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Abstract
I-motifs are tetra-helixes that may form in cytosine-rich strands. They are based on cytosine–cytosine+ base pairs that 
require the N3 hemi-protonation of the nucleobases, and therefore, the stability of these non-canonical DNA arrangements 
depends on pH. These structures are promising targets for the development of new cancer therapies since they are enriched 
in the promoters of oncogenes where they can play a role in the regulation of transcription. The proximal promoter of the 
EGFR oncogene has multiple regions with a significant potential to form such a tetra-helix arrangement. Here, we present 
the thermodynamic characterization of a C-rich sequence located 37 nucleotides upstream of the transcription starting site 
of EGFR. We confirmed the ability of this sequence to fold into an I-motif. By applying a global analysis of calorimetric 
and spectroscopic data, we derived the dependency of the apparent standard Gibbs free energy change associated with the 
I-motif folding upon temperature and pH. The results showed that, in contrast to in silico prediction, only 4  CC+ base pairs 
formed while additional GC and TT base pairings were detected in the I-motif. Noteworthy, a single residue mutation at G14 
largely shifts the equilibrium toward the formation of multimeric species.
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Introduction

I-motifs (iMs) and G-quadruplexes (G4s) are tetra-helical 
nucleic acid secondary structures that may form at sequences 
containing four runs of repeated cytosines and guanines, 
respectively [1, 2]. These nucleotide patterns are comple-
mentary thus potentially locating iMs and G4s at the same 
genomic sites. In the human genome, there is an interesting 
enrichment of potential iM/G4 forming sequences at regions 
endowed with relevant biological functions, such as telom-
eres and oncogene promoters [3, 4]. A detailed description 
of the molecular events that relate the tetra-helices formation 
to specific functional roles is not fully disclosed but, it has 
been proven that their conversion from the double-stranded 
DNA at gene promoters largely impacts the efficiency of 
gene transcription [5, 6].

iMs and G4s are based on non-canonical hemi-pro-
tonated cytosine–cytosine  (CC+) and Hoogsteen gua-
nine–guanine base pairs, respectively [7, 8]. Concerning 
iMs,  CC+ base pairs hold together two parallel oriented 
strands and two of such parallel duplexes intercalate in an 
antiparallel orientation. Therefore, iMs are highly ordered 
structures where the adverse entropy change of folding is 
balanced by a favorable reduction of the enthalpy [9, 10]. 
Many factors contribute to this enthalpy change. Among 
them, theoretical calculations indicate that the three hydro-
gen bonds of the  CC+ base pairs and the bonding networks 
in the minor grooves between the H1’/H4’ and O4’ of two 
consecutive sugar residues are the most relevant stabiliz-
ing components. Indeed, unlike what is observed in the 
canonical B-DNA double helix, π–π stacking interactions 
between consecutive  CC+ do not significantly contribute 
to the enthalpy of the folded state [11].

To support the formation of three hydrogen bonds 
within the  CC+ base pair, the N3 of cytosines must be 
hemi-protonated. This makes iMs pH-dependent structures 
and the apparent standard Gibbs free energy change of 
folding (ΔGθ

app(T, pH)) is generally minimized at pH 4.5 
which corresponds to the pKa of cytosine N3 [12]. For a 
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long time, the acidic conditions required for their folding 
were considered incompatible with the presence of iM in 
the intracellular environment. However, by using iM fluo-
rescent-labeled antibodies and in-cell NMR experiments, 
it has been proven that they exist in the cell nuclei as well 
[13, 14]. Noteworthy, the intracellular environment of can-
cer cells is often slightly acidic and this further increases 
iM formation [15]. This evidence confirmed iMs as prom-
ising targets for the development of new anticancer thera-
pies. On these bases, a detailed structural characterization 
of the genomic regions potentially prone to fold into iMs 
is the first step toward a better understanding of the finely 
tuned mechanisms that correlate their formation with the 
regulation of oncogene transcription.

Many tumors, such as breast or lung cancers and glio-
blastoma, are related to an overexpression of the Epidermal 
Grow Factor Receptor oncogene (EGFR) [16, 17]. Currently, 
targeted treatments are used in therapy. They are represented 
by monoclonal antibodies and tyrosine kinase inhibitors 
which specifically target the EGFR protein. However, fre-
quently these approaches result ineffective because of drug 
resistance development [18, 19]. A new valid therapeutic 
strategy is to downregulate the oncogene overexpression at 
its roots, by targeting the gene itself.

The proximal promoter of EGFR has a large gua-
nine–cytosine-rich region with several potential iM/G4 
forming sites. Among them, in the region comprising 500 
nucleotides upstream of the transcription starting site, we 
identified two main potential iM/G4 forming sequences that 
comprise four runs with at least three consecutive cytosines, 
EGFR-272 and EGFR-37, located at 272 and 37 nucleotides 
upstream of the transcription starting site, respectively. In 
previous works, we characterized the conformational fea-
tures of both the guanine and cytosine-rich strands of EGFR-
272 [20, 21]. We observed that, in solution, the guanine-rich 
strand folds into two different G4s in thermodynamic equi-
librium and we showed that the use of G4-targeted small 
molecules can drive a reduction of the EGFR expression 
in treated cells which resulted to be particularly cytotoxic 
for metastatic castration-resistant prostate cancer cells [22]. 
Conversely, the cytosine-rich strand folds into a single iM 
structure. This better-defined structure is bound and sta-
bilized by small molecules as well and thus it represents 
an alternative complementary target. To fully exploit the 
potential of iM at EGFR promoter as a target, here we report 

a comprehensive characterization of the folding of the iM 
assumed in solution by the cytosine-rich EGFR-37 site 
through calorimetric and spectroscopic analyses.

Materials and methods

Materials

All tested oligonucleotides (sequences reported in Table 1) 
were synthesized and purified by Eurogentec (Liege, Bel-
gium). They were dissolved in Milli-Q water to obtain 1 mM 
stock solutions (strand concentration) as derived by UV 
absorbance at 260 nm. Before use, all DNA samples were 
melted for 5 min at 95 °C and then slowly cooled to room 
temperature.

Methods

Electrophoretic mobility shift assay

Samples were prepared at 4 µM or 200 µM DNA (strand 
concentration) in 10 mM Na-cacodylate pH 5.5. They were 
heated at 95 °C and slowly cooled to room temperature 
before loading them (250 ng DNA/lane) on a 15% native 
polyacrylamide gel (acrylamide/bis-acrylamide 19:1) in 
1 × TAE (40 mM Tris, 20 mM acetic acid, 1 mM EDTA, pH 
5.5). The run was performed at 25 °C for 2 h by applying a 
voltage of 15 V/cm. Gels were stained by soaking them in 
a 1 × Sybr Green II in 1 × TBE (89 mM Tris, 89 mM boric 
acid, 2 mM EDTA) solution. DNA bands were visualized on 
a Geliance system (Roche).

S1 footprinting

Reaction mixtures were prepared using 3’-FAM-labeled 
DNA (100 ng/µL) in 10 mM Na-cacodylate, 4.5 mM  ZnSO4, 
pH 5.5. They were heated for 5 min at 95 °C and then slowly 
cooled to room temperature. After the cooling step, 1 U/µL 
of S1 endonuclease (Promega) was added. Samples were 
incubated for different times at 25 °C and the reactions were 
stopped by adding 2.5 µL of the reaction mixture to 9 µL 
of stop solution (80% formamide, 60 mM EDTA). Samples 
were heated for 5 min at 95 °C, chilled on ice, and finally 

Table 1  Sequences of 
oligonucleotides used in this 
study

EGFR-37 5′-CCC TCC TCC TCC CGC CCT GCC TCC CC-3′
EGFR-37-FAM 5′-CCC TCC TCC TCC CGC CCT GCC TCC CC-FAM-3′
EGFR-37MUT 5′-CCC TCC TCC TCC CAC CCT GCC TCC CC-3′
EGFR-37MUT-FAM 5′-CCC TCC TCC TCC CAC CCT GCC TCC CC-FAM-3′
22BM 5'-GGA TGT GAG TGT GAG TGT GAGG-3'
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loaded on a 20% polyacrylamide (acrylamide/bis-acrylamide 
19:1) denaturing gel in 7 M urea, 1 × TBE (89 mM Tris, 
89 mM boric acid, 2 mM EDTA). Reaction products were 
visualized on a Geliance system (Roche).

NMR spectroscopy

1H NMR spectra were recorded on a Bruker DMX 600 MHz 
spectrometer, equipped with a 5 mm TXI probe XYZ-Gra-
dient at 25 °C. Samples were prepared at 150 µM DNA in 
10 mM Na-phosphate, pH 5.5 with 10%  D2O. Before data 
acquisition, they were melted for 5 min at 95 °C and then 
slowly cooled down to room temperature. Suppression of 
water signal was achieved by applying WATERGATE pulse 
sequence. The NMR spectrum was processed and analyzed 
by using TOPSPIN software.

Thermal difference spectra

Thermal difference spectra (TDS) were obtained by subtract-
ing the DNA UV–Vis spectrum acquired at 1 °C from the 
one recorded at 85 °C, thus below and above the oligonu-
cleotide melting temperature, respectively. The experiments 
were performed in 10 mM Na-cacodylate pH 5.5.

Circular dichroism

CD spectra were acquired using a Jasco J 810 spectropola-
rimeter equipped with a Peltier as a temperature controller 
device in a 1 cm length quartz cuvette. Signals were reported 
as Δε. All experiments were repeated in triplicate. pH-titration 
experiments were performed by adding HCl to 4 µM DNA 
samples in 10 mM Na-cacodylate pH 8.5 at 298.15 K. The CD 
signal recorded at 287 nm was fitted with Eq. (1) according to 
the Hill formalism:

where n is the Hill coefficient,  pHT is the pH of the middle 
transition, a and b are the Δε of the unfolded and folded 
species, respectively.

Heating and cooling experiments were performed by set-
ting ± 20 K  h−1 temperature slopes and recoding the spectra 
every 2 K in the 230–330 nm wavelength range. The CD signal 
recorded at 287 nm during the heating and cooling steps was 
fitted with Eq. (2) according to van't Hoff’s formalism:
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where T is the temperature (K), ΔHθ is the standard enthalpy 
change of folding (kJ  mol−1), Tm is the melting temperature 
(K), R is the ideal gas constant (8.314 ×  10–3 kJ  K−1  mol−1) 
and a, b are the Δε of the unfolded and folded species, 
respectively.

Differential scanning calorimetry

Differential scanning calorimetry experiments were performed 
on a Microcal VP-DSC with cells of 502.7 µL in the 1–80 °C 
temperature range at stated heating–cooling rates. Samples were 
prepared at 200 µM DNA concentration in the required buffer. 
Data were reported as molar excess of heat capacity (ΔCp) as 
a function of the temperature. All experiments were repeated 
in triplicate.

Curves were fitted according to Eq. (3):

where T is the temperature (K), ΔHθ is the standard 
enthalpy change of folding (kJ  mol−1), Tm is the melt-
ing temperature (K), and R is the ideal gas constant 
(8.314 ×  10–3 kJ  K−1  mol−1).

Global fitting analysis

Global fitting analyses were performed on all the datasets 
derived from CD and DSC experiments according to the 
simplest model mechanism that successfully described the 
folding process:

where U is the unfolded species, F is the folded species, 
n is the number of protons recruited for the folding, T is 
the temperature (K), ΔGθ(T) is the standard Gibbs free 
energy change referred to T and R is the ideal gas constant 
(8.314 ×  10–3 kJ  K−1  mol−1). Worth noting, for a DNA fold-
ing process, it is more appropriate to consider n as the Hill 
coefficient [23].

Thermodynamic parameters such as ΔGθ(298.15 K), ΔHθ, 
and n were kept as shared fitting parameters.

The dataset corresponding to CD dependence upon pH, 
temperature (heating and cooling), and DSC curves (heat-
ing and cooling) were simultaneously fitted according to 
Eqs. 6–7, respectively:
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where n is the Hill coefficient, T is the temperature (K), To is 
298.15 K, ΔGθ(To) is the standard Gibbs free energy change 
of folding (kJ  mol−1) referred to To, ΔHθ is the standard 
enthalpy change of folding (kJ  mol−1), R is the ideal gas 
constant (8.314 ×  10–3 kJ  K−1  mol−1) and a and b are the Δε 
of the unfolded and folded species, respectively.

ΔHθ was considered a temperature-independent parameter 
(ΔCp = 0).

Considering the unimolecular iM folding pathway, 
the apparent standard Gibbs free energy change was 
pH-dependent:

where U is the unfolded species, F is the folded species, T is 
the temperature, ΔGθ

app(T, pH) is the apparent standard Gibbs 
free energy change referred to T and pH, and R is the ideal 
gas constant (8.314 ×  10–3 kJ  K−1  mol−1).

ΔGθ
app(T, pH) was derived at different temperatures ad 

pHs according to Eq. (11):

where n is the Hill coefficient, T is the temperature (K), To is 
298.15 K, ΔGθ(To) is the standard Gibbs free energy change 
of folding (kJ  mol−1) referred to To, ΔHθ is the standard 
enthalpy change of folding (kJ  mol−1) and R is the ideal gas 
constant (8.314 ×  10–3 kJ  K−1  mol−1).

Python scripts based on NumPy and SciPy libraries were 
developed to perform data analysis and global fitting.

Singular value decomposition

Multiple wavelength CD experiments were analyzed by Sin-
gular Value Decomposition (SVD). For each experiment, the 
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dataset was converted into a matrix A in which A[i, j] is the 
Δε at a given i wavelength and j temperature or pH. A matrix 
was decomposed, into a product of three matrixes:  USVT 
where U is an orthogonal matrix in which column vectors 
are the eigenvectors of AAT, V is an orthogonal matrix in 
which column vectors are the eigenvectors of ATA and S is a 
rectangular diagonal matrix which values are the eigenvalues 
of both AAT and ATA.

The A matrix can be well approximated according to 
Eq. (12):

where n is the number of significant optical components 
contributing to the signal.

Only the species (k) that simultaneously have autocor-
relation coefficient of Uk and Vk ≥ 0.75 and the maximum 
absolute value of UkSkVk

T ≥  10–3  cm−1 were considered.
Python scripts based on NumPy and SciPy libraries were 

developed to perform this analysis.

Results

Characterization of EGFR‑37 folding

The chiroptical properties of DNA change upon its fold-
ing into secondary structures, and this can be followed by 
circular dichroism (CD). In particular, the antiparallel ori-
entation of the strands in the iM structure correlates with a 
positive CD signal around 290 nm and a negative one around 
260 nm. Therefore, the ability of EGFR-37 to assume iM 
structures was preliminarily evaluated following the CD sig-
nal in the 330–230 nm range while moving from basic (pH 
8.5) to acidic (pH 4.0) conditions upon progressive additions 
of HCl to the DNA solution (Fig. 1). The spectrum acquired 
at pH 5.5 was more intense than the ones recorded at basic 
conditions and it showed a positive signal at 287 nm and 
a negative one at 264 nm. This optical fingerprint corre-
sponds to the one expected for an iM. The folding of EGFR-
37 into an iM in acidic conditions was further supported by 
the UV–Vis thermal difference spectrum (TDS) (Fig. S1). 
Indeed, also this spectroscopic profile varies according to the 
specific DNA secondary structures [24]. The TDS spectrum 
of EGFR-37 at pH 5.5 showed a negative signal at 295 nm 
and a positive one at 240 nm, in line with those reported for 
iM folded DNA.

Additionally, native polyacrylamide gel electrophoresis 
performed in TAE pH 5.5 indicated that EGFR-37 samples 
in the 4–200 µM concentration range, constantly run as a 
single band with electrophoretic mobility slightly greater 
than a 22 residues DNA strand unable to fold into secondary 

(12)A ≃

n
∑

k=1

UkSkV
T
k
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structures (22BM) (Fig. S2). These evidences converged in 
supporting the folding of EGFR-37 into an intra-molecular 
iM structure in acidic conditions.

Additionally, the CD spectra acquired at variable pH 
showed an iso-dichroic point at 277 nm, in line with the 
presence of only two optical species during the protonation-
induced folding process. This was further confirmed by the 
analysis of the optical components performed on the U, S, 
and V matrices derived by SVD (Table S1).

The lack of intermediate species indicated that under 
our experimental conditions, the DNA folding process was 
highly cooperative. On these bases, the CD data acquired 
at 287 nm (maximum signal intensity for an iM) were fitted 
according to Eq. (1), based on the Hill formalism. From 
this analysis, we derived the pH of middle transition  (pHT) 
and the Hill coefficient (n) which resulted in 6.2 ± 0.1 and 
3.8 ± 0.1, respectively (Table 2). The  pHT at 298.15 K was 
significantly higher than the pKa of cytosine N3 which is 
≃ 4.5 (referred to 298.15 K) [12]. This shift was expected 
since, beyond the protonation of cytosines, other energetic 
contributions (base pairing, hydrogen bonding, etc.) play 
part in determining the ΔGθ(298.5 K) of the iM folding. 
As it concerns the n coefficient, its value indicated that the 
cooperativity of the folding process was markedly posi-
tive, a result that fits with the above-described absence of 

long-living intermediated species. In these conditions, the 
Hill coefficient can be considered to approach the number 
of binding sites, that in our model is related to the number 
of recruited protons responsible for the structural rear-
rangement [25]. Our analyses cannot discriminate among 
interactions of protons at distinct DNA domains. However, 
in the pH range where the structural transition occurred, 
we can safely rule out the interactions of protons with 
other DNA acidic functional groups but the N3 of cyto-
sine [12]. Thus, n represented a reliable estimation of the 
number of protons directly involved in CC + base pairs 
formation.

To better define the EGFR-37 folding model, we analyzed 
also the temperature dependency of the iM of EGFR-37 at 
pH 5.5 by following the heating and cooling processes by 
CD (Fig. S3). The processes resulted to be fully reversible, 
and the analysis of the U, S, and V matrices derived by SVD 
confirmed the presence of only two significant optical com-
ponents in the solution (Table S1). Thus, it was possible 
to fit the data corresponding to the CD signal at 287 nm 
according to Eq. 2 based on van't Hoff's formalism (Fig. 2). 
Through this analysis, we derived the melting temperature 
(43.9 ± 0.1) °C and the associated ΔHθ (− 238.1 ± 4.6) kJ 
 mol−1 reported in Table 2.
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Fig. 1  CD titration of EGFR-37 with HCl. a CD spectra of 4  µM 
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line) to pH 4.0 (black dashed line) upon addition of HCl. b CD sig-

nals recorded at 287 nm (black dots) plotted as a function of pH and 
fitted according to Eq. 1 (red solid line)

Table 2  Thermodynamic parameters of EGFR-37 folding in 10 mM Na-cacodylate as derived by different data set analyses referred to 298.15 K

Hill coefficient ΔGθ /kJ  mol−1 ΔHθ /kJ  mol−1  − TΔSθ /kJ  mol−1 Tm (pH 5.5) pHT

CD HCl-titration 3.8 ± 0.1 6.2 ± 0.1
CD heating–cooling −238 ± 5 43.9 ± 0.1
DSC heating–cooling −250 ± 1 44.1 ± 0.1
Global analysis 3.8 ± 0.1 −134 ± 1 −250 ± 1 116 ± 1
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Due to the monomeric feature of the iM assumed by 
EGFR-37, it was possible to integrate these data by DSC 
experiments where we applied the same heating–cooling 
rate (± 20 °C  h−1) to 200 µM DNA samples. The process 
was confirmed to be fully reversible under these conditions. 
Consistently, the melting temperatures as well as the enthal-
pic contributions derived by CD and DSC well overlapped 
(Table 2).

This result further supported that the EGFR-37 folding 
process was concentration-independent as expected for an 
intra-molecular structure and occurred with no formation of 
other metastable states. Therefore, we used the ensemble of 
CD (HCl-titration, thermal heating, and cooling) and DSC 
experiments to run a global fitting according to Eqs. 6–7, 
respectively (Fig. S4). In the analysis n, ΔGθ(298.15 K), ΔHθ 
were kept as shared fitting parameters. The derived param-
eters well compared to those obtained by the individual 
analyses of every single dataset. This approach allowed us 
to further test the model mechanism of folding and derive all 
the associated thermodynamic parameters. The molar frac-
tion profiles of the folded and unfolded species through pH 
and temperature are reported in Fig. 3.

Noteworthy, the in silico prediction indicated that folded 
iM EGFR-37 should be able to form up to 6  CC+ base pairs. 
However, the derived ΔHθ ((−250 ± 1) kJ  mol−1, Table 2) 
was significantly lower than those previously reported for iM 
models with 6  CC+ base pairs [9], while it was in line with 
the Hill coefficient that pointed to the recruitment of only 4 
protons for the iM folding.

To clarify these discrepancies, we mapped the cytosines 
paired within the iM structure by performing S1 cleavage 
footprinting. This enzyme is a nuclease that cuts only single-
stranded residues and well performs under acidic conditions. 

Thus, it can be efficiently exploited to identify unpaired 
nucleotides within a folded iM structure. The enzymatic 
cleavage pattern of EGFR-37 at pH 5.5 is reported in Fig. 4. 
It showed strong cleavage sites at T4, T7-C8, and G19–C20 
along with the neighboring residues T18 and C21 that were 
cleaved although with lower efficiency. This pattern allowed 
us to locate all these residues in the loops of the iM. Addi-
tionally, most of the cytosines at 3’ and 5’ terminals (C1, 
C2, C25, and C27) were significantly cleaved thus ruling out 
their involvement in stable  CC+ base pairings. Therefore, it 
resulted that the four runs of cytosines involved in the iM 
core should be C5–C6, C11–C12–C13, C15–C16–C17, and 
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C23–C24. However, it must be reminded that iM structures 
have a conserved folding topology corresponding to two par-
allel duplexes intercalated in antiparallel orientation, from 
which it derives that cytosines of the first and second runs 
must pair with those of the third and fourth runs, respec-
tively. Consequently, C5–C6 must pair with two cytosines 
among C15–C16–C17 and, similarly, C23–C24 with two 
among C11–C12–C13. As a result, within the iM core, only 
4  CC+ base pairs can be present.

Notably, T10 and T22 were fully protected from S1 cleav-
age. This suggested their involvement in the formation of 
a non-canonical TT base pair, a frequently observed cap-
ping module for iM cores [7, 26, 27]. In our sequence, this 
element would extend the  CC+ pairing occurring between 
the second and fourth cytosine runs. This structural feature 
implied that C11 and C12 pair to C23 and C24, respectively. 
According to this folding model, the second loop should 
comprise C13, G14, and C15, although it was not efficiently 
cleaved by the enzyme.

However, C3 was protected from S1 whereas C2 and 
T4 were cleaved and, based on this evidence, we attributed 
C3–G14 to the formation of an additional GC base pair.

To verify the proposed base-pairing bonding network we 
performed 1D 1H NMR (Fig. 5). The signals at 15.54 ppm 
and 14.84 ppm were safely attributed to H3 of cytosines 
in  CC+ pairings although the overlapping contributions 
prevented us from clearly deriving the effective number of 
 CC+. As far as it concerns the presence of additional base 
pairings, the imino region of the spectrum showed two well-
solved signals at 11.18 and 11.10 ppm deriving from the 
H3 of thymines involved in the formation of a TT base pair. 
Conversely, we did not detect any signal belonging to H1 
of the guanine involved in GC interaction. It is worth to 
underly that distinctly from the T10–T22 cupping element, 
the G14–C3 base pair was not expected to form on the top 
of a  CC+. As a consequence, this base pair is highly exposed 
to the solvent. Such a condition favors a fast exchange rate 
of the G14 imino proton with the water thus preventing its 
detection by NMR.

Mutated sequences of EGFR‑37

To validate the presence of the GC base pair in the iM of 
EGFR-37, we designed a sequence, EGFR-37MUT, in which 
G14 was substituted with an adenine, and we performed the 
S1 footprinting on the mutated sequence (Fig. 6).

Fig. 4  iM folding of EGFR-37. 
a S1 footprinting of 100 ng/µL 
EGFR-37-FAM in 10 mM Na-
cacodylate, 4.5 mM  ZnSO4, pH 
5.5.. C refers to the untreated 
EGFR-37-FAM, PM to the 
purine marker. In the S1 lanes, 
the time of incubation of EGFR-
37-FAM with the enzyme is 
reported. b Schematic repre-
sentation of the iM folding of 
EGFR-37
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in 10 mM Na-phosphate, pH 5.5
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As can be observed in Fig. 6, cleavage sites were detected 
at C3 and A14 of EGFR-37MUT, thus confirming they were 
more accessible to the S1 enzymatic cleavage.

Interestingly, HCl-titration, heating, and cooling experi-
ments followed by CD indicated that the EGFR-37MUT 
folds into a comparable iM to EGFR-37. Indeed, the 
recorded CD signals of the two folded sequences almost 
overlapped as well as the derived Tm and  pHT (Fig. S5). 
Also, the TDS of EGFR-37MUT showed the same shape 
and intensity as the one acquired for EGFR-37 with a posi-
tive pick at 240 nm and a negative one at 290 nm (Fig. S1). 
The only difference rested in a shoulder at 260 nm which 
slightly decreased in intensity for the mutated sequence 
and notably, this is the wavelength range in which a GC 
base pair formation mainly contributes to the hyperchromic 
effect [24]. Again, the analysis performed on the U, S, and 
V matrices derived by SVD, sustained the presence of only 
two significant optical components in all the CD experi-
ments (Table S2).

However, distinctly from the behavior above reported 
with EGFR-37, DSC experiments performed at 200 µM 
EGFR-37MUT, showed no overlapping heating and cool-
ing curves. In particular, multiple transitions were recorded 
along heating scans (Fig. 7). By increasing the buffer con-
centration (50 mM Na-cacodylate, pH 5.5), the distribution 
of the species was further shifted toward those with higher 
temperature transitions. This profile was conserved even by 
lowering the scanning rate to 5 K  h−1 (Fig. S6).

In line with this evidence, when EGFR-37MUT samples 
were resolved by gel electrophoresis, the formation of a slow 
migrating band was observed by increasing the oligonucleo-
tide concentration (Fig. S2). This allowed us to associate 
the higher temperature transitions to the slow formation of 
inter-molecular structures occurring at high concentrations 
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Fig. 6  S1 footprinting of 100 ng/µL EGFR-37MUT-FAM in 10 mM 
Na-cacodylate, 4.5  mM  ZnSO4, pH 5.5. C refers to the untreated 
EGFR-37MUT-FAM, PM to the purine marker. In the S1 lanes, 
the time of incubation of EGFR-37MUT-FAM with the enzyme is 
reported
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of EGFR-37MUT. This represented an interesting difference 
between EGFR-37 and EGFR-37MUT, which can only be 
attributed to the substitution of G14 with an adenine.

This behavior of the mutated sequence prevented us to 
derive the thermodynamic parameters from DSC data, thus, 
we limited the global fitting to the CD experimental data sets 
which were performed at 4 µM DNA concentration, where 
only the intra-molecular iM was detectable (Fig. S7). Under 
this condition, the molar fraction distribution of the folded 
and unfolded species and, consistently, the thermodynamic 
parameters of the iM of EGFR-37 and EGFR-37MUT well 
overlapped (Table 3, Fig. S8). This result confirmed that the 
G14–C3 pairing in EGFR-37 is a weak interaction.

In addition, since the enthalpy of denaturation is model-
independent, we calculated it from the data acquired along 
the cooling processes as area under the DSC curves. The 
average of three measurements resulted in ΔHθ (182 ± 1) 
kJ  mol−1 and (212 ± 1) kJ  mol−1 at 10 and 50 mM Na-caco-
dylate, respectively. These values appear lower when com-
pared to the ΔHθ derived from the global fitting analysis of 
the spectroscopic data (Table 3). This reduced system-sur-
rounding heat exchange further corroborates the hypothesis 
that, at 200 µM DNA concentration, the system reflects an 
out-of-equilibrium process involving intra- and inter-molec-
ular species in which the intra-molecular one is kinetically 
favored.

Increasing ionic strength induces the formation 
of intermolecular species

It was surprising to find that the two tested sequences folded 
into comparable intra-molecular iM structures from a ther-
modynamic point of view, but with a divergent attitude 
toward multimerization. Thus, whether the GC interaction 
seemed to play a negligible effect on the iM features, still it 
appeared that the substitution of G14 with an adenine largely 
drove multimeric species formation. Since the pairing of 
multiple strands can be promoted by increasing the ionic 
strength, we decided to test the behavior of EGFR-37 in 
50 mM Na-cacodylate, focusing on the heating and cooling 
profiles. At this ionic strength the CD and DSC experiments, 
recorded at different DNA concentrations, provided different 
outputs (Fig. 8).

CD data, acquired at 4 µM DNA concentration, showed a 
single and fully reversible transition with a melting tempera-
ture of (44.1 ± 0.1) °C, a profile that was not significantly 
different from the one acquired at lower ionic strength. 
Conversely, when we increased the DNA concertation up 
to 200 µM, as required by DSC, the reversibility of the pro-
cess was lost and additional transitions occurring at higher 
temperatures appeared along the heating scan.

During the cooling scan, a single peak was always 
recorded with a maximum at 44.5 °C. This value was not 

Table 3  Thermodynamic parameters for the iM folding of 4 µM EGFR-37 and EGFR-37MUT in 10 mM Na-cacodylate referred at 298.15 K 
derived from global fitting analyses of spectroscopic data

Hill coefficient ΔGθ /kJ  mol−1 ΔHθ /kJ  mol−1  − TΔSθ /kJ  mol−1 Tm (pH 5.5) ° C pHT

EGFR-37 3.8 ± 0.1 −134 ± 1 −250 ± 1 116 ± 1 44.1 ± 0.1 6.2 ± 0.1
EGFR-37MUT 3.8 ± 0.1 −134 ± 5 −247 ± 5 113 ± 5 43.9 ± 0.1 6.2 ± 0.1
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Fig. 8  EGFR-37 heating and cooling in 50 mM Na-cacodylate pH 5.5 
performed at ± 20 K  h−1 heating–cooling rate. a CD signals recorded 
at 287 nm during heating (black dot) and cooling (gray dots) of 4 µM 

EGFR-37 as a function of pH and fitted according to Eq.  (2) (red 
solid line). b DSC curves acquired during the heating (black solid 
line) and cooling (gray solid line) scans of 200 µM EGFR-37
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significantly different from the one recorded in 10 mM Na-
cacodylate, where only the intra-molecular iM occurred. 
Remarkably, it nicely matched the lower temperature tran-
sition in the heating scan. Thus, we attributed it to the intra-
molecular iM structure of EGFR-37. As a consequence, 
the higher temperature transitions can be associated with 
inter-molecular foldings which resulted to be significantly 
stabilized by the higher ionic strength also on the wild-type 
sequence.

Conclusions

Here, we performed an integrated thermodynamic charac-
terization of an iM structure that was expected to form at 
the site located 37 nucleotides upstream of the transcrip-
tion starting site of the EGFR oncogene. The sequence was 
selected to potentially form 6  CC+ base pairs which should 
grant significant stability even under conditions approaching 
the physiological ones. However, our results are interestingly 
in contrast with the in silico prediction. The thermodynamic 
parameters we derived through a global analysis of calori-
metric and spectroscopic data indicated that the iM core is 
held by 4  CC+, a conclusion supported also by footprint-
ing experiments. This surprising discrepancy prompts us to 
reconsider that having 4 runs of 3 cytosines is not the only 
requirement to fold into an iM with 6  CC+ base pairs.

Our data indicated that the maintenance of a significantly 
stable iM is supported by the presence of additional struc-
tural elements, in detail a TT and a GC base pair. The pres-
ence of a TT base pair that works as a cupping element was 
not unexpected since several reported high-resolution struc-
tures included it at the 3’ or 5’ terminal of the iM core [7, 
26, 27]. The same role could be played by the GC which, in 
principle, should provide a more prominent effect. However, 
in our sequence, this base pair is spaced out from the iM core 
thus preventing efficient stacking. This was in line with the 
fast exchange in the NMR and confirmed by the overlapping 
thermodynamic profiles of the EGFR-37 and EGFR-37MUT 
as well. This addresses the C3–G14 as a weak interaction. 
Remarkably, despite the lack of any iM stabilization roles 
by this motif, it turned out that the single residue mutation 
of the guanine at position 14 with an adenine greatly stabi-
lizes inter-molecular species. It would be possible to argue 
that this is a direct consequence of the presence of adenine. 
However, we proved that an increment of the ionic strength 
can induce the same process also on the wild-type sequence 
while it does not significantly affect the stability of the intra-
molecular iM.

These data indicate that a lot of information concerning 
the structural properties of iM is lacking. Here, we showed 
how the global analysis of calorimetric and spectroscopic 

data is a highly valuable strategy to obtain thermodynamic 
and structural information on iM foldings. This “low-resolu-
tion” approach is flexible and reliable and can thus be easily 
extended to a wide panel of C-rich sequences. The output 
would help in better addressing the sequence requirements 
behind iM formation paving the way toward a more precise 
prediction of iM forming sites and, consequently, in their 
screening as a potential pharmacological target or in the set 
up of solid pH-sensible nanodevices.
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