oncogenes [3].
Structurally, the i-motif consists of two parallel duplexes intercalated in a parallel manner (Figure 1). Duplexes are
held together because of the formation of hydrogen bonds between cytosine bases. The protonation of one of the
bases at N3 (the pK; of which is around 4.5) produces the formation of a cytosine:-cytosine base pair that is stabilized
by three hydrogen bonds. Consequently, the stability of this structure is greatly enhanced at pH values near the pK,
of cytosine, being its stability lower at neutral pH values. The i-motif structure has become a subject of great interest
because of its potential role in vivo [4], as well as because of applications in other fields, such as Nanotechnology or

Analytical Chemistry, among others.

It has been proposed that modulation of the stabilities of G-quadruplex and i-motif structures may be successfully
achieved by interaction with appropriate ligands. Among these, natural alkaloids have attracted large attention
because of their potential activity against diseases as well as because of their selectivity in front of other DNA
structures, such as ubiquitous duplexes [5][6]. The interaction of natural alkaloids with G-quadruplex structures has
been studied in detail. As example, the interaction of a few alkaloids with several G-quadruplex structures formed
near the promoter regions of bcl-2, c-kit and c-myc oncogenes was studied recently [5]. NMR spectroscopy
measurements gave evidence of the location of the chelerythrine alkaloid over both the outer G-quartets in the
parallel G-quadruplex structure formed by the Pu22T14T23 sequence, a mutated sequence found near the promoter

region of c-myc oncogene.

Berberine is a plant alkaloid and together with coptisine, jatrorrhizine, columbamine, corysamine, and palmatine
belongs to the group of quaternary protoberberine alkaloids [7]. The protoberberines are distributed in such plant
families as Papaveraceae, Berberidaceae or Fumariaceae, among others, as well as a few examples in Magnoliaceae
and Convolvulaceae [8][9]. The molecule of berberine is a planar molecule with an extended n-delocalized system
having a partial positive charge on N7 [7] (Figure 1c). It has shown many biological activities, such as antiproliferative

[10] [11], antibacterial [12] and antimicrobial [13].

The interaction of berberine with synthetic double-stranded nucleic acids has been studied extensively [14][15]. In
general, the results pointed out to an intercalative mode of interaction, with preference for A-T rich sequences, but
this is still matter of discussion [16]. Also, the interaction of berberine with G-quadruplex structure has been studied
in detail [17][18][19][20]. The results showed that berberine stacks usually on the external G-quartet with a 1:1

(DNA:ligand) stoichiometry and association constant around 1.2-10° M at 25°C. Other studies [21] showed that the



interaction of berberine with the G-quadruplex formed by the human telomere sequence did not induce any

structural change on it.

On the other hand, the interaction of berberine with i-motif structures has been less studied than the interaction
with G-quadruplex structures. Recently, it has been described the interaction of berberine with two sequences found
in the ATXN2L and DAP genes, which are particularly very rich in cytosine bases: 5’-(CCCCCC),-3' and 5'-
(CCCCCG)4CCCCC-3' [22]. At pH 7.0, 20°C and in absence of added salt it was observed that this ligand destabilized
the folded structures formed by these two sequences with reductions of melting temperature (ATy,) around -1.3 and
-3.7°C, respectively. Pagano et al. have also studied the interaction of berberine with the i-motif structure formed by
the sequence 5’-CCCT(AACCCT)s-3’, corresponding to the end of the human telomere [23]. The experiments were
carried out at pH 4.3 and 5.7 using a 10 mM sodium phosphate buffer and in absence of added salt. In this case, the
addition of 5 equivalents of berberine to the DNA sequence did not produce any change of the T, values at pH 4.3
and 5.7. Measurements based on Nuclear Magnetic Resonance (NMR) and Circular Dichroism (CD) spectroscopies
also revealed scarce modification of i-motif structure upon interaction with the ligand. Concomitantly, it has been
shown that berberine was not able to induce folding of a cytosine-rich sequence corresponding to the epidermal
growth factor receptor (EGFR) oncogene into an i-motif structure [24]. On the other hand, berberine has been
proposed as fluorescent ligand that could be used in the design of molecular logic systems based on the fluorescence
observed in the presence of i-motif structures [25]. Hence, it seems that severe discrepancies exist among these
experimental evidences from fluorescence spectroscopy and previous studies where it was deduced that little or

even null interaction occurs.

To our knowledge, there is not any work dealing with the aspects related to the selectivity of the interaction of
berberine with i-motif structures. Also, scarce information may be found describing the thermodynamics aspects of
the interaction of berberine with i-motif structures, such as association constants or changes in thermodynamic
variables related with the thermal stability of the DNA. Finally, little information may be found about structural
aspects of the interaction. Hence, the present work was intended initially to characterize the interaction of this
ligand with a model i-motif structure found in the human telomeres [26][27]. Several positive and negative control
sequences have been used to ascertain the potential interaction of berberine with i-motif structures. In addition to

molecular fluorescence, this study has used CD and NMR spectroscopies, as well as competitive dialysis.

The results show the dramatic enhancement of fluorescence of this ligand in presence of DNA. But the increase is
not necessarily the result of strong berberine:DNA interaction. Significant changes of berberine fluorescence
guantum yield were recorded also in presence of BSA protein [28], lipoproteins [29], cucurbiturils [30] [31],
cyclodextrines [32], chlorides [33] and various solvents [34]. Therefore, the increase of fluorescence intensity is
rather result of the reduction of dynamic quenching in the presence of DNA or by restriction of intramolecular
motion after electrostatic interaction with DNA [35]. Also, the results obtained suggested a non-specific interaction
of berberine with any cytosine-rich sequence, independently of the eventual formation of an i-motif structure.
Moreover, the study confirms the high affinity of berberine to G-quadruplex suggesting that G-quadruplex binding is

a more probable event for the biological activity of this drug than the potential interaction with i-motif.



2. Materials and methods

2.1 Reagents

The DNA sequences (Table 1) were synthesized on an Applied Biosystems 3400 DNA synthesizer using the 1 uM 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°C using the extinction coefficients calculated using the
nearest-neighbour method as implemented on the OligoCalc webpage [36]. Before any experiment, DNA solutions
were first heated to 95°C for 20 minutes and then allowed to reach room temperature overnight. KCl, NaCH3COO,
CH3COOH, KH,PO4, K;HPO4, HCI and LiOH were purchased from Panreac (Castellar del Valles, Spain). MilliQ® water
was used in all experiments. For CD and molecular absorption measurements carried out at pH 5 and 7, acetate and
phosphate buffers were used, respectively. The NMR sample of 22nt was prepared as a 0.23 mM solution
concentration in H,0/D,0 (9:1) containing 10 sodium phosphate buffer, pH 5.2. The oligonucleotide samples were
heated to 85°C for 1 min and then cooled at room temperature overnight. Stock solutions of drugs were prepared in

the same phosphate buffer at 7.4 mM concentration. The solution showed a little of precipitation.

2.2 Instruments and procedures

Fluorescence experiments were monitored using an AB2 Aminco-Bowman spectrofluorimeter. For most of the
measurements, excitation wavelength was 348 nm, excitation and emission slits were set to 4 nm, voltage of the
photomultiplier was 800 V, and emission was recorded from 480 to 680 nm at 20°C. A Hellma (Jena, Germany)
quartz cell (2 x 10-mm path length, and 1500 ul volume) was used. For each measurement, two emission spectra
were recorded, averaged, and later smoothed by applying a Savitzky-Golay filter (41 points, third-degree
polynomial). For titration of DNA sequences with berberine, a 2 uM DNA solution at the desired pH was titrated with
a berberine stock solution prepared in the same buffer conditions. Additional titrations were carried out in the
opposite way, i.e., berberine at the desired pH was titrated with several DNA sequences to investigate the ligand
binding mechanism [37]. The final DNA:ligand ratio was 1:6.3. For titration of DNA:berberine mixtures (1:3 ratio)
with KCl, the initial mixture (2 and 6 uM DNA and ligand, respectively) at the desired pH was titrated with 900 mM

KCl solution at the same pH value. The final concentration of KCl was around 150 mM.

Absorbance spectra were recorded on an Agilent 8453 diode array spectrophotometer. The temperature was
controlled by means of an 89090A Agilent Peltier device. Hellma quartz cells (10-mm path length, and 1500 or 3000
pl volume) were used. CD spectra were recorded on a Jasco J-810 spectropolarimeter equipped with a temperature

control unit. Hellma quartz cells (10 mm path length, 3000 ul volume) were used.

Melting experiments were monitored using either the Agilent-8453 spectrophotometer or the Jasco J-810
spectropolarimeter, both equipped with Peltier units for temperature control. The DNA or DNA:berberine solution
was transferred to a covered 10-mm-path-length cell and spectra were recorded at 2°C intervals with a hold time of
3 minutes at each temperature, which yielded an average heating rate of approximately 0.6°C-min™'. Buffer solutions

were 10 mM acetate or phosphate.



The NMR spectra were recorded on a Bruker AV600 spectrometer operating at a frequency of 600.10 MHz, equipped
with a 5 mm TXI inverse probe and z -axis gradients. The *H spectra were acquired at variable temperature ranging
from 5 to 65°C and were referenced to external DSS (2,2-dimethyl-2-silapentane-5-sulfonate sodium salt) set at 0.00
ppm. Chemical shifts (§) were measured in ppm. 'H NMR titrations were performed by adding increasing amounts of
berberine to the oligonucleotide solution. Several ratios, R=[drug]/[DNA], were considered: R=0, 0.50, 1.0, 2.0, 3.0
and 4.0. Phase sensitive NOESY spectra were acquired at 25°C, in TPPI mode, with 2048 x 1024 complex FIDs. Mixing
times ranged from 100 ms to 300 ms. TOCSY spectra were acquired with the use of a MLEV-17 spin-lock pulse (60 ms
total duration). All spectra were transformed and weighted with a 90° shifted sine-bell squared function to 4K x 4K

real data points.

Competitive dialysis was used to study the selective interaction of berberine with several DNA structures and
sequences (see Supplementary Material). A 100 pl volume of 50 mM DNA was dissolved in potassium phosphate
buffer (185 mM NaCl, 185 mM KCl, 2 mM NaH,PO,, 1 mM Na,EDTA, 6 mM Na,HPO, at pH 7.0) and introduced into a
separated dialysis unit (Slide-A-Lyzert MINI device, 3500MWCO, Thermo Fisher) and a blank sample containing only
buffer. All dialysis units could equilibrate during 24 h at room temperature in a beaker containing the 1 uM solution
of berberine. At the end of the dialysis experiment, the amount of berberine bound to DNA relative to free berberine

in solution was quantified by measuring the fluorescence intensity at 530 nm.

2.3. Data analysis

For the analysis of binding equilibria, fluorescence data obtained along all the titrations of DNA with berberine were
fitted to a 1:1 stoichiometry. The analysis is based on that previously used by other authors [38][39]. Briefly, for a 1:1

stoichiometry, such as:
DNA + berb & DNA:berb (1)

The association constant Kx may be defined:

__ [DNA:berb]
Ka = [DNA][berb] (2)

The observed fluorescence increase (AF) is fitted to the following equation:

AF = (2529) [(Cyr + Cowa + 1/Ka} — {3/ Courp + Cona + 1/Ka)2 — #CournCona 3)

2CpNa

In this equation AF=F; — Fo, being F; the measured fluorescence after each addition of berberine to DNA, and Fo the
fluorescence intensity of free berberine. Also, Cpna is the analytical (or total) concentration of DNA, and Cperb is the
analytical concentration of berberine. Both Ky and AFmax are the parameters to be optimized. Fitting was done by
using the “cftool” function as implemented in Matlab R2019°. Goodness of fit was evaluated by calculating the r?

and the lack-of-fit (%) according to:

Z(Fi_Fi,calc)z

lack of fit =100 5

In this equation, Fi .. are the calculated fluorescence values according to the optimized Ka and AFnax values.
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For CD or molecular absorption-monitored melting experiments, ellipticity or absorbance data as a function of
temperature were analysed as described elsewhere [40] to determine the melting temperatures (Tn), as well as the
corresponding changes in enthalpy and entropy. Because of the low DNA concentration used in these experiments
and the absence of added electrolyte, these changes may be considered standard changes in enthalpy and entropy

(AH° and AS°®, respectively). Briefly, the equilibrium may be written as:
DNAfolded + heat < DNAunfolded (5)

The equilibrium constant ruling this equilibrium may be written as:

[DNAunfolded] (6)

K . =
unfolding [DNAfo1ded]

For melting experiments, the following expression of the van’t Hoff equation may be used to explain the

dependence with temperature of both, folded and unfolded forms of DNA:

AH® AS©

In Kunfolding = _F'F Y (7)

AH° and AS° are the standard changes in enthalpy and entropy associated to the unfolding of DNA, respectively.
Kunfolding Was calculated from the ellipticity or absorbance traces at a characteristic wavelength, such as ellipticities
measured at 263 nm for parallel G-quadruplex or 288 nm for i-motif structures. It was assumed that AH° and AS° do
not change throughout the range of temperatures studied here. The used model assumed that DNA unfolding
happens through a two-state process, without intermediates. This assumption was checked previously by means of
multivariate analysis methods [41]. Alternatively, an estimation of T., values may be also obtained from the plot of

the first derivative of ellipticity or absorbance data as a function of temperature (see Supplementary Material).



3. Results

3.1. Structural information on the DNA sequences

Prior to the study of the interaction of berberine with the DNA sequences considered (Table 1) the formation of
folded structures was studied by means of CD spectroscopy and in silico simulations. Figure 2 shows the CD spectra
measured for all the sequences at pH 7.4 and 5.2 (10 mM sodium phosphate or acetate buffer, 20°C). At pH 7.4, the
CD spectrum of T24 shows negative and positive bands of equal magnitude at 250 and 275 nm, respectively, which
may be related to a partially stacked single strand [42]. The spectra measured at both pH values are similar, a fact

that may be easily explained because of the lack of groups that could be show acid-base properties in this pH range.

The CD spectrum of CT11 at pH 7.4 showed a positive band around 275 nm and a weak negative band around 240
nm. These features have also been assigned to a unfolded single strand [43]. Contrarily to T24, the CD spectrum of
CT11 measured at pH 5.2 showed a strong positive band at 285 nm and a negative band at 260 nm, which are clear
signatures of the i-motif structure, despite the presence of alternating thymine bases in the sequence [44]. A similar
behaviour was observed for 22ntmut, which is a sequence known to form a stable i-motif structure at pH 5.2
[27][45]. The CD spectrum of 20up at pH 7.4 was also like that of T24 at this pH value, which would agree with a
partially stacked strand. By using the mfold web server [46] (Figure S1) it was possible to predict the formation of
both a self-duplex and an internal loop by this sequence at pH 7. Finally, when the pH was lowered to 5.2, only a
small reduction of ellipticity was observed. The CD spectrum of 22nt at pH 7.4 was like that of 20up. At this pH value,
the predicted folded structures by the mfold server were hardly stable. On the other hand, the CD spectrum at pH
5.2 showed clear i-motif signatures, like those observed for 22ntmut. Finally, the CD spectrum of Pu22T14T23 at pH
7.4 was assigned to a parallel G-quadruplex structure [47]. Interestingly, the CD spectrum at pH 5.2 was less intense

that at pH 7.4, which could denote the destabilizing effect of the protonation of some adenine bases.

Upon addition of berberine (DNA:berberine 1:5), scarce changes were observed in CD spectra of all sequences at
both pH values and only 20up and Pu22T14T23 showed small changes in the UV region of their spectra. Moreover, it
was not observed any induced CD band in the visible region that could be related to a relatively strong interaction of
the ligand with the DNA [48], as reported previously for other ligands and i-motif-forming sequences [49] or for
duplex DNA [50]. Molecular absorption spectra were also measured in the absence and presence of berberine
(DNA:berberine 1:5, Figure S2), and compared with the spectrum of 10 uM berberine. The clearest variation of the
visible band of berberine was observed in presence of Pu22T14T23 at pH 7.4. Overall, all these observations pointed

to the maintenance of the initial structures of DNA in the presence of the drug and a rather weak binding.

3.2. Binding measurements

According to the results obtained, the 22nt sequence folds at 20°C and 100 mM KCl into an i-motif structure at pH
5.2, whereas the unfolded strand may be found at pH 7.4. Firstly, molecular-fluorescence monitored titrations of

22nt sequence with berberine at pH 5.2 (where the i-motif is the major structure) and pH 7.4 (where the unfolded
strand is the major species) were done at 20°C and 10 mM acetate or phosphate buffer, respectively (Figure 3). It

was observed that fluorescence of berberine was clearly greater at pH 5.2 than at pH 7.4 (roughly 4 times). The



maximum of emission shifted from 542 nm (for free berberine) to 530 nm. This shift can be assigned to the lower

polarity of berberine surroundings caused by the vicinity of the oligonucleotide.

From the fluorescence measured at 530 nm along the titration, the association constant was calculated (Table 2). At
pH 7.4 and 5.2, the values of the association constants were 4.9-10% and 1.1-10° M}, respectively. Hence, it seems
that decreasing pH, which favours the formation of the i-motif structure, also produces a stronger interaction
between berberine and 22nt. Xu et al. determined a dissociation constant (Kp) equal to 19.6 uM for the interaction
of a similar sequence, TA;(C3TA;)3Cs, with berberine at pH 6.0 in 10 mM sodium acetate [25]. This value corresponds

to an association constant equal to 5.1-10* M, which is like the values determined here.

To check whether the enhancement of fluorescence at pH 5.2 was related to the formation of i-motif structure or
not, similar titrations of positive and negative control sequences were done. With that purpose, Pu22T14T23, T24,

CT11, and 20up were titrated with berberine (Figure 4).

The titration of T24 sequence produced a small, rather linear increase in berberine fluorescence at both pH values.
From the analysis of data, similar association constants were calculated for both pH values (3.7-10* M and 4.7-10*
M at pH 5.2 and 7.4, respectively). This agrees with the absence of acid-base equilibria in this sequence (pK, of
thymine is around 10) [51] and pH-induced conformational changes. The titration of CT11 at pH 7.4, a sequence
showing cytosine bases that, which cannot form i-motif structure, showed a similar value of the binding to those
determined for T24 at this pH (4.5-10* M!). However, at pH 5.2, the calculated K, value is clearly higher (8.9-10* M?)
than that determined at pH 7.4, which could be related with the previously observed folding at this pH (Figure 2).
Also, the titration of 20up showed a different behaviour of binding at pH 5.2 (2:10° M) in relation to pH 7.4 (8.5-10*
M.

It is known that in the forward titration of DNA with a ligand, such as those described above, experimental
conditions are favourable to the formation of complexes with higher DNA:ligand stoichiometries [37][52]. On the
contrary, in the reverse titrations of a ligand with DNA, the ligand concentration is small, being the major species the
free DNA, and the next most abundant species the 1:1 complex. To check the consistency of both approaches in the
case of the binding of berberine to cytosine-rich sequences, several titrations of berberine with DNA sequences were
done. The results obtained (Figure S3) were like those reported in Table 2, which reinforced the hypothesis of a 1:1

stoichiometry for the binding of berberine to cytosine-rich sequences.

Secondly, the interaction of berberine with a G-quadruplex was studied. At the experimental conditions, the G-
quadruplex structure folded with a Tr, value equal to 41.9°C (Figure S4). Upon addition of berberine to 1:3 ratio, the
value of Ty, increased to 54.5°C, which indicated a stronger interaction of the ligand with the folded structure than
with the unfolded strand. Concomitantly, the standard changes in enthalpy and entropy related to the unfolding of
the G-quadruplex were calculated according to equation 7. In both cases, the presence of berberine produced a clear
stabilization of the folded structure. Upon addition of the ligand, fluorescence of the berberine:Pu22T14T23 complex
increased at both pH values, being the final value slightly greater at pH 7.4 than at pH 5.2 (Figure 4). From the
fluorescence measured at 530 nm, association constants were determined (Table 2). At pH 7.4, the value of the

association constant agrees quite well with values previously reported for other similar parallel G-quadruplex
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structures. Hence, Arora et al. [19] reported logKa = 6.08 for the binding of berberine with the antiparallel G-
quadruplex formed by the telomeric sequence A(GsT,A)Gs in the presence of 100 mM KCl, which is similar to the
value determined here. The value of the binding constant at pH 5.2 is slightly lower than at pH 7.4, which would

agree with the unfolding observed by using CD spectroscopy (Figure 2).

In view of the results shown in Figure 4 and Table 2, it seems that a greater increase of berberine fluorescence in the
presence of a given sequence (AFmax) might not imply a stronger binding (Ka). As example, Figure 5a shows the
fluorescence intensity at 530 nm as a function of berberine:22nt ratio (0-10) and temperature (12-30°C). As T, of
22nt at pH 5.2 is 53°C (see below for the melting studies of 22nt), the upper limit of the studied temperature range
was set to 30°C. In this way, it was expected that the i-motif would be the only species present in solution, being
residual the presence of unfolded strands. It is well known that fluorescence intensity is generally reduced with
increasing temperature due to the greater importance of non-fluorescent decay paths. In the case of the interaction
between berberine and 22nt a clear decrease of the fluorescence intensity was observed. However, the calculated

association constants are practically equal in this temperature range (Table 2).

From the plot of In Ka vs. 1/T the standard changes in enthalpy and entropy related with this binding were
calculated. As the association constant was practically independent on temperature in the range studied, the
calculated changes in enthalpy and entropy were low (-0.9 kcal-mol™ and 26.1 cal-K'*:mol?, respectively). A more
accurate application of van’t Hoff equation should consider a wider temperature range but, as stated above, this
would involve the presence of the unfolded strands, making the results of the calculation not representative. For
comparison, the calculated standard changes in enthalpy and entropy values are smaller than those reported for the
binding of berberine with single stranded poly(A) [53], where AH and AS were calculated to be -8.7 kcal-mol™* and
57.5 cal-K'*:mol?, respectively, in a similar temperature range (15-30°C) and pH 7.4. On the other hand, the values
calculated in the present work are not very different from those reported for the binding of berberine with
antiparallel G-quadruplexes at pH 7.4 (AH and AS equal to -1.2 kcal-mol™ and 21.8 cal-K'*-mol™, respectively [19] or -
2.8 kcal-mol™? and 17.0 cal-K'*:mol™ [21]). According to previous studies by Chaires [54], groove-binding interactions
are largely entropically driven, whereas intercalation reactions are driven by large favourable enthalpy contributions
and are opposed by entropy. In the present study, the observed low negative change in enthalpy and positive

change in entropy have been explained in terms of external stacking rather than intercalation.

At this point, it was clear that the low fluorescence of berberine was enhanced in presence of the folded 22nt at pH
5.2 than in the presence of the unfolded strand at pH 7.4. To characterize the stability of the resulting interaction
complex against temperature and pH, CD and NMR spectroscopies were used. The interaction of a folded structure,
such as i-motif, with a ligand should produce ideally an increase in its thermal stability, like that observed for
Pu22T14T23. CD-monitored melting experiments of 22nt and several 22nt:berberine mixtures were carried out at
different pH values to explore this possibility (Figure S5). Within the pH range considered (4.6 — 6.0), the determined
Tm values did not show any clear variation due to the presence of the ligand. Also, thermodynamic parameters, such
as the standard changes in enthalpy and entropy did not change significantly. This is in contrast to the strong
stabilization of the G-quadruplex formed by Pu22T14T23 (AT, ~ 16°C, Figure S4), in agreement with previous reports

on similar alkaloids [5]. All together, these data point to a similar interaction between berberine and both, folded
9



and unfolded 22nt sequence, i.e., the ligand does not have any preference for the folded i-motif structure over the

unfolded strand.

The absence of spectral changes in CD or molecular absorption spectra of the i-motif structure upon addition of
berberine suggested the absence of a strong interaction between both molecules. Moreover, the null variation of
the melting curve of i-motif in the presence of the ligand suggested a similar interaction with both, folded and
unfolded forms of the DNA sequence. Hence, it was deduced that the interaction between berberine and cytosine-
rich sequences is mostly electrostatics in nature, ruling out the presence of hydrophobic interactions, such as
stacking on nitrogenated bases. To check this hypothesis, a mixture of 22nt:berberine (1:3) was titrated with KCl
(Figure 6). It was observed a decrease of fluorescence intensity upon addition of KCl, which was explained as a result
of the reduction of the net electric charge on berberine and 22nt upon addition of an inert salt [16]. This reduction
produced the weakness of the electrostatic interaction between ligand and DNA. In contrast, addition of KCl to free
berberine (Figure S6) produced a weak increase of fluorescence and a concomitant weak decrease of absorbance.
This behaviour could be explained because of the reduction of hydrophobic interactions producing stacking of

berberine molecules upon addition of KCI.

A similar behaviour was observed along the titration of mixtures of berberine with 20up, T24 and CT11 (Figure 6b).
On the other hand, the titration of a mixture of Pu22T14T23:berberine (1:3) showed a smaller reduction of
fluorescence upon addition of KCI. This would be in accordance with an interaction model based on hydrophobic

(i.e., intercalation or end-stacking) rather than in electrostatic interactions.

It is known that berberine binds strongly to duplex DNA with preference for AT base pairs [55][56]. The 22nt
sequence shows several adenine and thymine bases that could be behind the enhancement of fluorescence upon
interaction with the 22nt sequence at pH 5.2. To check this hypothesis, the interaction of berberine with a mutated
sequence where all adenine bases were replaced by thymine was also studied (22ntmut, Table 1). It has been shown
that these mutations stabilize slightly the i-motif structure formed by 22nt in terms of T, values ([45] and references
therein). First, CD-monitored melting experiments of 22ntmut did not show any shift of T,, value (59.5°C) in presence
of the ligand (Figure S7), which pointed again to a mode of interaction similar to that observed for 22nt. Secondly,
titrations of 22ntmut with berberine at pH 5.2 showed nearly identical fluorescence increase due to the ligand than

in the case of 22nt.

3.3 NMR measurements

To gain insight on the interaction mode, NMR studies were carried out. Spectra of 22nt and 22ntmut
oligonucleotides showed sharp peaks at 15-16 ppm region characteristic of i-motif formation (Figure 7). Typically, for
i-motif structures, base pairs in the middle of the i-motif core are more stable than those at the flanking ends and
near the double-loop region [57]. The H spectrum of 22nt shows only three signals between 15 and 16 ppm, and no
signals between 12.5-14 ppm, attributable at Watson-Crick base pairs were observed. Moreover, a very broad and
weak signals at 11 ppm, attributable at T-T base pair formation, were observed (Figure 7a, R=0). The 22ntmut
sequence showed sharp and other less intense signals at 15-16 ppm region, and sharp and broad signals at 11 ppm.

This indicates that in solution a major i-motif conformation was present, in a slow exchange, together with a minor i-
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motif conformation (Figure 7b, R=0). A lower flexibility in the loop leads to a formation of T-T base pairs that induces

a stabilization of the two conformations present in solution.

The titration experiments performed on both sequences revealed that the berberine did not interact strongly with
the i-motif structures. No significant chemical shift variations were observed, after the addition of increasing amount
of berberine to both oligonucleotides, for signals at 15-16 ppm and the general appearance of the *H NMR spectra
did not change (Figure 7 and Figures S8-S11). However, for the 22nt oligonucleotide, after the addition of berberine,
the formation of low intensity signals at 15-16 ppm and the large signal at 11 ppm became a little more intense.
Melting experiments monitored with NMR showed no stabilization of the i-motif structure of the 22nt:berberine
complex. The melting temperature for the i-motif was found to be 58°C and for the complex at R=4.0 T, was equal
to 57°C, in agreement with CD-monitored melting experiments. For 22ntmut some signals between 15.6 and 15.7
ppm changed after the addition of few amount of berberine (R=0.5). These findings were interpreted because of a
small conformational change induced by the berberine in the oligonucleotide. In summary, these results suggest that

the interaction of berberine with both sequences was external and weak.

3.4. Competitive dialysis

According to the results presented, the weak electrostatic interaction would produce weak or even null changes in
the i-motif structure because of the interaction with the ligand. Also, it implies that the interaction is non-specific
and, consequently, any DNA sequence with a base composition like that of the cytosine-rich sequence considered
would produce similar fluorescence signal. In this sense, competitive dialysis experiments revealed that berberine
has a very low tendency to bind cytosine-rich sequences when exposed to other DNA structures (Figure 8). Hence,
high fluorescence signal was observed for those sequences forming G-quadruplex, like DL_40, chair_1, Tel22 and
GG1 (see Figure S12 for the detailed sequences). On the contrary, sequences forming i-motif structures, such as 22nt
or 24bclc, did not show much more intense signal than that observed for an unfolded strand (T20). Finally, duplex
structures (ds6 and Dickerson) also presented low fluorescence intensity. Altogether, these results point out to a
high tendency of berberine to bind G-quadruplex structures, whereas little interaction was observed with i-motif

structures.

4. Discussion

The study of i-motif structures has gained great interest due to its potential role in Biology, especially since the
demonstration of their existence in vivo was reported [4], as well as its potential uses in Nanotechnology [58] or as
pH sensors [59][60]. Consequently to this interest, there is an active research on the development of i-motif ligands
that could modulate their stability in front of pH or temperature changes [61][62]. As example, Abdelhamid et al.
reported recently the effect of several G-quadruplex ligands on the thermal stability of two sequences
extraordinarily rich in cytosines: (CCCCCC)4 (ATXN2L) and (CCCCCG),CCCCC (DAP) [22]. These sequences have been
shown to fold at neutral pH into i-motif structures. Quite surprisingly, it was observed that many well-known G-
guadruplex-stabilizing ligands (BRACO-19, mitoxantrone or pyridostatin) destabilized the i-motif structure at pH 7.0
and 10 mM buffer. In addition, it was also shown that berberine destabilized slightly both folded structures. In a

similar way, berberine did not show any stabilizing effect on the i-motif formed by the long sequence
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CCCAGCACTGCCCCTCTGGACCCGGTCCCC in 10 mM buffer at pH 5.0 [24]. These works show that the interaction of
berberine with i-motif structures seem to be very different from that with G-quadruplex structures, as many works

have shown that this ligand is able to stabilize this last structure strongly [63] [64].

Concomitantly, the enhancement of berberine fluorescence by the i-motif formed by the human telomeric sequence
at pH 5.0 (TAA(CCCTAA);CCC) was reported [25]. This observation, which could be considered in disagreement with
the practically null effect of the ligand on the i-motif thermal stability, prompted us to study the binding equilibria
between berberine and the i-motif structure at acidic pH. Accordingly, spectroscopically monitored binding studies
were carried out, not only on the selected i-motif forming sequence but also on a set of sequences able to adopt
different spatial structures. At the experimental conditions tested in this work, scarce spectral changes were
observed due to the interaction of berberine with the i-motif formed by the chosen sequence. Hence, only
fluorescence spectroscopy revealed the existence of an interaction. This is in contrast with the clear CD spectral
changes (including the appearance of an induced CD band in the visible region) reported for the interaction of
berberine with single stranded poly(A) [53] or poly(G)-poly(C) [65]. In that work, it was also observed that berberine

stabilized the structure, a fact that was not observed in the present work.

The behaviour of berberine is similar to that observed for the interaction of other ligands with cytosine-rich
sequences, such as fisetin [66] or TMPyP4 [67]. The interaction of this last molecule with an i-motif was confirmed by
electrophoretic mobility shift assay, though the melting temperature of the DNA was not altered [67], as observed in
the present work. Also, the absence of marked changes of the imino proton signals in 'H-NMR titration experiments
suggested that TMPyP4 did not interact with the C-C* base pairs. In fact, the proposed model of interaction showed

two porphyrin molecules bound at opposite sides of the i-motif in a symmetrical orientation.

Due to the high sensitivity of the technique, it is possible to observe changes of fluorescence in almost any studied
system involving a ligand, such as berberine, and a DNA strand [68]. Even weak interaction with oligonucleotide
causes that the berberine molecule is partially shielded by the oligonucleotide. This results in a reduction of
collisional quenching of fluorescence by solvent molecules. Therefore, the fluorescence is higher in the presence of
all types of oligonucleotides in comparison to free alkaloids. To our knowledge, for the fluorescence intensity is not
important if the interaction is weak or strong, it depends rather on the close vicinity of the fluorophore respectively
on the polarity of surroundings and accessibility for quenchers [5]. Therefore, the highest increase of fluorescence is
usually observed for intercalated molecules into duplex structure [69], followed by probes bonded in grooves and by

stacking interactions [5]. The lowest increase is usually observed for weak non-specific electrostatic interaction [70].

Among other causes of reduction of collisional quenching, electrostatic interaction can also cause restriction of
vibrational relaxation of berberine molecules. Gu et al. [35] suggested that free berberine molecules in aqueous
solvent relax part of energy through vibration of methoxy groups and after interaction with DNA can be this non-
radiative process significantly reduced. This restriction of molecular motion can result in fluorescence enhancement

so called aggregation-induced emission [35].
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5. Conclusions

In this work, the interaction of alkaloid berberine with the i-motif DNA structure has been studied by means of
spectroscopic methods, focusing on thermodynamic aspects not previously studied. The results have shown that this
ligand binds equally to both folded and unfolded cytosine-rich sequences. In conclusion, the development of
analytical methods based on the interaction of fluorescent ligands with i-motif structures should consider the
thermodynamic aspects related with the interaction, as well as the selectivity of the proposed ligands with different
DNA structures, including unfolded strands. Otherwise, the selectivity of the proposed methods could be

guestioned.
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8. Tables

DNA Sequence (5’ 2 3’) Expected major structure in 10 mM
buffer and 20°C

22nt CCCTAACCCTAACCCTAACCCT i-motif at pH 5.2 / unfolded at pH 7.4
22ntmutT CCCTTTCCCTTTCCCTTITCCCT i-motif at pH 5.2 / unfolded at pH 7.4
Pu22T14T23 TGA GGG TGG GTA GGG TGG GTAA Parallel G-quadruplex at pH 5.2 and 7.4
T24 TITTITTITTITTITTITTITTIT Unfolded
20up CTC GAT GACTCA ATG ACT CG Unfolded
CT11 CTCTCTCTCTCTCTCTCTCTICT Unfolded

Table 1. DNA sequences studied in this work.
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pH 5.2 T(°C) | Ka (10° M) | AFmax r? lack of fit (%)
22nt 12 | 1.17¢0.08 | 91.7+2.1 | 0.9997 0.65
22nt 20 | 1.12#0.29 | 67.6+2.3 | 0.9998 0.99
22nt 30 | 1.07+0.13 | 37.5#3.0 | 0.9979 1.95
T24 20 | 3.72+0.86 | 59.0+9.8 | 0.9985 1.83
CT11 20 | 0.89+0.10 | 58.4+3.9 | 0.9986 1.78
20up 20 | 2.00+0.24 | 31.8+1.5 | 0.9990 1.32
Pu22T14723 | 20 | 4.37x0.64 | 66.623.4 | 0.9969 2.13
pH 7.4 T(°C) | Ka (10° M) | AFmax r lack of fit (%)
22nt 20 | 0.49+0.23 | 24.7+8.3 | 0.9920 2.12
T24 20 | 0.48+0.15 | 37.1#8.1 | 0.9969 2.61
CT11 20 | 0.45+0.07 | 21.0+2.4 | 0.9985 1.81
20up 20 | 0.85+0.10 | 41.6+3.4 | 0.9990 1.44
Pu22T14T23 | 20 | 9.12#0.26 | 72.5#3.8 | 0.9933 2.94

Table 2. Values of the association constant Ka and AFma, as well as their corresponding uncertainties (95 %
confidence level) and fitting parameters, calculated for the interaction between berberine and the selected DNA

sequences. The equations shown in “Materials and Methods” were applied.
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9. Figure captions

Figure 1. (a) Cytosine-protonated cytosine base pair. (b) NMR structure of an intramolecular model i-motif structure
formed by the C3TA25mCC2TA2C3UA2C3T sequence (PDB code 1EL2, [71]). This structure, despite not being studied
in this work, may be considered as a general example of intramolecular folding. The i-motif structure was generated

by using the Molecule Viewer toolbox as implemented in Matlab(R). (c) Berberine.

Figure 2. CD spectra of 2 uM DNAs (blue) and 1:5 (2 uM DNA : 10 uM berberine) mixtures (orange) at pH 7.4 and 5.2.

Other conditions were 10 mM sodium phosphate or acetate buffer, 20°C.

Figure 3. Fluorescence spectra measured along the titration of 22nt with berberine at pH 5.2 (a) and 7.4 (b). Insets
show the calculated (red line) vs. experimental (blue symbols) fluorescence intensities at 530 nm. Experimental

conditions were 10 mM sodium acetate or phosphate buffer, 20°C.

Figure 4. Fluorescence measured at 530 nm along the titration of DNA sequences with berberine at pH 5.2 (a) and

7.4 (b). Experimental conditions were 20°C and 10 mM acetate or phosphate buffer, respectively.

Figure 5. Dependence of fluorescence intensity of several 22nt:berberine mixtures with temperature (a) and
dependence of the determined association constant with temperature (b). Experimental conditions were 10 mM

acetate buffer.

Figure 6. (a) Fluorescence emission spectra measured along the titration of a 22nt:berberine mixture (1:3) at pH 5.2
with KCl. Experimental conditions were 2 uM 22nt, 6 uM berberine, 10 mM sodium acetate, 20°C. (b) Fluorescence
emission at 530 nm vs. KCl concentration for several sequences in 10 mM sodium acetate, 20°C. Titration involving

Pu22T14T23 was carried out at pH 7.4.

Figure 7. 'H NMR spectra of the complexes 22nt (a) and 22ntmut (b) with berberine at different ratios (R). 10 mM
sodium phosphate buffer in H,0/D,0 (9:1), pH 5.2, T=25°C.

Figure 8. Competitive dialysis experiment of berberine against different DNA structures. The sequences used in this

experiment are given as Figure S12.
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