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ABSTRACT: G-quadruplexes are formed from guanine-rich sequences of TG3T3G3T3G3T3G3T,G3T3G3T3G3T3GsT

DNA and RNA. They consist of stacks of square arrangements of guanines
called G-quartets. Increasing evidence suggests that these structures are
involved in cellular processes such as transcription or translation. Knowing
their structure and their stability in vitro should help to predict their
formation in vivo and to understand their biological functions. Many studies
have been performed on isolated G-quadruplexes, but little attention has

been given to their interactions. Here, we present non-denaturing gel

electrophoresis, UV melting, and circular dichroism data obtained for long sequences of DNA which are capable of forming two
simultaneous G-quadruplexes, namely, d(TG;T5G3T3G3T3G;T,G3T3G3T3G3T3G3T), with n varying from one to seven. These
sequences can form up to two separate G-quadruplexes. We also study mutated versions of these sequences designed to form one
G-quadruplex at specific positions on the strand. Comparing results from the original sequences and their mutated versions, we
show that for the former different folded states coexist: either with six stacked G-quartets or only three, in various combinations.
Which ones are favored depends on n. Moreover, for n greater than three, the thermodynamic stability stays constant, contrary to
an expected decrease in stability if the six G-quartets were stacked together in a single structure. This result agrees with a beads-
on-a-string folding model for long sequences of G-quadruplexes, where two adjacent G-quadruplexes fold independently.

uanine-rich sequences of DNA or RNA of type
G3,N,_,G3,N,_,G3,N,_,G;, (N denotes any nucleotide,
3+ means at least 3, and 1—7 means between 1 and 7) can fold
into intramolecular G-quadruplexes (GQ ). These consist of 7-
stacked G-quartets as seen in Figure 1, formed by Hoogsteen

Figure 1. Left: A G-quartet formed by Hoogsteen hydrogen bondings
and stabilized by a monovalent cation. Right: An example of a single
G-quadruplex resulting from the stacking of three G-quartets.

hydrogen bonding and stabilized by monovalent cations." In
this article, we will generally consider G-quadruplexes formed
by three G-quartets, since they are the most commonly studied.
Starting with such a sequence (or a chain of such sequences),
one or several G-quadruplexes might form under given physical
conditions, and they might have different topologies,” interact
with each other in different ways, and form various structures.
Our aim is to understand these structures and how stable they
are.
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By genome-wide bioinformatic searches, we have shown that
there are around 376000 such sequences in the human
genome™* and that around 40% of all human gene promoters
contain at least one of them.’ Intramolecular G-quadruplexes
may fold in vitro with high stability under nearly physiological
conditions (e.g., 100 mM KCl, pH 7.4).%7 The stability of the
G-quadruplexes varies in particular with the length of the loops
linking the G-quartets; the shorter the loops, the higher the
melting te1nperature,6_8 which can be greater than 90 °C, and
the stability of some GQ is comparable to that of a double
helix.” Evidence of GQ folding in vivo has been found for the
telomeric repeat d(TTTTGGGG), in the macronuclei of
Stylonychia lemnae."® In addition, a number of proteins involved
in biological activities have been shown to bind specifically to
GQ.""™" All of these facts together motivate active research on
their potential role in cellular processes (see the review written
by Lipps et al.'*).

The most studied intramolecular GQ is the long single-
stranded human telomeric repeat d(TTAGGG) found at the
end of the chromosomes. During each cell division, telomeres
shorten by 50—200 base pairs, gradually inducing cell death. In
contrast, the enzyme telomerase promotes the extension of
telomeres and the lifetime of cells. In particular, 85% of cancer
cells reveal an upregulation of telomerase.'® It has been shown
that this telomerase overactivity can be inhibited by folding the
telomere overhang in G-quadruplex structures.'® Also, a certain
number of GQ-forming motifs in human gene promoters have
been found to affect gene transcription, for example, in c-MYC,
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Figure 2. (A) Representation of the different possible folding positions of a single G-quadruplex on a sequence which could form two simultaneaous
G-quadruplexes. (B) Representation of models of double G-quadruplex interaction: stacking and bead-on-string models. The orange arrows illustrate
the possible positions of G-quadruplexes. The directions of strands along quartets with respect to each other imply different conformations such as

antiparallel (two strands have the same direction) and hybrid conformations (three strands have the same direction).

Table 1. Oligonucleotides Used in This Study with n Varying between 1 and 7

name

GQ
2GQ (generic name)

1PQS
26Q,
GQ,T
GQT 5
T,:GQ
T,A
AT,A
AAT,AA
AAAT,A
AAAAT,

1GQ (generic name)

oligonucleotide sequence

TGGGTTTGGGTTTGGGTTTGGGT
TGGGTTTGGGTTTGGGTTTGGGT,GGGTTTGGGTTTGGGTTTGGGT
TTTTTTTTTTTTTGGGTTTGGGT,GGGTTTGGGTTTTTTTTTTTTT
TGGGTTTGGGTTTGGGTTTGGGTTTTTTTTTTTTTTTTTTTTTTTTT
TTTTTTTTTTTTTTTTTTTTTTTTTGGGTTTGGGTTTGGGTTTGGGT
TGGGTTTGGGTTTGGGTTTGGGT,GGGTTTGGGTTTGGGTTTGAGT
TGAGTTTGGGTTTGGGTTTGGGT,GGGTTTGGGTTTGGGTTTGAGT
TGAGTTTGAGTTTGGGTTTGGGT,GGGTTTGGGTTTGAGTTTGAGT
TGAGTTTGAGTTTGAGTTTGGGT,GGGTTTGGGTTTGGGTTTGAGT
TGAGTTTGAGTTTGAGTTTGAGT,GGGTTTGGGTTTGGGTTTGGGT

VEGF, HIF-1a, Ret, c-Kit, KRAS, and Bcl-2 promoters.”’18
The study of G-quadruplex stability and structure is therefore
important to understand their interaction with proteins and
their role in cell processes and to help rational drug design.'*>°
G-quadruplexes may also be synthesized to produce aptamers
such as AS1411, which induce breast tumor cell death,*"** or to
construct nanodevices.”>**

Our ultimate aim is to be able to predict computationally the
structure and stability of putative G-quadruplexes in a given
sequence. Toward this goal, we recently developed a computa-
tional prediction program based on Bayesian methods. The
computer implementation was trained on data sets obtained by
biophysical experiments,” involving short sequences allowing
the formation of only one G-quadruplex. It predicts the melting
temperature of G-quadruplexes within a § °C error margin. To
extend its application to longer strands, it is necessary to have
an experimental data set of thermodynamics where multiple G-
quadruplex sequences could form.

Most studies of intramolecular G-quadruplex folding involve
short sequences forming at most one GQ. There are a few
looking at longer sequences,”®™* mainly concerned with the
human RNA and DNA telomere. It is however known that the
human genome presents a number of other long sequences
which could form several putative G-quadruplexes,z’a'é_38 and it
is currently unclear what structures theses sequences may form
and with what stability. This motivates the study of model
sequences forming possibly more than one GQ, and it raises
specific questions. So, considering the sequence in Figure 2, we
can ask: Do we have one (Figure 2A) or two G-quadruplexes
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(Figure 2B)? If we have only one, where is it on the strand
(there are five potential positions)? If we have multiple GQ,
how do all the formed G-quartets interact together? For
structures with multiple GQ, two main models have been
proposed: the beads-on-string model,””***** in which GQ are
compared to beads moving independently of each other, and
1,26°°732 in which GQ stack on each other in
a higher-order structure. Two of many possible structural
arrangements are sketched in Figure 2B. Martadinata et al.
actually suggest that the two types of structures (beads-on-a-

the stacking mode

string and stacking) might coexist in long RNA or DNA
telomeres, with their formation depending on various
interacting partners in the cell.**

In this study, we investigate the stability and structure of
oligonucleotides that could potentially form two simultaneous
G-quadruplexes, that is, that have eight runs of d(GGG). We
combine non-denaturing gel electrophoresis, UV melting, and
circular dichroism (CD) techniques.

In particular, we study the influence of the number n of bases
separating the two putative GQ in the sequence
TG3T3G3T3G3T3G;3T,G3T3G3T3G3T3G3T for n varying from
1 to 7. We compare the structure and stability of G-
quadruplexes on the above sequences and on mutated
sequences designed to allow the formation of only one GQ at
various positions on the strand (see Figure 2A). It allows us to
determine the position where G-quadruplexes actually form on
our long sequences.

dx.doi.org/10.1021/bi201750g | Biochemistry 2012, 51, 3154—3161
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Figure 3. Gel electrophoresis in buffer 20 mM KCI, pH 7.4. Oligomers stabilized with 100 mM KCI. 20 bp ladder was used.

B MATERIAL AND METHODS

Oligonucleotides were provided by Invitrogen. The sequences
used in this work are presented in Table 1. Stock solutions of
100 uM were made with 10 mM Tris-HCl, pH 7.4. All
experiments were performed with samples of around 4 M
ssDNA in a 10 mM Tris-HCI buffer at pH 7.4 with 100 mM
KCL

The stability of folding/unfolding of the different oligonu-
cleotides was measured by UV melting experiments using a
Varian Cary 300 spectophotometer. The UV absorbance
profiles were recorded at 295 nm during two cycles of
cooling/heating between 95 and 10 °C at a rate of 0.25 °C/
min. Before measurement, the samples were annealed and
degassed at 95 °C for 15 min.

The conformation of the oligonucleotides was investigated
using CD in a Chirascan spectropolarimeter. The samples were
annealed by heating at 95 °C and then cooled down by steps of
S °C every 1500 s and stored at S °C. Measurements were
usually performed at 10 °C, unless otherwise specified. For CD
melting, samples were annealed and degassed at 95 °C for 15
min, and profiles were recorded with temperature varying from
95 to 10 °C at a rate of 0.25 °C/min.

Non-denaturing gel electrophoresis was performed on 20%
polyacrylamide gel prepared at a final concentration 1X of TBE
and 20 mM of KCl. Separation was performed at 80 V and at
room temperature using a 1X TBE supplemented with 20 mM
of KCI. The samples were annealed by heating at 95 °C and
then cooled down by steps of 5 °C every 1500 s and stored at §
°C until measurements. After electrophoresis, the gels were
stained with Sybr Gold provided by Invitrogen.

B RESULTS

Gel Electrophoresis. We first wanted to establish the
molecularity of the structures formed from our 2GQ sequences,
and in particular to check that they were all intramolecular
under our experimental conditions. We also wished to find out
whether there were several grossly different folded states for
each sequence. We therefore started by performing native gel
electrophoresis. This technique allowed us to evaluate the
coexistence of different folded structures based on their
different compactness. We also compared the 2GQ ,, sequences
with corresponding mutated sequences, each of which can only
form one G-quadruplex (GQ,T).

For all the sequences studied in this work, gel electrophoresis
reveals that there are only intramolecular structures. For
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example, in Figure 3, the sequences are composed of 45—51
nucleotides, and they all migrate faster than the double-
stranded 40 bp marker. Figure 3 also shows that for the 2GQ
sequences, 2GQ }, 2GQ,, and 2GQ 3, the bands are broad
compared to 2GQ , or compared to 1GQ sequences (GQ T,
GQT,;s, T,sGQ, and GQ,T). This suggests that the 2GQ |,
2GQ, and 2GQ ; form different species of different compact-
ness. In contrast, the species formed by the sequence 2GQ ,
have the same compactness. Finally, we observe that 2GQ ,
diffuses faster than both GQ,T and GQ T, although the
molecular weight of the former is bigger than the molecular
weight of the latter two. This difference in diffusion may have
two explanations. First, Vorlitkovi et al.>® showed that
oligo(dT) has an abnormally slow diffusion in gel, probably
due to some interactions between the terminal thymines with
the matrix. This may be the case for the sequences GQ ;T and
GQ ,T. We believe also that the intramolecular structure
formed by 2GQ , is more compact than the single folded G-
quadruplexes formed by GQ ;T and GQ ; T. This more compact
structure with faster diffusion may correspond to a state where
all the guanines are part of a G-quadruplex such as in Figure 2B.
For 2GQ ;, 2GQ ,, and 2GQ 3, it appears that there is a mixture
(clearly resolved for 2GQ,) of different diffusive structures.
This mixture may contain slow diffusive structures such as the
single G-quadruplexes 1GQ and faster structures probably
corresponding to a more compact structure such as in Figure
2B. In addition, we cannot exclude at this point that the single
or multiple G-quadruplexes may fold in different topologies
with different mobilities. The 2GQ, 2GQ; and 2GQg
sequences behave the same way as 2GQ.,, that is, show a
single diffusion band with faster running than their mutated
sequences (data not shown).

Thermodynamics. Stability against Varying Number of
Bases between Two Putative GQ. The effect of the number of
bases n (from 1 to 7) on the stability of the structures formed
by 2GQ,, is studied by UV melting. We also study the short
sequence 1PQS for comparison.

For all eight sequences, hypochromic melting transitions at
295 nm are observed characterizing the folding/unfolding of G-
quadruplexes*® such as shown in Figure 4 for 2GQ ;.

To compare graphically the stability of the different
sequences, we plot the normalized first derivative of absorbance
as a function of temperature (Figure S). While for n from 2 to 7
only one transition is observed, for n = 1 there are two
transitions. This is consistent with what was observed by
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Figure 4. Melting/cooling curves for 2GQ ;. No hysteresis observed
around the transition.
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Figure S. First derivative of absorbance (normalized by its maximum)
as a function of temperature for 1PQS and 2GQ ,, sequences with n
varying from 1 to 7 in the presence of 100 mM KCIL.

electrophoresis: we have different folded species for n = 1, and
they have melting temperatures different enough to be
distinguished. For n = 2 or 3, the different structures observed
by electrophoresis probably have similar melting temperatures,
making only one transition visible. These types of biphasic
melting profiles’®*' ~** or single transition for mixtures of
intramolecular structures”®** had previously been observed.
For almost all the sequences, at the cooling/heating rate of
0.25 °C/min, any hysteresis is negligible (e.g, for n = 3 in
Figure 4). The n = 1 case (Figure 6) shows slight hysteresis, but
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Figure 6. Melting/cooling curves for 2GQ ;. Negligible hysteresis
observed around the two transitions (T, equals respectively 44 and 64
°C).

even there the folding and unfolding temperatures determined
at the minima of the absorbance derivative for the first and
second transition differ only by 1.5 and 0.3 °C, respectively.

Van't Hoff analysis of melting profiles assumes that there is a
two-state transition with only one folded structure in solution.*’
We show by gel electrophoresis that this is not the case at least
for n =1, 2, or 3. We therefore fit the melting profiles either to
a 2-state or to a 3-state model using the least-squares method,
based on the number of observed transitions.
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The following behavior has been suggested for G-
quadruplexes:** When multiple folded states are present in
solution, one may still observe a single transition if the states
melt at similar temperatures. In this case, the temperature
observed represents an intermediate value of the melting of the
different species and the transition tends to be broader. This
means that the energetic parameters AH, AS, obtained
assuming a two-state equilibrium, are higher than for each
isolated species. Thermodynamic parameters, and in particular
the melting temperature T, still give an approximate
understanding of the stability of the folded structures.

Table 2 lists the measured parameters for the sequences
studied, and the results are also shown graphically as a function

Table 2. Thermodynamic Parameters for the Short Single G-
Quadruplex (1PQS) and the Long Double G-Quadruplex
(2GQ,) Sequences”

T, (°C)  AH (kj/mol) AS (J/mol/°C) AG (kJ/mol)
1PQS 66 + 1 —240 + 30 —720 + 70 —20+2
26Q, 64 + 1 —185 + 15 —550 + 40 —15+2

44405  —150 20 —480 + 40 —4+2
2GQ, 6L5+05  —180 % 10 —530 + 40 —13+1
26Q, 58 + 1 ~170 + 10 —520 + 40 —11+1
26Q, S8+ 1 —190 + 20 —590 + 50 —12+1
26Q, $7+12  —180 + 20 —550 + 80 —11+1
26Q, S8 +£0.5  —200 + 20 —590 + 40 —125 + 0.5
26Q, 71 —200 + 10 —600 + 40 —120 + 15

“AG was calculated at 37 °C.

of n in Figure 7. The data for the short sequence 1PQS are
shown as a filled marker and the data for n = 1 corresponds to
the transition at the highest melting temperature.

Interestingly, the melting temperature decreases and AG
increases as n varies from 1 (for the transition at high
temperature) to 3, while for n varying from 3 to 7 it is constant.
Similarly, AH and AS slightly increase for n varying from 1 (for
the transition at high temperature) to 3, showing higher values
than for the sequences with # greater than 3; we expect that the
presented energies of the long sequences with n less than or
equal to 3 are underestimated, due to the presence of different
folded structures, as explained above.

In contrast, the values for n varying from 4 to 7 do not
change particularly. This constant stability suggests that the two
GQ fold independently and form a structure like beads-on-a-
string. If there was positive cooperativity, then we would expect
this separation to have an effect: if the two GQ were interacting
as proposed in the stacking model, increasing n would induce a
decrease of the stability, similarly to the way the loop length
affects the stability of a single GQ.°

Moreover, the stability is lower for all the 2GQ sequences
than for the 1PQS one. It confirms that there is no stacking
between the single G-quadruplexes because such stacking
would induce an increase of the thermodynamic stability
compared to the single GQ; it again rules out cooperative
formation. It is consistent with previous studies which showed
that stability decreases when the sequence length increases by
any number of repeats.””*

Comparison with Mutated Sequences. The long sequences
studied so far can form either one or two simultaneous GQ,
and we wished to understand which position would be
occupied if only one formed, especially for the sequences
where n = 1-3 for which double GQ states coexist with single

dx.doi.org/10.1021/bi201750g | Biochemistry 2012, 51, 3154—3161
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Figure 7. Thermodynamic parameters for the short single G-quadruplex 1PQS (filled marker) and the long double G-quadruplex 2GQ , (opened
marker) sequences. The data for n equal 1 corresponds to the transition at the highest melting temperature of 2GQ ;. AG was calculated at 37 °C.

ones, as shown above. The objective was therefore to determine
the stability of a single GQ at a particular position on a long
2GQ , strand and to estimate if it may coexist (at that position)
with the double GQ structure. We therefore designed new
sequences by mutating slightly the original ones to prevent the
formation of GQ at some positions, replacing the central
guanine of one or more G-runs by adenine, which cannot form
GQ-like structures and does not basepair with G. In each
mutated sequence, we mutated G-runs at the ends, preserving
central G-runs. See Table 1 for the notation of mutated
sequences.

For all the sequences studied, we assume a two-state
equilibrium, in agreement with gel electrophoresis which
shows single-narrow bands and with the melting profile,
which does not show any significant hysteresis and which
implies a single transition (data not shown). The thermody-
namic data are shown in Tables 3 and 4. We also determined

Table 3. Thermodynamic Parameters of Mutated Sequences
of 2GQ,

AH AS

sequence T, (°C) (kJ/mol) (J/mol/°C)  AG (kJ/mol)
TA 655 + 1 —-210 + 20 —620 + 70 -18 +1
ATA 644 + 1 —200 + 10 —600 + 20 —164 + 0.1
26Q, 64+1  —I185+15  —550 = 40 ~15+2

44 + 0.5 —150 + 20 —480 + 40 —4+2
AATAA 59 + 0.5 —190 + 10 —580 + 10 —12.7 £ 0.2
AAATA 60 + 1 —=200 + 20 —600 + 40 -13+1
AAAAT 60 + 1 —210 + 30 —620 + 80 -14+1
T, mixture 61 +1 —180 + 20 —550 + 30 -13+1

Table 4. Thermodynamic Parameters of Mutant Sequences
of 2GQ 4

AH AS
sequence T, (°C) (kJ/mol) (J/mol/°C) AG (kJ/mol)
2GQ; S8 +1 —-170 + 10 —520 + 40 -11=+1
AT;A 54+1 —=200 + 10 —610 + 30 —-10.5 + 0.6
AAT,AA S50+1 —-210 + 10 —640 + 20 —-83 £ 0.3
AAAAT, 59 +1 —210 + 30 —640 + 60 14 +2
T3 mixture 53.5 £ 0.5 -17§ + 1§ —540 + 20 —-88 + 0.5

the thermodynamics for mixed samples (AT;A, AAT;AA, and
AAAATS) and (TA, ATA, AATAA, AAATA, and AAAAT)
respectively called T; and T, mixtures. For these, we also
analyze the melting curves as for a two-state equilibrium, as the
transitions of individual sequence are very similar.

First, the melting temperature for 2GQ ; (corresponding to
the transition at the highest melting temperature) and 2GQ ;
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are in the same range of value as their respective mutated
sequences. Second, the value of AH and AS for the mixtures
are lower (in absolute value) than for any isolated component
for both n = 1 or 3, as expected for a transition involving
different species in equilibrium (see above). This is also what
we observed for 2GQ ; and 2GQ ; confirming that for these
sequences the energies are overestimated and there are several
folded states in equilibrium corresponding to single GQ folded
at different positions on the strand and double GQ.

Interestingly, for all the mutated sequences, there is a single
clear transition. The TA sequence (mutation of only one G at
the extremities) is very close to the original 2GQ ;: it contains
the same putative GQ sequences but one and that missing one
prevents the formation of two simultaneous GQ. Its melting
temperature (65.5 °C) is very close to the highest melting
temperature of 2GQ ; (64 °C). Furthermore, the sequence
AAAAT is able to form a GQ in the spot present in 2GQ ; and
missing in TA, and it also has a melting temperature around 60
°C. This clearly suggests that the lowest melting temperature
transition (at 44 °C) involves a structure which can be formed
by 2GQ , and not by TA or AAAAT, that is, the double GQ
structure. We believe that the thermodynamic parameters
related to the highest melting temperature for the 2GQ,
sequence represents an equilibrium between the unfolded
state and a mixture of all the different single GQ (Figure 2A)
states. The lowest melting temperature should be associated
with an equilibrium between the double GQ state and all the
single GQ ones.

Notice that for GQ formed in the middle of the strand, the
more consecutive G-runs, the greater the stability: ATA and
AT,;A, with six consecutive G-runs, are respectively more stable
than AATAA and AAT;AA, with four. Therefore, we should
expect that the equivalent structures will be even more stable in
the original sequences than observed in the mutated forms
containing less guanine. Also, in the mutated sequences, GQ
forming in the middle of the strand are less stable than those
forming at the extremities: AAT3;AA and AATAA are less stable
than AAAAT; and AAAAT, respectively, despite having the
same number of consecutive G-runs. This preference for
folding at the extremities has also been observed with the
human telomere repeat.** Finally, the data provide evidence
that the effect of loop length for long sequences is the same as
for short sequences;’ structures involving at least one single
base loop are more stable than sequences involving only triple
base loops: ATA and AATAA are more stable than AT;A and
AAT;AA, respectively.

Circular Dichroism. We performed CD experiments to
confirm the formation of GQ in 2GQ ,, and in order to better
understand the different conformations that are compatible

dx.doi.org/10.1021/bi201750g | Biochemistry 2012, 51, 3154—3161
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with the positions revealed by gel electrophoresis and UV
melting experiments. For all the sequences, we observed CD
spectra characteristic of GQ (Figure 8). As with the UV melting
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Figure 8. CD spectra of 1PQS and 2GQ , sequences with n varying
from 1 to 7 in the presence of 100 mM KClI at 10 °C.

profiles, the CD spectrum of the sequence with n = 1 differs
strongly from the ones with n > 2.

For n = 1, the CD spectrum has positive peaks at 265 and
290 nm and a negative one around 240 nm. Given the sequence
design, and what is known about the impact of loop lengths on
conformations, this type of spectrum can be related to the
structure of a GQ in the middle of the strand involving the
single T loop.”*® The sample is therefore a mixture of parallel,
antiparallel, and hybrid G-quadruplexes. In that case, single base
loops link three G-quartets by adopting a double-chain-reversal
conformation. With only one such short loop, the middle GQ
forms a hybrid conformation with three parallel and one
antiparallel strands (see Figure 2A). It was suggested that the
presence of a single T loop may favor the longer loops to fold
also in a double-chain-reversal conformation inducing then the
formation of parallel structures.” As shown by UV measure-
ments and gel electrophoresis, these parallel and hybrid
conformations should coexist with single or double GQ
which have only triple-base loops. These latter structures
should contribute only to the 290 nm peak characteristic of
antiparallel G-quadruplexes.

To confirm this hypothesis, we performed CD experiments
on the mutated sequences for n = 1 (Figure 9). Recall that the

40 —

20

Ellipticity (mdeg)

0 - 2GQ, -TA
- ATA — AATAA
-20 — AAATA  — AAAAT
| | | |
220 240 260 280 300 320
Wavelength (nm)

Figure 9. CD spectra of 2GQ, and its mutated versions in the
presence of 100 mM KCl at 10 °C.

mutated sequences are only able to form single GQ, at various
positions on the strand. All the mutated sequences have spectra
characteristic of GQ formation. As expected, the folded GQ
involving a single T loop have CD spectra characteristic of
mixture conformations (hybrid, parallel, and antiparallel) with
both peaks around 265 and 290 nm. Furthermore, for
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sequences where only a G-quadruplex involving the single T
loop can form (ATA, AATAA, AAATA), the peak around 290
nm is small compared to the one around 265 nm. In contrast,
for TA which can fold in structures involving single T loops or
structures having only T; loops, both peaks are quite similar
and the overall spectrum resembles closely the 2GQ | one. For
AAAAT, the single T is not part of the GQ and, as expected, we
only have the antiparallel conformation (see Figure 2A)
represented by the peak at 290 nm (the peak around 270 is
due to the unstructured tail). This demonstrates again that the
2GQ can fold in any configuration sketched in Figure 2A.
To investigate further the equilibrium for n = 1, we carried
out CD melting experiments (Figure 10). At high temperatures,

90°C - 40°C

809_70:C - 30°C
’g? 65°C — 20°C
S 20 - g0°C - 10°C
£ 50°C
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Figure 10. CD spectra of 2GQ ; during melting at 0.2 °C/min from 90
to 10 °C.

the peak at 265 nm predominates while at low temperatures the
290 nm one is predominant. It corresponds to a decrease of the
proportion of the folded GQ involving the single T base in the
middle of the strand at lower temperatures. These CD results
agree with the 2GQ, folding/unfolding scheme from UV
melting data; that is, at high temperatures all the possible
configurations presented in Figure 2A form and at low
temperatures the single GQ structures, in particular, the ones
in the middle of the strand, are replaced by double ones.

For 2GQ ,, there is a very small peak at 265 nm and a high
one at 290 nm. Hazel et al. showed that the T, loops on a G-
quadruplex sequence can also be double-strand-reversal loops.’
As for n = 1, extreme GQ (double or single) with T; loops
coexist with the single middle GQ ones, they are in antiparallel
conformation and contribute to the peak at 290 nm.

For 3 < n <7, by the previous methods, we know that the
sequences 2GQ ,, only form GQ with T loops, thus antiparallel.
As expected, they present no positive peak at 265 nm but a
small negative one at 260 nm and a large positive peak at 290
nm. Therefore, for these sequences CD experiments cannot
distinguish configurations.

B DISCUSSION AND CONCLUSION

First of all, our results remind us that one should always be
careful when analyzing UV melting experiments, even when a
clear single transition is observed. The assumption of a two-
state equilibrium should be cross-checked by other techniques,
such as electrophoresis, and the analysis of the data should
initially take into account the possible existence of more states.

We have shown that the sequences 2GQ, can adopt a
number of different configurations, many of them with roughly
similar energies. They can fold into two GQ on the strand or
only one, which can be at different positions along the
sequence. This contrasts with the common assumption that as
many G-quadruplexes as possible will form. For small n (n <
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3), we find that the proportion of single G-quadruplex strands
is important, presumably because there is an entropic gain in
having different structures; any configuration that can be
envisaged is likely to form to some extent. In contrast, for larger
n (n > 3), we have only one folded structure with two
independent G-quadruplexes behaving like independent beads-
on-a-string.

As for short sequences, shorter loops induce more stable
structures, but a GQ with longer loops formed at the end of the
strand can be as stable as a GQ with shorter loops in the middle
of a strand. There are a number of sequences having between
four and eight G-runs, and for which it is hard to tell where the
G-quadruplex forms on the strand,>**~® and our results should
help in clarifying this issue.

This study is a step toward the prediction of the
thermodynamics and structure of GQ on long sequences,
where several GQ can form simultaneously or where one G-
quadruplex structure can form at several positions. The position
of the folding G-quadruplex on a sequence might be
biologically important as it is expected for telomere,™*"*® 5o
this line of research should be continued.
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