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ABSTRACT

A multi-technique approach, combining circular
dichroism spectroscopy, ultraviolet resonance Ra-
man spectroscopy and small angle scattering
techniques, has been deployed to elucidate how
the structural features of the human telomeric
G-quadruplex d[A(GGGTTA)3GGG] (Tel22) change
upon thermal unfolding. The system is studied both
in the free form and when it is bound to Actinomycin
D (ActD), an anticancer ligand with remarkable con-
formational flexibility. We find that at room tempera-
ture binding of Tel22 with ActD involves end-stacking
upon the terminal G-tetrad. Structural evidence for
drug-driven dimerization of a significant fraction of
the G-quadruplexes is provided. When the temper-
ature is raised, both free and bound Tel22 undergo
melting through a multi-state process. We show that
in the intermediate states of Tel22 the conformational
equilibrium is shifted toward the (3+1) hybrid-type,
while a parallel structure is promoted in the com-
plex. The unfolded state of the free Tel22 is consis-
tent with a self-avoiding random-coil conformation,
whereas the high-temperature state of the complex
is observed to assume a quite compact form. Such
an unprecedented high-temperature arrangement is

caused by the persistent interaction between Tel22
and ActD, which stabilizes compact conformations
even in the presence of large thermal structural fluc-
tuations.

INTRODUCTION

Guanine-rich DNA and RNA sequences are prone to
fold into stable helical four-stranded structures called G-
quadruplexes (1). These folds are the focus of a num-
ber of studies in both fundamental and applied research,
from cancer biology and novel therapeutics (2) through
to nanotechnology (3). Indeed, G-quadruplex motifs have
been proposed to inhibit the reverse-transcriptase enzyme
telomerase (4), which is up-regulated in over 85% of can-
cers but not in somatic cells (5). In addition, stable pu-
tative G-quadruplex forming sequences have been identi-
fied in vivo mainly within cancer genes in human chromatin
(6). These findings greatly boosted the attention toward
G-quadruplexes as attractive therapeutic targets for drugs
like small molecule ligands that can stabilize their struc-
ture (1). On the structural point of view, G-quadruplexes
consist of a stack of two or more G-tetrads, which are
cation-coordinated squared planar arrangements made of
four Hoogsteen hydrogen bonded guanine basis (1,2,7,8).
G-quadruplexes display quite similar structural properties
in terms of rise and twist of the right-handed helical motif,
while any of the four G-tracts can have a parallel or anti-
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parallel direction (1). At the same time, also the geometry
of the loops connecting the guanine segments can change,
with these nucleotide strands assuming diagonal, lateral, or
chain reversal conformations (9). The actual folded topol-
ogy of G-quadruplexes strongly depends on a variety of
factors, such as the oligonucleotide sequence, the particu-
lar cation used, the presence of crowding agents and the
DNA concentration (10). Different folds can be separated
by relatively small energy barriers, so that also switching be-
tween distinct conformers quite easily occurs (11). In fact,
even rather small temperature variations may give rise to
conformational changes and populate intermediate states
in the path of G-quadruplexes toward unfolding (12). Fi-
nally, and certainly important for therapeutic applications,
different conformers can be visited during the binding of
G-quadruplexes with ligands (13). The basis belonging to
TTA sequence must play a major role in conformational
changes occurring upon complexation, due to their flexibil-
ity to form chain reversals, diagonal and lateral loops (14),
and create effective platforms scaffolds for binding. The sit-
uation is even more intricate if one considers the conforma-
tional flexibility of the ligand, which can be an important
factor to improve the stabilization of the complexes (15),
and the fact that the ligand itself may drive dimerization
of quadruplexes (16). The natural antibiotic and anticancer
drug Actinomycin D (ActD) is a prototype of conforma-
tionally flexible ligands for nucleic acids, since it can finely
adapt its structure to make stable complexes with extremely
different systems, such as ds-DNA (17), DNA hairpin (18),
oncogenic C-Myc promoter G-quadruplexes (19) and the
human telomere AG3(TTAG3;); (Tel22) quadruplex (20). In
this context, the Tel22+ActD complex is a model system
whose topological and large-scale structural properties de-
serve to be characterized in detail, as they arise from the
combined conformational flexibilities of both the Tel22 and
ActD components. The knowledge of the conformational
landscape accessible to the Tel22+ActD complex can give
hints on the way the interaction between G-quadruplex and
ligand is related to and modulate the recognition and regu-
lation processes.

Here, we deploy an integrated strategy based on com-
plementary biophysical techniques to investigate the Tel22
quadruplex and the Te22+ActD complex. Circular dichro-
ism (CD) spectroscopy, Ultraviolet Resonance Raman
(UVRR) scattering and small angle X-ray and neutron scat-
tering (SAXS and SANS) provide an accurate view of both
the topological and the large-scale structural properties of
Tel22 and Tel22+ActD in the path toward thermal melting.

We find direct structural evidence for ligand-promoted
Tel22 dimerization, with ActD bound to the quadruplex by
end-stacking upon the extremal G-tetrad. We show that the
denaturation of Tel22 is a multistate process, with the topol-
ogy of the intermediate free states affected by the presence
of the drug. After melting the bound Tel22 is character-
ized by a quite compact structure and a residual stacking.
This evidence for the existence of a high-temperature par-
tially folded state for the complexed Tel22, analogous to the
molten globule state of proteins, appears like a remarkable
trait of the stabilizing action of ActD on human telomeric
G-quadruplex.

MATERIALS AND METHODS
Sample preparation

The oligonucleotide sequence AG3(TTAG3;); (Tel22) was
purchased from Eurogentec (Belgium) and used without
further purification. The lyophilized powder was dissolved
in a 50 mM phosphate buffer at pH 7, 0.3 mM EDTA
and 150 mM KCI. This solution was heated to 95°C for
5 min and then slowly cooled down to room temperature
in ~4 h. After this procedure, the samples were left at
room temperature overnight. DNA concentration was de-
termined from UV absorption measurements at 260 nm,
using a molar extinction coefficient of 228 500 M~ cm™!
(data provided by Eurogentec). Samples with two different
concentrations were prepared: 45 wM for CD and UVRR
measurements, 150 wM for SAXS studies and 450 .M for
SANS experiments. Complexed samples were obtained by
adding ActD from Sigma-Aldrich previously dissolved in
the same phosphate buffer. Drug concentration was esti-
mated as for DNA, using a molar extinction coefficient of
24500 M~! cm~! at 440 nm (21). Then, small moieties of
the drug solution were added to the quadruplex solutions
to reach the stoichiometric ratio of Tel22:ActD 1:2, for the
45 wM, the 150 uM and the 450 pM samples. The com-
plexed samples were left overnight at room temperature to
reach full complexation.

Circular dichroism

Circular dichroism experiments were performed using Jasco
J810 spectropolarimeter on the Tel22 and the Tel22+ActD
samples. A 1 mm path-length quartz cuvette was used, in
order to obtain the optimum signal-to-noise ratio. Spectra
were collected by varying the temperature through a ther-
mal bath from 30 to 82°C, with steps of 2°C. Each spectrum
was collected in the range from 220 to 325 nm, with a scan
speed of 50 nm/min.

UVRR scattering

UVRR measurements were carried out at the IUVS beam-
line at Elettra Sincrotrone Trieste by exploiting a properly
optimized synchrotron-based experimental setup (22). All
of the samples were placed into a 10 mm path quartz cu-
vette for UVRR measurements. The spectra were excited at
250 nm and collected in a backscattered geometry by us-
ing a triple stage spectrometer with a spectral resolution of
about ~20 cm~!. Beam power measured on the samples was
about 4 wW. For each sample, UVRR spectra were recorded
in the temperature range from 30°C to 90°C, with steps of
4°C. Standard calibration measurements, such as those of
buffer and a 45 wM drug solution, were performed in order
to ensure that their contribution to the UVRR signal is neg-
ligible. To compare the Tel22 and Tel22+ActD spectra at a
given temperature, the intensity of the OH stretching band
of water at about 3400 cm~! was used as a standard for the
normalization of the experimental profiles.
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Small angle neutron scattering

SANS measurements of the samples were performed at the
small-angle diffractometer KWS-2 of the Jiilich Centre for
Neutron Science at Heinz Maier-Leibnitz Center (FRM 11
reactor in Garching, Germany). Using an incident wave-
length A = 2.9 A and suitable sample to detector distances,
we explored a wavevector Q window from 0.02 to 1 A-!

Measurements were acquired at 30°C for samples placed
in quartz cells of 1 mm path length. Raw data were cor-
rected for the instrument background, detector sensitivity,
and scattering from empty cell, and finally calibrated on the
absolute scale (cm™!) using a Plexiglas secondary standard.
Both Tel22 and Tel22+ActD samples were measured for
about 24 h to collect high quality data. It is worth of notice
that samples were prepared without resorting to deuterated
buffer, as for DNA the contrast provided by H,O is better
than that of D,O. The strong incoherent background from
hydrogenated buffer has been carefully subtracted.

Small angle X-ray scattering

SAXS patterns were collected using an Anton Paar SAXS-
pace kratky camera at Forschungzentrum Juelich. In order
to follow the thermal melting, both Tel22 and Tel22+ActD
samples were measured from 40 to 90°C in steps of 10°C.
A relatively low sample concentration of 150 wM was cho-
sen to probe the same G-quadruplex topology as in CD
measurements, while granting for a proper signal to noise
ratio (23,24). To obtain good statistics and correctly sub-
tract the solvent contribution, data were accumulated for
two hours. We obtained the pair distance distribution func-
tion p(r) and the radius of gyration (R,) performing a cal-
culation on the experimental scattering curves by using the
GNOM software (25). Ab initio models were obtained, for
the two samples at 40 and 90°C, by sequential use of the
DAMMIF (26,27), DAMAVER (28) and DAMMIN (26)
programs. Twenty models per entity were generated by a
simulated annealing procedure with DAMMIF and conse-
quently overlapped and averaged by the DAMAVER suite.
Finally, refined shapes were obtained by fitting the averaged
models to proper PDB models, using DAMMIN.

Singular value decomposition

CD and UVRR spectra collected for the two samples were
separately arranged into data matrices Ajj Spectroscopic
variables (wavelength for CD, Raman shift for UVRR) run
through the i rows, while temperature runs through the j
columns of the matrices. The ith row represents a melting
profile at A;, the jth column represents a measured spectrum
at a fixed temperature 7;. The four resulting matrices Ay,

were analyzed by smgular value decomposition using the
software Octave 4.0, obtaining the U, S and V matrices per
each data set. The vectors of the U matrix are a linear com-
bination of the spectral species that compose the measured
spectra, S contains the singular values (i.e. the weights of
each spectral component) and the vectors of the V matrix
are a linear combination of the abundancies of the spectral
species as a function of temperature. Criteria to determine
the correct number of spectral species follow from the pro-
cedure by Gray and Chaires (29). The global fitting proce-
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Figure 1. Temperature dependent unfolding assessed by CD. (A) Tel22
45pM in 150 mM KClI solution. (B) Tel22+ActD 1:2, 45 pM in 150 mM
KCl solution. The ellipticity is normalized to strand concentration (22mer)
and to path-length. In panel (B), the CD signal of Actinomycin D has been
subtracted.

dure was carried out with the software Gnuplot, by means
of an ad-hoc script.

RESULTS

Circular dichroism reveals the topology changes of Tel22 and
Tel22+ActD upon melting

By using circular dichroism (CD), we probe the changes of
topology for Tel22 and Tel22+ActD as a function of tem-
perature on approaching the melting, as different geome-
try of quartet stacking gives rise to distinct spectroscopic
signatures (9). Figures 1A and B show the spectra of Tel22
and Tel22+ActD respectively, in the temperature range 30°-
82°C, with a step of AT = 2°C. At room temperature, the
Tel22 spectrum is characterized by a maximum at ~290
nm, a shoulder at ~270 nm, and a minimum at ~233 nm,
such features being consistent with G-quadruplexes of hy-
brid type (9,30).

The presence of possible intermediate states can be en-
lightened by comparing the ellipticities measured at two dif-
ferent wavelengths, as in a simple two-state process their
temperature dependence should be the same (12,31,32). Ac-
tually, Figure 2 shows that for both Tel22 and Tel22+ActD
the ellipticities display distinct inflection points, which is a
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Figure 2. Panels (A) and (B): Single wavelengths melting profiles of Tel22 and Tel22+ActD extracted from the experimental data set, at two selected
wavelengths. The CD curves display temperature dependence. Panels (C) and (D): First derivative of melting profiles curves in (A) and (B). The number of
inflection points suggests the number of transitions along thermal melting process.

strong indication that the native state passes through inter-
mediate states before attaining the denatured conformation.

To get quantitative information on the number of inter-
mediate states and the thermodynamic parameters describ-
ing each step of the unfolding process, we performed the
SVD analysis on the CD data. We found that four species
are needed to describe the trend of the CD spectra over the
whole temperature range for Tel22. In more detail, to ac-
cept a significant spectral species a cutoff value of 0.8 for
the autocorrelation coefficients of the V matrix was chosen,
which corresponds to a signal/noise ratio of 1. We found
out that the four species with largest singular values satisfy
this acceptance criterion and contribute to 98.56% of the
total variance for the Tel22 (See Supplementary Table S1).

We verified that also in the present case, as proposed by
Gray et al. (12), a sequential model with two intermediate
states is more suited than one with two coexisting interme-
diate states, as it is congruent with the hypothesis that at
least two conformers in tentatively equal amounts populate
the structural heterogeneous distribution of Tel22 in KCIL.
Then we applied a model consisting of two sequential inter-
mediate states, i.e. N <> 11 <> 12 <> U, where N, I1, 12 and
U stand for native, first intermediate, second intermediate
and unfolded states respectively (12). Notice that we con-
sidered here Tel22 with different concentration and buffer
conditions compared to the case of ref (12).

At room temperature, the CD signal of Tel22+ActD dis-
plays a clear shift in the maximum from 290 to 285 nm as
well as a change of the positive shoulder of Tel22 toward a
minimum of ellipticity at 245 nm (see Supplementary Figure
Sla). This trend has been explained as if the complexation
of ActD induced a change in the quadruplex structure to-

ward a parallel conformation (20). Quite interestingly, the
high-temperature CD signal from Tel22-ActD is not fea-
tureless as in the case of Tel22, while showing a minimum
at ~250 nm and a maximum at 280 nm (see Supplementary
Figure S1b). This trend is similar to the one of d(GpGp)
dinucleotides (33), which indicates that even after unfold-
ing there is residual stacking between guanine basis.

For Tel22+ActD we used the same two-intermediate se-
quential model as for free Tel22, because, also in this case,
the native conformation has been suggested to consist of
two structural isomers (20). We found that the four species
with largest singular values contribute 98.04% of the total
variance for the Tel22+ActD (see Supplementary Table S1).
The excellent fit of the two-intermediate sequential model
to the V vectors is displayed in Supplementary Figure S2
for Tel22 and in Supplementary Figure S3 for Tel22+ActD.
The thermodynamic parameters obtained from the fit are
reported in Table 1. Both the enthalpy changes and the melt-
ing temperatures of Tel22+ActD are slightly larger than
Tel22, for all the transition steps found with the SVD anal-
ysis, thus confirming the stabilizing action of the drug.

UVRR spectroscopy reveals the molecular details of stacking
of Tel22 and Tel22+ActD upon melting

UVRR spectroscopy can selectively enhance the Raman in-
tensities of the bands assigned to specific chromophores
belonging to the system and has been used extensively to
study concentration-dependent conformational transitions
of nucleic acids (34) and complexation of quadruplexes with
small molecules (35). In more detail, at the excitation wave-
length \¢ = 250 nm used here, the contribution from in-
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Table 1. Thermodynamics parameters for the thermal melting of Tel22
and Tel22+ActD, obtained from SVD analysis on CD data of Figure 1
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Table 2. Thermodynamics parameters for the thermal melting of Tel22
and Tel22+ActD, obtained from SVD analysis on UVRR data

G-quadruplex Complex G-quadruplex Complex
AH, —-273 £ 1.5 —268 £ 14 AH, —345 £+ 3.6 —46.7 + 3.6
Tm1 38.5+£ 0.3 40.1 + 0.3 Tmi 445 + 0.3 37.6 £ 0.3
AH, —41.0 £ 2.5 —457 £ 3.0 AH> —72.6 &£ 3.2 —409 £+ 3.2
T2 60.3 £ 0.3 61.5 £ 0.3 Tm> 714 £ 0.5 73.1 £ 0.5
AH; —63.2 +£ 3.8 —77.6 £ 54
Tm3 68.9 + 0.2 69.9 + 0.2 AH is here expressed in kilocalories per mole, and 7 in degrees Celsius.

AH is here expressed in kilocalories per mole, and 7 in degrees Celsius.

plane vibrations of base residues is dominant in the UVRR
spectra (36). The spectra measured for the Tel22 and the
Tel22+ActD samples are shown in Figure 3 in the wavenum-
ber range from 1000 to 1800 cm~', and for three selected
temperatures (the whole thermal cycles can be displayed in
Supplementary Figure S4 for both systems). At the present
excitation wavelength, the bands at ~1482, 1578 and 1611
cm~! (labelled as A, B and C respectively) are mainly at-
tributable to vibrations of dG residues, with minor contri-
butions from dA (36,37).

Since base stacking interactions, which give rise to ab-
sorption hypochromism, are known also to lead to the sup-
pression of resonance Raman signal (38), the intensity of
these bands gives specific information on the unstacking of
G-tetrads. Interestingly, the bands A and B are less intense
in the spectrum of Tel22+ActD than for Tel22, as evident
also by inspection of the spectra difference shown at the
top of the panels in Figure 3. This hypochromic effect sug-
gests a more compact structure of the complex. Moreover,
this trend confirms that ActD binding involves end-stacking
upon the terminal G-tetrad of the quadruplex structures
(20), as intercalation would cause the opposite behaviour
of the bands intensity, i.e. hyperchromic effect. Since the
hypochromicity persists also after unfolding, we argue that
the base-stacking for Tel22+ActD complex is quite effective
even when the system is progressively destabilized. In or-
der to extract quantitative information of the temperature-
behaviour of the spectral parameters of the bands A, B and
C, afitting of the experimental Raman profiles has been per-
formed by using a minimum number of Gaussian functions,
as shown in Figure 3, left panel, for Tel22.

The intensity of the band A (), which arises from the
bending of C8-H, and the stretching of N9-C8 and C8-
N7 (36,37) is reported as a function of the temperature in
Figure 4A for Tel22 and Tel22-ActD. For both systems, a
minor increase at about 35°C is followed by a much steeper
rise between 60 and 80°C. The former rise is likely related
to the N <> 11 transition seen by CD experiments, while the
latter takes place just in correspondence to the third confor-
mational change 12 <> U, more directly ascribed to the main
unfolding of the G-quadruplex at about 77, = 70°C. No fea-
ture related to the transition 11«12 is observed, suggesting
that it could mainly involve loop rearrangements that give
small contributions to the Raman intensity of band A.

Since from the trend of 74 the presence of an intermediate
state can be traced back, we apply also to UVRR data the
SVD analysis. We considered a cutoff value of 0.7 for the au-
tocorrelation coefficients of the V matrix to determine the

number of significant spectral species, also taking into ac-
count for quality of the fit of the data. It turns out that the
unfolding process involves one intermediate state, i.e. N <
I1 <> U (see Supplementary Table S2 for the corresponding
singular values and autocorrelations coefficients). In com-
paring the results of the SVD analysis performed on data
from UVRR with the one done on data from CD measure-
ments, it has to be kept in mind that the latter technique
is mainly sensitive to the G-quadruplex topology, while the
former reports on local structural properties as reflected by
the trend of the nucleobasis vibrational modes. This im-
plies that the enthalpy changes estimated by SVD analy-
sis from UVRR and CD data are not directly compara-
ble. As for the conformational transition temperatures, the
values from UVRR data compare well with 77,,; and 713
obtained by the SVD analysis of the CD spectra (see Ta-
ble 2), suggesting that the topological changes occurring
at those temperatures are also related to local rearrange-
ments of base residues. Conversely, no local rearrangements
of base residues is revealed in correspondence of the transi-
tion revealed by CD at Ty,,.

Figure 4B shows the temperature evolution of the inten-
sity of band B that is assigned to the stretching modes of
bonds C4-N3, C5-C4 and N7-C5 in dG residue (36,37).
The trend is similar to that already discussed for band A.
In this case, larger statistical fluctuations are visible due to
quite delicate fitting procedure involving the overlapping of
band C. The intensity of this latter band C (not shown) in-
creases linearly, probably due to the superposition of differ-
ent premelting and melting transitions (39,40). The band B,
whose position is sensitive to hydrogen bonding at exocyclic
dG-N2H donor site of guanine, is located at 1578 cm™!,
consistent with the formation of G-tetrads at room tem-
perature (41). Its value clearly downshifts to ~1574 cm™!
upon unfolding of the quadruplex, due to the substitution
of inter-guanine with guanine-water hydrogen bonds (see
Figure 4C). In the case of the complex Tel22+ActD, band
B is centered at a slightly lower wavenumber of ~1576 cm™!
at room temperature, probably because the inter-guanine
Hoogsteen pairing is perturbed by the interaction with
ActD. Actually, L-threonine residues of the ActD penta-
peptide chains could be hydrogen bonded through their car-
bonyl oxygen atom and N-H group to the 2-aminogroup of
guanine residue and N3 ring nitrogen respectively, as it hap-
pens in deoxyguanosine-ActD complex (42). Figure 4D re-
ports the temperature-dependence of wavenumber position
for band C, which is mainly attributable to the NH2 scissor-
ing mode (36) of dG residues. The observed downshift from
1611 to 1606 cm~! upon unfolding of Tel22 supports the
sensitivity of band C to formation of G-quadruplex struc-
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tures. Analogously to the case of band B, also the mode C is
found at 1608 cm~! in the spectrum of the complex at room
temperature, a lower wavenumber than Tel22.

SANS discloses the molecularity of the Tel22+ActD complex

SANS data give precious information on the large scale
structural features of Tel22 and Tel22+ActD complex. In
Figure 5, it is seen that the measured form factor Psans(Q)
of Tel22 is excellently represented by the form factor of
a squared parallelepiped with side 15 & 1 A and height
27 + 1 A. These data indicate that the G-quadruplexes are
in a monomeric form in the present experimental condi-
tions. On the other hand, to describe the quite different
Psans(Q) from Tel22+ActD we used a form factor con-
sisting of a mixture of monomers (squared parallelepiped)
and dimers (two adjacent squared parallelepipeds), repre-
senting Tel22+ActD complexes with molecularity 1:1 and
2:1 respectively. The drug-driven formation of dimers for
the Tel22+ActD system has been suggested in the past on
the basis of ITC measurements (20) The fitting procedure
provides monomer characteristic sizes that are very similar
to those of unbound Tel22 (15 £ 2 A and height 28 + 2
A), suggesting a rather small contribution from the lig-
and to the complex molecular volume. In addition, we find
that in the presence of ActD a fraction of 0.5 £ 0.1 G-
quadruplexes undergoes dimerization. In Supplementary
Figure S5 we show that also the low-Q absolute values of
the SANS macroscopic cross section estimated within the
hypothesis of a pure monomeric G-quadruplex form for the
Tel22 sample and a mixture of monomers and dimers for the
Tel22+ActD sample, are in very good agreement with the
measured data. The radius of gyration calculated within the
Guinier approximation (43), is 10.64+0.4 A and 12.2+0.3 A
for respectively Tel22 and Tel22+ActD. The molecular vol-
umes, which were estimated by exploiting the Porod invari-
ant (43), turn out to be Ve = (6.8 £ 0.3) x 10° A3 and
VTelZ2+ActD = (10 140. 4) X 103 A3 The value of VTe122 is
in quite good accord with the estimate of 6400 A3 one can
derive from the knowledge of the molecular weight and the
partial specific volume usually assumed for G-quadruplexes
of 0.55 ml/g (44). For more details about the modeling of
SANS data, see the SI.

SAXS shows the large-scale structural features of Tel22 and
Tel22+ActD upon melting

SAXS has been shown to be a powerful tool to study G-
quadruplexes and G-tetrads aggregates in solution (45).
Here, we have exploited SAXS, in a complementary way
to SANS, to investigate the temperature trend of the Tel22
and Tel22+ActD large scale structural features. The mea-
sured form factors Psaxs(Q), for Tel22 and Tel22+ActD,
at 40°C and 90°C, i.e. for the native and the unfolded
states respectively, are reported in Figure 6. The decrease of
PYsaxs Te2(Q) with increasing Q, which is much faster than
PNgaxsTe2(Q), indicates that the characteristic size of the
free G-quadruplex is definitely larger in its unfolded state
than in the native one (46). On the other hand, the size of
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the complex at room temperature is almost the same as the
one at high temperature, as indicated by the similar trend of
PYsaxs complex(Q) and PNsaxs complex (Q).

Further structural information can be obtained by cal-
culating, from the form factor, the pair distance distribu-
tion function, p(r), (Supplementary Figure S6). It provides
a histogram of distances between all possible pairs of atoms
within the free or the complexed Tel22 (see also Materials
and Methods). As it can be seen, up to 60°C the p(r) of
Tel22 shows a bell-shaped trend typical of globular compact
biomolecules, while at higher temperatures an extended tail
is more and more visible, which indicates the progressive un-
folding of the quadruplex (46). On the contrary, the com-
plex displays bell-shaped p(r) curves up to 70°C and only
small tails at 80°C and 90°C, thus suggesting that quite com-
pact structures are formed in the whole temperature range,
even at temperatures above the major structural unfolding
measured by CD and UVRR techniques. The Kratky plot
confirms this point, as shown in Supplementary Figure S7.
The shape of both the form factor and the pair distribu-
tion function from SAXS data does not allow one to ob-
tain information on the molecularity of the investigated sys-
tems (see note in SI), this is why we resorted to the so-called
Porod invariant to estimate the particle volume (see SI for
details) (43). In the temperature range between 40°C and
60°C the molecular volume of Tel22 does not change and
attains a value of (7.0 & 0.7) x 10% A3, as shown in the
panel (A) of Figure 7, while for higher temperature the vol-
ume cannot be calculated due to the failure of the Porod
approximation. This estimated value is in agreement with
the one from SANS measurement. On the other hand, the
molecular volume of the complex is (9.8 £ 1.0) x 10° A3
up to 50°C, this trend being consistent with the presence of
a fraction of ~0.5 of Tel22 dimers in the monomer/dimer
mixture, as also indicated by SANS data. The significant
drop of the molecular volume just above 50°C to (7.0 £ 0.1)
x 103 A3 testifies the separation of Tel22 dimers. Further
quantitative and synthetic description of the compactness
of the investigated systems is given by the radius of gyra-
tion, R, which has been estimated from the calculated p(r).
As shown in Figure 7B, at 40°C the radius of gyration of
Tel22 and Tel22+ActD are rather in agreement with the val-
ues assessed by SANS. The R, of the free quadruplex pro-
gressively increases with increasing the temperature, with a
larger rate above 60°C. Quite remarkably, the value R, =
20 + 1 A for Tel22 at 90°C is consistent with the SAXS
experimental estimate for poly-T oligonucleotides of sim-
ilar lengths (47). In this latter case the radius of gyration
has been described in terms of the self-avoided random-
Walk (SAW) chain model: RS"W = 4oN”, with 4y = 3 A,

N is the number of nucleotldes and v = 0.62. Conversely,
Tel22+ActD shows a radius of gyration of about 12 A,
which is quite constant in the whole investigated temper-
ature range and very similar to that of the native Tel22 sys-
tem. This result is congruent with the trend of the form fac-
tor and the pair distance distribution function and suggests
that the destabilized state of the complex may have a par-
tially folded compact structure even at the highest temper-
atures.
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Figure 5. Form factors obtained from SANS measurements, for Tel22 (closed blue hexagones) and Tel22+ActD (closed red circles). The form factors of a
parallelepiped representing the Tel22 monomer (blue line) and a mixture of parallelepiped monomers and dimers fitted to the complex data (red line) are
also reported. Inset: Form factors of parallelepiped monomer (blue line) and parallelepiped dimer (magenta line), in comparison. For further details see
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Figure 6. Form factors obtained from SAXS measurements at the indicated temperatures. Panel (A): Psaxs(Q) for Tel22. Panel (B): Psaxs(Q) for
Tel22+ActD. Lines represent the fit done with dummy atom model (DAMMIN).

DISCUSSION

We deployed a multi-technique experimental investigation
to determine the peculiar structural and molecular prop-
erties of Tel22 along a path toward the thermal unfolding,
and to compare them with those of the same G-quadruplex
when it is bound with the model drug ActD. Our SVD anal-
ysis on CD data, whose results are reported in Figure 8,
brings us to conclude that the melting process of Tel22 is
consistent with the presence of two distinct intermediate
states I1 and 12, in agreement with previous experimental re-
sults (12,48). In K* solution the native state of Tel22 is sup-
posed to be composed of a mix of antiparallel basket-type
and hybrid-type distinct conformers (24,49-52). The pro-
gressive increase of the shoulder at 260 nm, and the deep-
ening and red-shift of the minimum located at about 230 nm

displayed by the spectra of the intermediate states, suggest
that there is a change in the populations of the quadruplex
arrangements as temperature increases. On the basis of the
classification of the CD spectra made by Karsisiotis et al.
(9), the observed features are congruous with an increas-
ing population of either hybrid conformation (3+1) (group
IT) or antiparallel one, like the 22mer G3(TTAG;);T 2KF8
forming only two G-tetrads.

The SVD analysis of UVRR data can help discriminating
between these two different situations. In particular, we ex-
ploit the fact that the gain of intensity of the band at about
1370 cm™', 1379, which is related to vibrations of T bases
(37,41), is correlated with the increasing hydrophobicity of
the environment of the thymine C5H3 group (53). In Figure
9, where we report the spectra calculated for all the rele-
vant species, it is seen that ;379 is smaller in the case of the
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Figure 7. (A) Particle volume of Tel22 (solid circles) and Tel22+ActD
(solid triangles), estimated by SAXS data as a function of the temperature
through Porod invariant method. (B) Radius of gyration for Tel22 (open
circles) and Tel22+ActD (open triangles) calculated by p(r) of Supplemen-
tary Figure S6. Values obtained by SANS measurements at 30°C (see text)
are also reported for comparison (Tel22, star; Tel22+ActD, cross).
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Figure 8. Results of the SVD analysis on CD data of Figure 1. Left panels:
spectra of significant species for Tel22 (upper) and Tel22+ActD (lower).
Right panels: Relative concentration of significant species as function of
temperature for Tel22 (upper) and Tel22+ActD (lower).

intermediate state than in the folded one (see also Supple-
mentary Figure S8a where we zoom-in the corresponding
spectral region). This hypochromic effect is interpreted as
the easier accessibility of the solvent molecules to dT methyl
group, which is more promoted in the double-chain rever-
sal than in the lateral/diagonal loops (24). Consequently,
our results are consistent with a shift of the conformational
equilibrium toward the hybrid (3+1) quadruplex arrange-
ment.

As the temperature further increases, the observed drop
of the CD intensity for the 12 state witnesses the progres-
sive separation of G-tetrads, due to the ongoing thermal
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Figure 9. Results of the SVD analysis on UVRR data of Figure 3. Left
panels: spectra of significant species for Tel22 (upper) and Tel22+ActD
(lower). Right panels: Relative concentration of significant species as func-
tion of temperature for Tel22 (upper) and Tel22+ActD (lower). Differently
from CD results, SVD analysis identified three significant species during
quadruplex thermal unfolding.

destabilization of G-quadruplexes, which is also in agree-
ment with the increasing radius of gyration (see Figure 7).
At the highest temperatures, a completely unfolded state
is attained, characterized by the absence of any stacking
between the bases of the oligonucleotide and a spatial ar-
rangement consistent with that of a nucleotide chain obey-
ing the self-avoiding walk statistics (47). Both the values of
R, for the native and the unfolded states are in agreement
with the estimate provided by the mesoscopic model of G-
quadruplex thermal stability (54).

Concerning the complex native state, the shift of the
conformational equilibrium toward a parallel arrangement
emerging from CD data is further supported by the drop of
the intensity of the band at 1370 cm~! after complexation,
resulting in the decreased hydrophobicity of C5H3 thymine
group (Supplementary Figure S8b). We hypothesize that
the parallel conformation is preferred to the antiparallel
or hybrid ones because the former do not have edgewise
or diagonal loops possibly hindering end-stacking of ActD
to the extremal quadruplex G-tetrad. It is worth of no-
tice that the all-parallel orientation of the phosphate back-
bones and an opening up of the tetrads on the 3" and 5’ sur-
faces is in keeping with the ligand-induced G-quadruplex
dimerization observed by the present SANS measurements,
as lateral/diagonal loops of hybrid and antiparallel folds
could hamper dimer formation. Recently it has been sug-
gested that binding of ligands with low quadruplex selec-
tivity over duplexes does not induce significant conforma-
tional changes (55). However, despite its lack of specificity
for Tel22 G-quadruplex, ActD has a high enough affin-
ity to promote Tel22 conformational switching, as testi-
fied by the topological rearrangement after complexation.
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Figure 10. Unfolding picture for Tel22+ActD. Here a possible scenario describing the thermal melting pathway is shown. The Folded and Intermediate 1
states present a high level of order, with stacked G-tetrads (colored in red and blue). Actinomycin D (colored in orange) is end-stacking over the extremal
tetrads. After the last transition (T3 as shown by SVD in CD data) the correlation between tetrads is lost, but the interaction of nucleobases with the

drug allows the persistence of a compact, although disordered, structure.

In fact ActD (see Supplementary Figure S1), apart from
the m-stacking interaction between its phenoxazone ring
and the extremal G-quartet surface, can make several hy-
drogen bonds between its pentapeptide side chains and the
quadruplex grooves. This interaction with the phosphodi-
ester backbones defining the grooves stabilizes a different
topology with respect to the initial one. This stabilization is
also fostered by the ligand conformational flexibility, whose
cyclic pentapeptide arms can easily change their arrange-
ment in order to fit into the quadruplex grooves without
breaking essential Tel22+ActD hydrogen bonds, as it hap-
pens for dSDNA+ActD complexes (17). Within this con-
text, also ActD-driven dimerization of Tel22 has been pro-
posed to be related to the ligand conformational degrees of
freedom, with the phenoxazone ring sandwiched between
the two quadruplex units and each one of the pentapep-
tide arms recruiting either the top or the bottom quadruplex
(20).

Additional conformational changes take place in the
complex with increasing temperature, as shown by the slight
rise of 11370 on passing from the native to the intermedi-
ate state (see Supplementary Figure S8c). A partial loss of
the parallel arrangement population can be at the origin of
this trend, which in turn could be related to the dimer-to-
monomer transition revealed by SAXS data.

With regard to the complex high-temperature structure,
the melting of G-tetrads is confirmed not only by the strik-
ing change of the CD spectra, but also by the downshift
trend of the wavenumber of Raman bands B and C, which
are markers for G-quadruplex formation (41). Here, how-
ever, the most interesting point is that the average size of
the Tel22+ActD complex does not change significantly over
the whole temperature range, despite remarkable structural

rearrangements do take place. Supplementary Figure S9
shows that a compact fold is retained for the Tel22+ActD
complex even after the melting, as illustrated by the 3D
models based on ab-initio calculations from SAXS data.
Our multitechnique approach leads to the picture where
the Tel22+ActD complex forms a compact unfolded state,
with a significant degree of residual base stacking, but with-
out any remaining G-tetrad element. Quite interestingly, it
has been recently shown that even after chemical denatura-
tion by urea a high degree of residually stacked nucleobases
is present in single stranded DNA and RNA (56) and G-
quadruplex (57). The peculiar compact high-temperature
state of Tel22+ActD seems to be somehow stabilized by the
persistent stacking of the ActD phenoxazone ring with gua-
nine basis, and by the formation of several hydrogen bonds
between the two ActD penta-peptide arms with the bases
belonging to guanine runs or to loops. As represented in
Figure 10, the emerging view is that the interaction between
ActD and Tel22 is not only able to perturb the equilib-
rium between coexisting conformations in the temperature
range where the quadruplex is still in its folded state, but
can also preserve a compact structure in conditions where
Tel22 undergoes thermal unfolding. These findings prove
that ActD is able to set conformational constraints to the
complex even in the presence of large structural fluctua-
tions. The persisting binding between ActD and the un-
folded Tel22 is an evidence of the capability of this ligand
to profit from its remarkable conformational flexibility to
optimize the interaction with ssDNA. The ability of ActD
to form non-quadruplex compact structures even in single
stranded G-rich 3’ DNA sequences may be of importance
for the transcriptional regulation within promoter regions
of oncogenes.
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CONCLUSIONS

We presented and discussed the results of an experimen-
tal study on the structural, molecular and thermodynamic
properties of the G-quadruplex formed by the human
telomeric sequence AG3(TTAG3;); in the presence of the lig-
and ActD, upon thermal unfolding. Singular value decom-
position analysis applied to circular dichroism and UV res-
onance Raman scattering spectra allowed us to identify a
temperature region populated with intermediate conform-
ers along the path from the native to the unfolded state, for
both the quadruplex alone and the complex. The interme-
diate states have an increasing hybrid (3+1) character in the
former, while the latter has a prevalent parallel nature. We
found evidence for a complex unfolded state with persistent
residual stacking. The complexed state shows less intense
guanine-related bands with respect to the free state, this
hypochromic effect supporting the view of the drug binding
mechanism as an end-stacking upon the terminal G-tetrad
of Tel22. In general, the interaction with the drug seems to
make more effective the stacking of guanine basis over the
whole investigated temperature range. SANS is decisively
used to provide evidence for ligand-induced quadruplex
dimerization. On the other hand, SAXS is exploited to char-
acterize the dimer dissociation and the trend of the char-
acteristic size of Tel22 and Tel22+ActD with the increas-
ing temperature. It is seen that, as thermal unfolding pro-
ceeds, the Tel22 structure approaches the one of an oligonu-
cleotide with self-avoiding random-coil conformation. On
the contrary, the Tel22 complexed with ActD shows a quite
compact structure even in its unfolded state. The results
from the present integrated experimental strategy suggest
that, even at high temperatures, the complex is prevented to
adopt a self-avoiding random-coil conformation due to the
interaction with the drug, that possibly stabilizes a structure
where the oligonucleotide is partially folded. We propose
that the ligand conformational flexibility plays a key role in
promoting quadruplex topology changes and dimerization,
and in stabilizing high-temperature structure with residual
base stacking.
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Supplementary Data are available at NAR Online.
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