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Abstract

The influence of pH, temperature and the cationic porphyrin 5, 10, 15, 20-tetra(N-methyl-4-pyridyl)porphin
(TMPyP4) on the conformational equilibria of the cytosine-rich strand of the human telomeric sequence 5’-
(C3TA,)4-3’, as well as those of the related sequence 5’-(C3TT,)4-3’, has been studied by means of molecular
absorption and circular dichroism spectroscopies. Data recorded along these experiments have been

analyzed by means of multivariate data analysis methods.

Acid-base titrations of 5’-(C3TA;)s-3’ sequence throughout the pH range 3 - 7 and melting experiments
showed the formation of up to two different intramolecular i-motif structures with a pH-transition midpoint
around 4.6. Both structures show lower stability than the i-motif structure formed by 5’-(C5TT,)4-3’". The
results obtained have shown that the substitution of thymine by adenine at the loops destabilizes the i-motif

structure.

The study of the interaction equilibria of i-motif structures formed by 5’-(C3TA;)4-3’ has revealed the
formation of 1:1 DNA:TMPyP4 complex with a stability constant equal to 10°° M. A similar study done with
the sequence 5’-(C3TT,)4-3" has shown the formation of 1:1 and 1:2 complexes, which points out to a role of

the loop on the interaction with this ligand.
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Introduction

Cytosine-rich strands are known to form complex structures called i-motif. This structure is composed by
two duplexes intercalated in an antiparallel way, i.e., is the only DNA structure where base pairs are
intercalated. In i-motif, pairs are composed mainly by cytosine base pairs maintained thanks to the
protonation of one of the cytosine bases in the pair. Due to this protonation requirement, i-motif structures
have a marginal presence in neutral solutions at 37°C. The i-motif structure may include four identical C-rich
strands, two hairpins each carrying two cytidine stretches or a folded strand carrying four cytidine stretches
[1]. Owing to its specific self-recognition and susceptibility to pH variation, i-motif structures have been

utilized as building components for fabricating molecular devices [2, 3].

In vivo, cytosine-rich regions coexist with the complementary guanine-rich region. It has been shown that
guanine-rich sequences can also form a complex structure called G-quadruplex, which is stabilized by the
formation of hydrogen bonds among four planar guanines [4]. In spite of the high stability of the Watson-
Crick duplex, G-quadruplex seems to be stable at physiological pH when appropriate conditions are
established. Accordingly, the complementary cytosine-rich region could be involved in the formation of /-
motif structures in similar conditions. In this context, i-motif structures have been proposed in several
cytosine-rich sequences corresponding to the oncogenes RET [5], c-myc [6, 7], bcl-2 [8], Rb [9] or c-jun [10].
In addition, human telomere DNA is composed of multiple repeats of 5-TTAGGG on one strand and 5’-
CCCTAA on the other. The guanine-rich strand is longer and has a single-strand overhang of approximately
100-150 base pairs, allowing the formation of a G-quadruplex secondary structure. Except for this short 3’-
end guanine-rich overhang, all chromosomal DNAs potentially capable of forming G-quadruplexes are
masked by their Watson-Crick complementary cytosine-rich strand DNA. Formation of a G-quadruplex
structure within genomic DNA should therefore be coupled with the self-organization of the complementary

cytosine-rich strand [11-14].

The potential biological importance of the intramolecular i-motif seems to be evidenced by its involvement
in human telomeric and centromeric DNA structures and RNA intercalated structures, and by the discovery
of several proteins that bind specifically to cytosine to DNA sequences containing four cytosine-stretches
with at least three cytidines [15-18]. Because of this, along with human telomeric G-quadruplex DNA, i-motif
has also been postulated as an attractive drug target for cancer treatment and for modulation of gene

transcription [19].

Several works have been published dealing with the solution equilibria of i-motif formed by several
sequences related to telomeric DNA. Hence, the i-motif formed by the arrangement of four molecules of the

shortest sequence 5’-(C3TA,)-3’ has been studied by means of NMR, PAGE and CD [11, 20]. The bimolecular
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folding of the two repeat telomere sequence (5’-( C3TA;),-3’) was first studied by Ahmed et al. [21]. Other
structural research has been focused on longer sequences such as 5’-CCC(TAACCC)s-3'[13], 5’-( C3TA,)CCC-
3’[22], 5’-( C5TA,)CCCT-3’[23, 24]. The 24-bases long sequence 5’-(C3TA,)4-3" has also been focus of attention
[21, 25-27].

To our knowledge, however, no attempt has been made to study from an analytical point of view the
solution equilibria of the 24-bases long sequence and of the related sequence 5’-(CCCTTT),-3’ [28]. In
addition, there is only a single work dealing with the interaction of a sequence based on the human
telomere with the model ligand 5, 10, 15, 20-tetra(N-methyl-4-pyridyl)porphin (TMPyP4) [11]. The present
work deals with both objectives and, with this purpose, acid-base titrations and melting experiments have
been carried out to establish the pH- and temperature-range of stability for each of the structures proposed
here. In addition, mole-ratio experiments have been carried out to study the interaction of the model ligand
TMPyP4 with the different structures. All experiments were monitored by means of spectroscopic
techniques and the recorded data were analyzed by means of appropriate multivariate data analysis
methods [29, 30]. The results described here show that the sequence 5’-(CCCTAA) 4-3’ can form two different
i-motifs depending on pH changes. Secondly, the presence of adenine bases destabilizes the i-motif structure
in relation to that formed by the sequence 5’-(CCCTTT) ,-3’. Finally, the study of the interaction of TMPyP4
with both sequences by means of multivariate methods confirms a weak interaction, mainly electrostatic in

nature.



Material and methods

Reagents

DNA sequences C3TT2 (5’-(CCC TTT),-3’), C3TA2 (5’-(CCC TAA), -3’) and T24 (5’-T,4 -3’) were prepared as
described elsewhere [8]. DNA strand concentration was determined by absorbance measurements (260 nm)
using calculated extinction coefficients and the nearest-neighbor method [31]. Before any experiment, DNA
solutions were first heated at 90°C for 5 - 10 minutes and then allowed to reach room temperature. KCl,
KH,PO,, K;HPO,, NaCH;COO, HCl and NaOH (a.r.) were purchased from Panreac (Spain). MilliQ ® water was
used in all experiments. The cationic porphyrin 5,10,15,20-tetra(N-methyl-4-pyridyl)porphin (TMPyP4) was

purchased from Porphyrin Systems (Germany).

Procedures

Absorbance spectra were recorded on an Agilent HP8453 diode array spectrophotometer. The temperature
was controlled via an 89090A Agilent Peltier device. Hellma quartz cells (1 or 10 mm path length, and 350,
1500 or 3000 pl volume) were used. CD spectra were recorded on a Jasco J-810 spectropolarimeter
equipped with a Julabo F-25/HD temperature control unit. Hellma quartz cells (10 mm path length, 3000 pl
volume) were used. pH measurements were determined with an Orion SA 720 pH/ISE meter and micro-

combination pH electrode (Thermo).

Acid-base titrations were monitored either in-line (taking advantage of the stirrer incorporated in the Agilent
cell holder) or at-line (in the case of the CD instrument). Experimental conditions were as follows: 25°C and
150 mM KClI. Titrations were carried out by adjusting the pH of solutions containing the oligonucleotides. CD

and/or absorbance spectra were recorded in a pH stepwise fashion.

Melting experiments were monitored with an Agilent-8453 spectrophotometer equipped with the Agilent
temperature-controlling Peltier unit. The DNA solution was transferred to a covered 10-mm-path-length cell
and UV/VIS absorption spectra were recorded at 1°C intervals with a hold time of 3 min at each temperature
value, which yields an average heating rate of ~ 0.3 °C min™. Buffer solutions were 20 mM phosphate or
acetate, and 150 mM KCI. Each sample was allowed to equilibrate at the initial temperature for 30 minutes

before the melting experiment was begun.

Mole ratio experiments were carried out either by addition of small volumes of a DNA stock solution to a
TMPyP4 solution or vice versa. In the first case, experiments were monitored with molecular absorption

spectroscopy, whereas in the second case they were monitored with circular dichroism spectroscopy.



Experimental conditions were as follows: 25°C, pH 7.0, 5.2 and 4.0, and 150 mM KCl. Buffer solutions (20

mM phosphate or acetate) were the same as those described for the melting experiments.

Data analysis

Spectra recorded along acid-base titrations, melting experiments or mole ratio studies were arranged in a

table or data matrix, which size is m rows (spectra recorded) and n columns (wavelengths measured).

The goal of the data analysis is the calculation of the distribution diagrams and pure (individual) spectra for
all the nc spectroscopically-active species considered throughout an experiment. The distribution diagram
provides information about the stoichiometry and stability of the considered species (in case of acid-base
and mole-ratio experiments), and about thermodynamics in case of the melting processes. In addition, the
shape and intensity of the pure spectra may provide qualitative information about the structure of the

considered species.

With this goal in mind, the data matrix D is decomposed according to the Beer-Lambert-Bouer’s law in

matrix form:
D=CS'+E (1)

Now, C is the matrix (m x nc) containing the distribution diagram, S is the matrix (nc x n) containing the pure

spectra, and E is the matrix of data (m x n) not explained by the proposed decomposition.

The mathematical decomposition of D into matrices C, S', and E may be done basically in two different ways,
depending whether a physico-chemical model is initially proposed (hard-modeling approach) or not (soft-

modeling approach).

For hard-modelling approaches, the proposed model depends on the nature of the studied process. Hence,
for acid-base experiments the model will include a set of chemical equations describing the formation of the
different acid-base species from the neutral species, together with approximate values for the stability

constants, like the following:
DNA + pH* <> DNA-H, Betay,= [DNA-H,] / [DNA] [H'] (2)

In this equation, the parameter p is related to the Hill's coefficient and describes qualitatively the
cooperativity of the considered equilibrium. Values for p greater than 1 will indicate the existence of a

cooperative process.

For mole-ratio experiments, the physico-chemical model is similar to the previous one. As example:



DNA + gL <> DNA-L, Betay,= [DNA-Ly] / [DNA] [L]° (3)

For melting experiments, the physico-chemical model is related to the thermodynamics of DNA unfolding.
Hence, for the unfolding of intramolecular structures such as those studied in this work, the chemical

equation and the corresponding equilibrium constant may be written as:
DNA folded t heat <> DNA unfolded Kum‘olding = [DNA unfolded] / [DNA folded] (4)

For melting experiments, the concentration of the folded and unfolded forms is temperature-dependent.

Accordingly, the equilibrium constant depends on temperature according to the van’t Hoff equation:
In K unfolding = ~ AHy / RT + ASyy / R (5)

Here it is assumed that AH,;; and AS, will not change throughout the range of temperatures studied in this

work.

Whenever a physico-chemical model is applied, the distribution diagram in C fulfills the proposed model.
Accordingly, the proposed values for the equilibrium constants and the shape of the pure spectra in S' are

refined to explain satisfactorily data in D, whereas residuals in E are minimized.

The application of hard-modeling methods (i.e., those based on the fulfillment of a previously proposed
model) has advantages and drawbacks. Hence, not only the calculated distribution diagrams and pure
spectra are more robust in relation to the experimental noise, but also reliable values for the
thermodynamic parameters (stability constants, AH,4, AS,) may be calculated. In addition, mixtures of two
or more species may be resolved with an acceptable incertitude when the stability constants have been
calculated unambiguously. The main drawback, however, is the compulsory proposal of a model. Very often,
it is difficult to ascertain the more appropriate model to explain a given process, and the chemical intuition
must replace, hopefully, this incertitude. On the other hand, data in matrix D may include variance due to
additional factors not related with the studied process (base line drift, impurities, ...), which cannot be

appropriately modeled.

The mathematical decomposition of D into matrices C, ST, and E may also done without applying a physico-
chemical model, which is known as soft-modeling. In this case, the calculation of matrices € and S' is based
on the compliance of a series of constraints which reduce the initial large number of mathematical solutions
to an (almost) unique physico-chemically meaningful solution. An example of constraint is that which impose
that the elements in matrix C cannot be negative (as expected in a distribution diagram). The calculation of C
and S is done throughout an alternate optimization process until a previously set degree of convergence is
reached. The application of soft-modeling methods is proposed whenever a physico-chemical model cannot

be easily proposed. Its main drawback is, probably, the inability to resolve complex mixtures without the



help of more complex experimental and data analysis setups (for instance, the simultaneous analysis of
several data matrices corresponding to complementary experiments). Recently, several hybrid approaches

which combine the advantages of hard- and soft-modeling methods have been proposed.

In this work, hard-modeling analysis of acid-base and mole-ratio experiments has been done with the
EQUISPEC program [32]. Hard-modeling of melting experiments has been done with a modified version of
the MCR-ALS procedure which includes the model proposed in equation (5) for unfolding of intramolecular
structures. A detailed explanation of data analysis of melting experiments is included in Supporting Material.
Soft-modeling analysis has been done with the graphical user interface of MCR-ALS [33, 34], freely available

at the web address www.mcrals.info.




Results

C3TT2

The first oligonucleotide which solution equilibria have been studied in this work was the sequence C3TT2. It
is expected the formation of an i-motif structure in slightly acid solution stabilized by a maximum of six C*-C
base pairs [28]. Only thymine bases are present at the loops. Because of the high pK, value of thymidine
nucleoside (around 9.7 [35]) only acid-base equilibria involving cytosine will affect to the stability of the i-

motif structure in the studied pH range.

First of all, spectroscopically-monitored acid-base titrations of C3TT2 solutions were performed. Molecular
absorption spectra and circular dichroism (220 - 320 nm) were recorded stepwise throughout the pH range
3.1 - 7.6 (Supplementary Material). All spectra were arranged in a matrix D and later analyzed with the soft-
and hard-modeling methods named MCR-ALS and Equispec, respectively. Detailed descriptions of these
analyses were given previously [8, 29, 33]. Figure 1 shows the results obtained with Equispec, being the
results obtained with MCR-ALS similar to these. Three spectroscopically-active acid-base species were
enough to explain the measured spectroscopic data within the experimental incertitude. Increasing the

number of species did not improve significantly the data fit (Supplementary Material).

According to the resolved distribution diagrams (matrix C) and pure spectra (matrix S), these three acid-base
species were explained as follows. The major species in neutral solutions has been related to an partially
stacked strand, probably left-handed [36], where cytosine bases are neutral (i.e., deprotonated at N3 [35]).
Upon acidification, this conformation evolves to an i-motif structure which is the major species throughout
the pH range 6.0 — 4.5, approximately. The presence of an j-motif structure is well characterized by a CD
spectrum showing characteristic positive and negative bands centered at 285 and 265 nm, respectively
(Figure 1c), being the intensity of the first one twice of the second. The acid-base model which best fits the
experimental absorbance data is summarized in Table 1. The first transition, which implies the transition
from the neutral species to the i-motif, is cooperative as the Hill’s coefficient is equal to 3. The pH-transition
midpoint is located at 6.7+0.1, which means that, at the experimental conditions of this experiment, there is
a minor proportion of the j-motif at pH 7. At pH values lower than 4.5 the i-motif structure unfolds to yield
an acid-base species where all cytosine bases are protonated at N3. The transition between these two
species is also cooperative as the Hill's coefficient is also equal to 3. The location of the pH-transition
midpoint (3.610.1), which is far from the pK, of isolated cytosine (around 4.5 - 4.8), suggest a high stability

for the i-motif structure.



Spectroscopically-monitored melting experiments of C3TT2 sequence were carried out at several pH values.
Molecular absorption spectra were recorded stepwise in function of temperature and finally arranged in a
data matrix D. Then, matrix D was analyzed to determine the number of transitions present throughout the
temperature range studied and to evaluate thermodynamic parameters, such as AH and AS. As example, the
experimental spectra recorded along the melting of C3TT2 at pH 6.6 and the steps done throughout the data
analysis are shown and explained in detail in Supplementary Material. Figure 2 shows the distribution
diagram (matrix C) and pure spectra (matrix S) resolved for the three proposed conformations. The species
present at the beginning of the melting (Figure 2a) has been assigned to the initial mixture (where the
intramolecular i-motif is the major conformation at this pH) which melts with a T,, around 23°C to yield,
probably, an partially stacked single strand (second species). Increasing the temperature produces a small
variation of the absorbance spectra which is modeled by including a third species (the major at the end of
the melting). The resolved spectra for the second and third species are rather similar, but no equal, which
suggest that both species correspond to strands differing in the degree of base stacking. At pH 6.6 unfolding
of C3TT2 is accompanied by AH=66 kcal-mol™ and AS=222 cal-K*-mol™. Assuming that the breaking of a C*-C
base pairs needs around 11 + 1 kcal-mol™ [28] it can be deduced that the number of C*-C base pairs broken
throughout this transition was 6.0 + 0.8, i.e., it can be deduced that six C*-C base pairs were disrupted. The
thermodynamic parameters of a similar sequence (CCCTTT)3;CCC were previously determined from a melting
experiment carried out at pH 6.0 (10mM cacodylate, 0.1 M NaCl) [28]. The authors proposed an
intramolecular folding, characterized by T.., AH and AS equal to 45°C, -72 kcal-mol™ and -226 cal-K*-mol™?,

respectively.

Table 3 summarizes the AH, AS, and the AG value at 37°C values, as well as T,, values determined from the
resolved distribution diagram for the transitions involving unfolding of the i-motif. The dependence of T,
values with pH (Figure 3) is that expected for i-motif structures, i.e., their stabilities are enhanced upon
protonation. The low stability of the i-motif formed by C3TT2 at pH near 7 explains why at 25°C practically all
C3TT2 is unfolded, as reflected in the resolved acid-base diagram. The dependence of T,, values with DNA
concentration has been studied at pH 6.1 and 4.7. In both cases, the determined T,, values remained
unaltered (41°C and 60°C, respectively) for Cpya ranging from 0.5 to 5 uM, suggesting a predominant

intramolecular folding throughout this concentration range.

C3TA2

The study of the acid-base equilibria of C3TA2 provided different results to those observed previously for

C3TT2. Hence, the model which best fitted the data comprised up to four acid-base species (i.e., three
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transitions), one more than in the case of C3TT2 (Table 1 and Figure 4). The CD spectrum of the neutral
species show negative and positive bands of similar intensity and centered at 250 and 275 nm, respectively.
This spectrum is clearly different to that observed for C3TT2, and very similar to that of 5’-T;-3" which is
known to adopt a right handed helical structure (Supplementary Material) [35]. The first transition, which is
related to the folding of i-motif from this neutral species, is cooperative (Hill's coefficient equal to 3). The
third transition is less cooperative than the first one (Hill's coefficient equal to 2) and is clearly related to the
unfolding of i-motif in acid solution. The second transition, however, is more difficult to explain. The CD
spectra corresponding to the second and third species are similar (positive and negative bands centered at
285 and 258 nm, respectively), which confirms that both species are i-motif structures. On the other hand,
the shape and intensity of the resolved absorbance spectra suggest that the difference between these two
structures is due probably to the protonation of a few bases. It should be noted the slight shift of the
negative CD band in relation to the same band in C3TT2, which points out to a slightly different i-motif
conformation. Finally, the transition between these two acid-base species is strongly cooperative (Hill’s
coefficient equal to 3). Taken together all these evidences, the second transition has been attributed to a

conformational change between two highly ordered structures (i-motif | and i -motif Il).

Melting experiments showed that T, values determined for C3TA2 were lower than those determined for
C3TT2 throughout the pH range 4.5 — 6.5, approximately, revealing a destabilizing effect of adenine bases on
the stability of i-motif (Table 2). The independence of T,, with concentration has been confirmed at pH 6.1,
4.5 and 4.0 throughout the DNA concentration range 0.5 - 5 uM, suggesting a predominant intramolecular

folding at all these pH values.

Interaction with the cationic porphyrin TMPyP4

Finally, the interaction of C3TT2 and C3TA2 sequences with the model ligand TMPyP4 has been studied at
several pH values. First, CD spectra of all five proposed acid-base species of C3TT2 and C3TA2 in absence and
in presence of TMPyP4 were recorded (Supplementary Material). In all cases, the structure of the
oligonucleotide did not show any significant modification upon binding, if any. In order to know the exact
extent of ligand binding mole-ratio experiments monitored by molecular absorption spectroscopy at several
pH values were carried out. Table 3 summarizes the results obtained. As example, Figure 5 shows the
calculated distribution diagrams and pure spectra for the proposed species involving C3TA2 and C3TT2

sequences at pH 5.2.

At pH 7.0, both C3TT2 and C3TA2 adopt single-stranded helical structures which bind up to two TMPyP4

molecules, with a overall stability constant around 10" M™. Mole-ratio experiments done with the control
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sequence 5’-Ty;-3’, which also produces single-stranded helical structures, provide similar results (stability

constant = 10" M™).

At pH 5.2 and 4.0, the experimental CD spectra of C3TT2 and C3TA2 did not show any dramatic modification
upon addition of drug, a fact which reflects the overall maintenance of the initial j-motif structure upon
binding. In contrast, mole-ratio experiments provided slightly different mode of binding for both sequences
(Table 3). Hence, whereas only one interaction complex (1:1) was enough to explain the experimental
variation observed along the titration of TMPyP4 with C3TA2, two interaction complexes (1:1 and 1:2) were
needed to achieve similar results for the C3TT2 sequence. Figure 5 (and b) shows the calculated distribution
diagram and the pure molecular absorption spectra corresponding to each one of the three species involved
(free TMPyP4, C3TA2 and 1:1 interaction complex). The shift of the Soret band, as well as the calculated
value for the equilibrium constant (10°° M), is characteristics of a rather weak binding, probably
electrostatics in nature. A similar conclusion can be drawn for the 1:1 complex present in the C3TT2:TMPyP4

system.
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Discussion

The cytosine-strand of the human telomere 5’-(C5TA,)s-3’ (C3TA2) contains four tracts of three cytosines
which may vyield the formation of an intramolecular i-motif structure in slightly acid solutions. Much effort
has been done in the elucidation of the spatial structure of the i-motif formed by this sequence [21, 22, 24,
37], as well as those formed by truncated DNA sequences based on C3TA2. In our opinion, there is still a lack
of analytical information regarding the acid-base equilibria of this particular sequence, as well as of the

interaction with model ligands, such as the porphyrin TMPyP4.

In the present work, the acid-base equilibria of the C3TA2 sequence, as well of those of the related sequence
C3TT2, have been studied. Melting experiments have been done to corroborate the results obtained in these
studies. Whereas the C3TT2 sequence clearly showed the formation of an intramolecular i-motif throughout
the pH range from 6.5 to 3.0, the acid-base behavior of C3TA2 in this pH range needed the proposal of two
acid-base species, both related to i-motif structure. The differentiation between these two species has been
possible because both multivariate data were recorded and appropriate data analysis methods were used. It
would have been very difficult to discern the existence of these two species from the measurement of
absorbance values at just one or two wavelengths. Two additional evidences may support our hypothesis of
two acid-base species formed by C3TA2. First, the plot of T, vs. pH for C3TA2 and C3TT2 sequences (Figure
3) reveals a different stability of both sequences in the pH range of existence of i-motif | (6.5 — 4.8,
approximately) . A previous work dealing with the sequence 5’-TCCTCCTTTTCCTCCT-3’ [28], lacking of
adenine bases, showed a dependence of T, with pH similar to that observed here for C3TT2. Secondly, the
NMR study of a natural fragment of the human centromeric satellite Ill, 5'-CCATTCCATTCCTTTCC-3’, showed
that it forms two monomeric i-motif structures that differ in their intercalation topology and that are
favored at pH values higher and lower than 4.6 [38]. The change in intercalation topology was suggested
being related to adenine protonation. Interestingly, the pH transition midpoint coincides with that observed
in our work (4.6, Figure 4). However, the pK, of free adenosine is around 3.5 — 4.1 [35, 39] and, therefore, an
additional mechanism (such as base pair binding) should be taken into account to explain an apparent pK,

around 4.6.

It is clear from the present study and from previous works that the presence of adenine bases at the
potential loops affects the stability of i-motif structure, as already observed for several topologies of G-
quadruplex structures [40]. The higher stability showed by C3TT2 in comparison to C3TA2 was already
observed by Mergny et al. when studying the sequences 5’-(C3TA;);CCC-3’ and 5’-(C5TT,)sCCC-3’ [28]. This

higher stability could be due to the presence of T-T base pairs which expand the six C*-C base pairs located at
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the core of the i-motif. According to Figure 3, it seems that the formation of T-T base pairs may increase the
T value of the i-motif structure more than the formation of T-A base pairs. Another possibility could be the
formation of a three-base hydrogen-bonding network, in which two adenines and a thymine form four

hydrogen bonds via a reverse Hoogsteen and an asymmetric adenine-adenine base pairing [41].

Recently, Kaushik et al. studied the 24-bases long 5’-(C5TA;) 4-3’ sequence [25], as well as several truncated
9- and 12-bases long [27]. Their results showed that the 24-bases long sequence may form both intra and
intermolecular i-motifs depending on the experimental conditions. At the high concentrations used in DSC
experiments, intermolecular folding was preferred over intramolecular one at pH 4.8. In general, the T,,
values determined in our work agree with those previously determined by Kaushik et al. for the same
sequence at different experimental conditions (10 mM acetate or cacodylate, no KCl added). However, an
independence of T, with concentration has been observed here at several pH values throughout the DNA
concentration range 0.5 - 5 uM, suggesting an intramolecular folding at all these pH values. Previous works
dealing with very similar sequences also observed intramolecular folding in the presence of salts like KCl,
NaCl or LiCl [21, 42]. Because of this, it seems that the presence of salts may influence the inter- or

intramolecular nature of folding of these cytosine-rich DNA sequences.

The presence of additional protonated bases in the i-motif formed by C3TA2 could explain why its
interaction with TMPyP4 differed from that for C3TT2. Whereas only one 1:1 spectroscopically active
complex was proposed for the system C3TA2:TMPyP4, two 1:1 and 1:2 complexes were detected for the
system C3TT2:TMPyP4. To our knowledge, there is only one previous study of the interaction of TMPyP4
with an i-motif whose sequence resembles that of the human telomere (58-AACCCC-3R, which forms a
tetraplex i-motif [11]). TMPyP4 was found to promote the formation of the i-motif structure, binding to the
edge of the DNA core by a non-intercalative mechanism. Analysis of absorbance data revealed the anti -
cooperativity of binding, 1:2 (DNA:drug) stoichiometry and a binding constant of 104.34M-1. This value is
lower than those determined in this study for the two i-motifs of C3TA2 (around 106M-1, at pH 5.2 and 4.0).
This suggests that porphyrin interactions with fold-over molecules may be different due to the influence of

the structure of connecting loops.

Conclusions

The present work deals with the solution equilibria of the 5’-(C3TA;)4-3" sequence located at the cytosine-rich
strand of the human genome. Two i-motif structures have been observed with a pH transition midpoint
around 4.6 at 25°C and 150 mM KCl. It has been suggested that they differ in the degree of protonation of

adenine bases at the edge of the C*-C core of the structure. The presence of adenine has been also shown to
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destabilize the i-motif structure when compared with that formed by the 5’-(C5TT,);-3’ sequence. Finally, the
interaction equilibria of all i-motif structures formed by these two sequences with the model ligand TMPyP4

have been shown to be non-intercalative in nature.
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Figures and tables
Table 1. Parameters calculated for the acid-base transitions using the hard-modeling program Equispec.

Table 2. Thermodynamic parameters calculated from melting experiments. Experiments carried out in
phosphate or acetate buffers. T,, values are given in °C. AH and AG values (at 37°C) are given in kcal-mol™. AS is

: . -1 -1
given in cal-K"-mol .

Table 3. Proposed models for the interaction of TMPyP4 with the considered sequences. A\ (nm) refers to
the spectral shift measured between the Soret band corresponding to free TMPyP4 and that corresponding to the
calculated spectrum for the predominant interaction complex. The values for log beta(11) and log beta(12) refer to the

logarithm of the overall stability constant for the 1:1 and 1:2 DNA:TMPyP4 interaction complexes, respectively.

Figure 1. Results obtained after analysis with Equispec of the spectra recorded along acid-base titrations of
C3TT2 monitored by molecular absorption and circular dichroism spectroscopies. (a) Distribution diagram;
(b) pure molecular absorption spectra; (c) pure CD spectra. Solid line: neutral species; dotted line: i-motif;

dash-dotted line: random coil. Ccarr, = 1.8 M. Other experimental conditions as detailed in the text.

Figure 2. Results obtained after analysis with constrained MCR-ALS of absorbance data recorded along the
melting experiment of C3TT2 at pH 6.6. (a) Resolved distribution diagram, (b) Resolved pure spectra. Ccary:

5.3 uM. Other experimental conditions as detailed in the text.

Figure 3. T, values determined against pH. Black diamond: C3TT2; open square: C3TA2.

Figure 4. Results obtained after analysis with Equispec of the spectra recorded along acid-base titrations of
C3TA2 simultaneously monitored by molecular absorption and circular dichroism spectroscopies. (a)
Distribution diagram; (b) pure molecular absorption spectra; (c) pure CD spectra. Solid line: neutral species;
dotted line: i-motif I; dashed line: i-motif II; dash-dotted line: random coil. Ccsta; = 3.7 uM. Other

experimental conditions as detailed in the text.

Figure 5. Interaction of TMPyP4 with C3TA2 and C3TT2 at pH 5.2. Mole-ratio experiment monitored with
molecular absorption spectroscopy. C3TA2: (a) Calculated distribution diagram. (b) Calculated pure
molecular absorption spectra. Initial Crmpyps = 3.3 UM, Cesraz ranges from 0 to 3.1 uM. C3TT2: (c) Calculated
distribution diagram. (d) Calculated pure molecular absorption spectra. Initial Crypyps = 3.0 UM, Ccarr, ranges
from O to 3.5 uM. Solid line: i-motif, dotted line: TMPyP4, dashed line: 1:1 (DNA:ligand) interaction complex,

dash-dotted line: 1:2 interaction complex. 25°C, 20 mM acetate buffer (pH 5.2) and 150 mM ionic strength.

16



Table 1. Parameters calculated for the acid-base transitions using the hard-modeling program Equispec.

Experiments done at 25°C and 150 mM KCI. Standard deviation values are shown between parentheses.

Sequence | Transition from neutral species to i- | Transition from i-motif | to i-motif | Transition from i-motif to random
motif structure I coil
p log stability constant p log stability constant p log stability constant
C3TT2 3 20.2(0.1) 3 10.9(0.1)
C3TA2 3 17.8(0.1) 3 13.7(0.2) 2 5.6(0.2)

17



Table 2. Thermodynamic parameters calculated from melting experiments. T,, values are given in °C. AH and

AG values (at 37°C) are given in kcal-mol™. AS is given in cal-K-mol™. Experiments carried out in 20 mM phosphate (pH

7.0) or acetate (pH 5.0) buffer, 150 mM KCI, Cpna ranging from 0.5 to 5 uM.

pH 4.0 pH 4.8 pH5.3 pH 6.1 pH 6.6
Tm AH AS AG |Tm AH AS AG |Tm AH AS AG |[Tm AH AS AG |Tm AH AS AG
C3TT2 |61 62.8 1879 -45 |60 63.4 190.2 -4.4 |52 659 202.8 -3.0 41 63.2 2013 -1.0 (23 657 221.8 3.1
C3TA2 |58 70.3 212.6 -44 |60° 54.2 162.9 -3.7 |46 56.1 175.6 -1.6 |32 617 2020 09 |27° 66.7 2220 21

“pH=4.5;"pH=6.3

Table 3. Proposed models for the interaction of TMPyP4 with the considered sequences. AL values refer to the

spectral shifts measured between the Soret band corresponding to free TMPyP4 and those corresponding to the

calculated spectra for the interaction complexes. The values for log beta(11) and log beta(12) refer to the logarithm of

the overall stability constant for the 1:1 and 1:2 DNA:TMPyP4 interaction complexes, respectively. Experiments carried

out at 25°C, phosphate (pH 7.0) or acetate (pH 5.0) buffer, 150 mM KCl. The maximum of the Soret band for free

TMPyP4 is 422 nm (25°C, pH 7).

DNA pH 4.0 pH 5.2 pH 7.0
AX in nm (complex) | Stability constant A (nm) | Stability constant AL (nm) | Stability constant
C3TT2 |13 (11) log beta(11)=6.0+0.1 |11(11) |logbeta(11)=6.0£0.2 |11(12) |logbeta(12)=12.0%£0.1
7 (12) log beta(12) =11.9+0.1 | 8 (12) log beta(12) =12.1 £ 0.2
C3TA2 | 10 (11) log beta(11)=5.9+0.1 |10(11) |logbeta(11)=6.0£0.2 |13(12) |logbeta(12)=11.8+0.1
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Figure 1. Results obtained after analysis with Equispec of the spectra recorded along acid-base titrations of
C3TT2 monitored by molecular absorption and circular dichroism spectroscopies. (a) Distribution diagram;
(b) pure molecular absorption spectra; (c) pure CD spectra. Solid line: neutral species; dotted line: i-motif;

dash-dotted line: random coil. Experimental conditions: 25°C, 150 mM KCl, Ccarr, = 1.8 uM.
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Figure 2. Results obtained after analysis with constrained MCR-ALS of absorbance data recorded along the
melting experiment of C3TT2 at pH 6.6. (a) Resolved distribution diagram, (b) Resolved pure spectra.

Experimental conditions: 20 mM phosphate buffer, 150 mM KCl,C¢3rro= 5.3 pM.
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Figure 3. T,, values determined against pH. Black diamond: C3TT2; open square: C3TA2. Experimental
conditions: 20 mM phosphate or acetate buffer, 150 mM KCI.
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Figure 4. Results obtained after analysis with Equispec of the spectra recorded along acid-base titrations of
C3TA2 simultaneously monitored by molecular absorption and circular dichroism spectroscopies. (a)
Distribution diagram; (b) pure molecular absorption spectra; (c) pure CD spectra. Solid line: neutral species;
dotted line: i-motif |; dashed line: i-motif 1l; dash-dotted line: random coil. Experimental conditions: 25°C,

150 mM KCl,CC3TA2 =3.7 HM
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Figure 5. Interaction of TMPyP4 with C3TA2 and C3TT2 at pH 5.2. Mole-ratio experiment monitored with
molecular absorption spectroscopy. C3TA2: (a) Calculated distribution diagram. (b) Calculated pure
molecular absorption spectra. Initial Crmpyps = 3.3 UM, Ccsraz ranges from 0 to 3.1 uM. C3TT2: (c) Calculated
distribution diagram. (d) Calculated pure molecular absorption spectra. Initial Crmpyps = 3.0 UM, Cczrr, ranges
from O to 3.5 pM. Solid line: i-motif, dotted line: TMPyP4, dashed line: 1:1 (DNA:ligand) interaction complex,

dash-dotted line: 1:2 interaction complex. 25°C, 20 mM acetate buffer (pH 5.2) and 150 mM ionic strength.
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1. Acid-base titration of C3TT2 at 25°C.

1.1. Experimental spectra.

Arrows indicate the spectroscopic changes observed when the pH is raised from 7 to 3, approximately.
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1.2. Fits obtained after analysis of absorbance data recorded along the acid-base titration of C3TT2 for

different number of components (nc). ssq refers to the sum of squares of residuals.
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2. Example of multivariate analysis of spectroscopic data recorded along a melting experiment
2.1. Experimental absorbance spectra

In this particular case, absorbance data were recorded stepwise throughout the temperature range 16 —
55°C, every 1°C. The traces at 295 (blue line) and 260 (green line) nm are studied (inset). The trace at 295 nm
shows a clear hypochromism which may be related to the unfolding of i-motif structure (Mergny and Lacroix,
Oligonucleotides 2003, 13, 515). The monophasic transitions correspond to the presence of a single

structural species in solution.

0 I I I I I I I [~ ——
220 230 240 250 260 270 280 290 300 310 320

2.2. Analysis with MCR-ALS

First, spectroscopic data were analyzed by means of MCR-ALS. Several detailed examples of application of
this procedure were given elsewhere (Khan et al. Biochimie 2007, 89, 1562 and Bucek et al. Chem. Eur. J.
2009, 15, 12663). In this case, three components (n=3) were considered. This number was selected after
application of mathematical procedures such as Singular Value Decomposition or SIMPLISMA analysis of the
data matrix plotted in 2.1. Alternatively, the analysis was repeated considering two or four components but
the more reasonable results (from a biophysical point of view) were obtained when only three components

were considered. Next figure shows the resolved distribution diagram and the corresponding pure spectra.
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2.3. Analysis with constrained MCR-ALS

Now, the distribution diagram was constrained to fulfill the van’t Hoff equation:
In K unfolding = - AHw / RT + ASy / R

Where:

Kunfolding = [DNA unfolded] / [DNA folded]

Hence, for the unfolding of an intramolecular structure throughout a single transition, the concentration at

equilibrium for the unfolded and folded conformations can be written as:

(-2 54

Cpyae' BT B
(DN Aymsataes] = W
1+g BT R
Coma
[DNAfgiaee] = — 7 &, &7

'l+€'f5?f L

Where Cppa is the analytical concentration of DNA:
Cona = [DNAnfoided] + [DNAsoided]

Hence, the equilibrium concentrations of both unfolded and folded DNA are constrained to fulfill the van’t
Hoff equation. By this way, most of the incertitude associated to the results obtained with soft-modeling
methods can be removed. Moreover, estimates of thermodynamic parameters and of the melting

temperature are obtained. The uncertainty associated with the thermodynamic values is + 5-10 %,
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depending on the level of noise of original data and of the degree of overlap among conformations. This

uncertainty level was calculated from the analysis of previously simulated unfolding transitions.

Next table shows the fits obtained when one or two transitions (i.e., two or three components, nc) were

considered. The best fit (given as sum of squares of residuals, ssgFit) was obtained when two transitions (i.e.,

three components) were considered. The intramolecular nature of the transition was simultaneously

checked by doing melting experiments at increasing concentrations.

nc | Proposed model AH (kI'mol™) | AS Tm AH AS Tm ssqFit
) -1 0
) C kJ-mol ) C

» Ca) | ( )| gk °C)

Lmol™) Lmol™)
2 Intramolecular structure = random coil 356.3 1205.8 22.3 0.0711
3 Intramolecular structure = intramolecular | 273.7 924.2 23.0 72.7 230.0 - 0.0045

structure = random coil

The resolved distribution diagram and the corresponding pure spectra have been included in the main text

(Figure 2). Next figure shows the experimental (blue dots) and fitted (green line) absorbance data at 260 and

295 nm when the model of three components is considered. The goodness of the fit proves the proposed

model of species. The presence of a higher number of conformations was rejected because the lack of fit

obtained was below the experimental incertitude of the measurement.
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3. Acid-base titration of C3TA2 at 25°C.
3.1. CD spectrum of 5’-Ty4-3" in 150 mM KCl, 20 mM phosphate buffer, pH 7.0, 25°C, Cry = 1.8 uM.
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3.2. Fits obtained after analysis of absorbance data recorded along the acid-base titration of C3TA2 for

different number of components (nc).
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4. CD spectra of C3TT2 and C3TA2 in absence and in presence of TMIPyP4 at several pH values. (a) Ccam; =
2.6 uM, ratio Crmpypa:Cearrz = 3.5; (b) Cearra = 1.9 uM, ratio Crvpypa:Ceatra = 1.6; (c) Cearaz = 3.0 puM, ratio
Crmpypa:Cearaz = 3.5; (d) Cearaz = 2.8 UM, ratio Crmpypa:Cearaz = 2.0; (3) Cestaz = 4.7 UM, ratio Crmpypa:Cearaz = 2.0.
Other experimental conditions: 25°C, 10 mM acetate or phosphate buffer, 150 mM KCl.
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5. Mole-ratio experiments at pH 4.0

5.1 Interaction of TMPyP4 with the considered sequences studied by mole ratio experiments at pH 4.0.

Distribution diagrams (calculated according to the values of equilibrium constants shown in Table 3), and

pure molecular absorption spectra for C3TT2 (1% row) and C3TA2 (2™ row).
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5.2 Fits at 422 nm for mole-ratio experiments at pH 4.0.

Symbols represent the experimental absorbance values measured at 422 nm. Continuous lines represent the

fit obtained with the model shown in Table 3.
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6. Mole-ratio experiments at pH 5.2

6.1 Fits at 422 nm for mole-ratio experiments at pH 5.0.

Symbols represent the experimental absorbance values measured at 422 nm. Continuous lines represent the

fit obtained with the model shown in Table 3.

C3TT2 input_data

0.75 T T T T T T

0.71 i

0.65F B

0.6+ B

0.551 B

absorbance at 422nm

0.5 \ i

0.451 e i

0.4 . . . . . .
0 0.5 1 1.5 2 25 3 3.5

C3TA2 input_data

0.75 T T

0.65

0.6

absorbance at 422nm

05 Il Il Il I I I
0 0.5 1 15 2 2.5 3 3.5

33



7. Mole-ratio experiments at pH 7.0

7.1 Interaction of TMPyP4 with the considered sequences studied by mole ratio experiments at pH 7.

Distribution diagrams (calculated according to the values of equilibrium constants shown in Table 3) and

pure molecular absorption spectra for C3TT2 (1% row) and C3TA2 (2™ row).
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7.2 Fits at 422 nm for mole-ratio experiments at pH 7.0.

Symbols represent the experimental absorbance values. Continuous lines represent the fit obtained with the

model shown in Table 3.
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