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ABSTRACT: G-quadruplexes (G4s) are four-stranded structures formed by guanine-rich
sequences. While their structures, properties, and applications have been extensively studied, an
understanding of their folding processes remains limited. In this study, we investigated the
folding of the sequence d[(G3T2)3G3] in potassium solutions, focusing on the impact of a
folding intermediate on the overall folding process. Our results indicate that this sequence
eventually folds into a parallel G4 structure, either directly or through an antiparallel
conformation intermediate, suggesting the existence of a specific competitive folding process.
Detailed kinetic analysis using stopped-flow techniques reveals that the antiparallel
conformation forms much faster than the parallel one. This antiparallel G4 slowly converts
to the thermodynamically favored parallel topology, thus slowing the overall folding rate. As a
result, the formation of the parallel quadruplex via an antiparallel G4 intermediate is slower
than the direct process, indicating that this antiparallel conformation negatively impacts the
overall folding process in a temperature-dependent manner. Interestingly, sodium was shown to
facilitate the conversion from antiparallel to parallel. These analyses highlight the complexity of the G4 folding process, which is
crucial for most biological applications.

■ INTRODUCTION
Unlike the base pairs held together by Watson−Crick
hydrogen bonds in double-stranded DNA, four guanines can
be linked through Hoogsteen hydrogen bonds to form the so-
called G-quartet. Stacking of two or more G-quartets via π−π
interactions allows the formation of a G-quadruplex (G4)
structure. G4s play critical physiological roles in vivo1−5 and
can be formed by DNA or RNA guanines rich sequences,
which display high structural polymorphism. Furthermore, G4-
based aptamers have therapeutic potential as drugs for
anticancer, antiviral, and anticoagulant agents.6 However,
these G4 aptamers must adopt the correct conformation to
function effectively.7 While the structures and properties of
G4s have been extensively studied, including their interactions
with ligands, which can stabilize, accelerate folding, or even
induce conformational changes,8,9 much less is known about
their folding mechanisms. A number of factors, including
temperature, metal ion concentration, ionic strength, and
sequence of the loops, influence G4 folding.10−12 This
complexity often complicates direct comparisons across
independent studies.
A variety of theoretical and experimental approaches allow

studying G4 folding, such as molecular dynamics simulations,13

ultraviolet−visible absorbance,14 circular dichroism,15 nuclear
magnetic resonance spectroscopy,16 fluorescence spectrosco-
py,17 infrared spectroscopy,18 and single-molecule technologies
(atomic force microscopy, optical tweezers, magnetic tweezers,

and smFRET),10,14,19 together with stopped-flow20 and
temperature jump techniques.21 These approaches can be
categorized as static or dynamic methods: the former being
suitable for describing a stationary (stable) state of G4, while
the latter is suitable to investigate transient and continuous
processes. Both approaches are commonly combined for the
actual characterization of G4 folding.
Existing studies on G4 folding either focus on processes

observed in the microsecond (μs) time scale,22−24 which is
appropriate to describe transient processes, or on much longer
time scales, in the second (s), minute, or hour range,11,25,26 to
investigate the general folding process. However, less attention
has been paid to the millisecond (ms) scale, in between the
two time scales discussed above, in which intermediate states
may affect G4 folding. Theoretical calculations and exper-
imental data reveal that G4 can experience G-hairpin and G-
triplex configurations,24 and these unstable intermediates form
very fast during G4 folding.22−24 For instance, Chaires and his
collaborators demonstrated that human telomeric sequence
A(G3T2A)3G3 initially forms a hairpin structure and then
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collapses into an antiparallel G4 structure.22 Wu et al. used
microscale electrophoresis (MST) to investigate the folding
process of sequence T[G3T2A]2T6G3, and the results suggest
that G-hairpin and G-triplex intermediates are formed
sequentially during the folding process, to finally reach the
most stable antiparallel structure.23 Šponer and colleagues
confirmed the existence of parallel G-hairpin and G-triplex
species; both are dispensable intermediates that nevertheless
play a role in the folding process.24 In addition, Phan et al.
revealed that various factors, including cation, temperature or
molecular crowding, etc., can affect G4 folding rate.11 Chaires
and colleagues investigated the effect of metal ions on the G4
folding rate in depth and found that some relatively stable
intermediates may have a longer lifetime than the excited
state.27 However, compared with the thermodynamically stable
final structure, these intermediate states were stable enough to
be significantly populated but still relatively unstable.27 In fact,
the understanding of these unstable structures is often only
provided by calculations,22,28 and more experiments are
needed to investigate their contributions to the folding process.
Transient antiparallel G4 structures have been reported in

the folding process of several sequences,22,23,29 and no
consensus on their role has been reached until now: are they
“dead ends” or real intermediates? Herein, we investigated the
contribution of antiparallel G4 structures during the folding
process using a stopped-flow technique, based on our previous
findings that G4 structure formation by sequences (G3T2)3G3
(shortened as 222 because of its three 2-nucleotide loops) and
T(G3T2)3G3T (shortened as 222T) in K+ and Sr2+ solutions
involve two well-defined folded forms.30 Our results
demonstrate that the antiparallel fold acts as a competitor
during the folding process rather than as a necessary
intermediate. We reveal that 222 and 222T may form parallel
structures through two competing pathways: (i) direct folding
from a single strand into a parallel structure and (ii) fast
antiparallel structure formation, followed by slow interconver-
sion into a parallel structure. This model was supported by (i)
the analysis of the control DNA-RNA chimeric sequence
GgGTTgGgTTGgGTTgGg (shortened as d222r, ribonucleo-
sides and deoxyribonucleosides indicated by lower- and upper-
case letters, respectively), which cannot adopt an antiparallel
structure and (ii) our observations of 222 folding in K+ at
higher temperature (60 °C) for which no antiparallel structure
is observed. We analyzed the properties of this antiparallel G4
structure and found that its competition efficiency depended
on temperature and the nature of metal ions. These analyses
reveal the role of the antiparallel G4 topology in DNA G4
folding.

■ MATERIALS AND METHODS
DNA Oligonucleotides. HPLC-purified DNA oligonu-

cleotides were purchased from Sangon Biotech (Shanghai,
China). To ensure the sequences remain single-stranded
before the experiments, the sequences were dissolved in 10
mM Tris-HCl buffer (pH 7), 5 mM LiOH was added, and the
mixture was heated at 95 °C for 30 min next; then, the pH was
adjusted to neutrality by HCl. Finally, the samples were stored
at 4 °C for future experiments. The concentrations of
oligonucleotides were estimated using the UV absorbance at
260 nm and the extinction coefficients provided by the
manufacturer.
Circular Dichroism (CD). The steady-state CD experi-

ments were performed on a JASCO J-1500 spectropolarimeter

with a Peltier accessory to control the temperature. The
samples were prepared at 10 μM strand concentration with or
without 100 mM cations, heated at 95 °C for 5 min, and then
slowly annealed to room temperature and incubated overnight
at 4 °C before measurements. For the CD spectra, a cuvette
with a 2 mm path length was used, and every sample was tested
thrice from 220 to 320 nm. The obtained spectrum was
averaged after the subtraction of the corresponding buffer.
The dynamic experiments were conducted on the same CD

spectropolarimeter with the SFS-562T module, which can
perform dynamic measurements between 5 and 80 °C. The
dead time of the sample injection device is 100 ms, and the
measurement time, time interval, and DIT are determined
automatically by the actual measurement situation. The DNA
and cation concentrations used for stopped-flow measurement
were 10 μM and 100 mM, respectively. For subsequent high-
quality singular value decomposition (SVD) analysis, multiple
measurements were performed to reduce the error. Specifically,
the number of detection groups was inversely correlated with
the measurement time in order to mitigate excessive errors
resulting from the limited duration of the measurements.
Singular Value Decomposition (SVD) Analysis. To

calculate the number of reaction stages of G4 formation,
multiple sets of kinetic curves collected through residence were
formed into a large matrix Di,j (each column represents the CD
intensity of different groups of measurement wavelengths at
the same time, and each row represents the CD intensity of the
same group over time). Singular value decomposition on Di,j
was run using Wolfram Mathematica 13.2, and three matrices
were obtained: U (basis spectra), S (singular values), and V
(the amplitude vector of the time function).

= × ×D S U V (1)

Each singular value was sorted based on the magnitude of
the variance value. For those components, a variance value of
≤0.5% was not considered as significant in dynamic measure-
ments. The number of reaction stages was determined based
on the obtained singular and variance values.
The screen plot, a chart that associates each component with

its singular value, was mapped by using all generated singular
values. The total relative variance (RV) was obtained by the
variance Si corresponding to each singular value. The principal
components were identified as those with a cumulative
variance sum (∑iSi) of 99% or higher.

=
S

S
RV i

i i (2)

Calculation of Dynamic Constants. To analyze dynamic
constants, four possible folding scenarios listed below were
considered:

F(I) UF F2 (3)

F F(II) UF F F1 2 (4)

F F(III) F UF F1 2 (5)

F F F(IV) F UF F F2 1 2 (6)

where UF, F1, and F2 refer to unfolded structure, antiparallel,
and parallel G4 conformations, respectively. It should be noted
that the unfolded state cannot be considered as an
independent species in SVD analysis. As the CD signal and
the G4 concentration obey approximately a first-order linear
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relationship, the folding process can be studied through the
changes of the characteristic peaks of CD spectra. The
intramolecular G4 folding process is a pseudo-first-order
reaction, which can be determined by the below-mentioned
first-order reaction kinetics formula:

=k c td /d (7)

where k and dc/dt refer to the rate constant and the change in
concentration of monomer over time, respectively. The rate
constants were calculated by the fitting formula 11 described
below, which is based on a model by tracking the time
dependent CD signal of at least two G4 characteristic peaks.
Calculation of Thermodynamic Constants. The usual

methods, like UV thermal melting, are not suitable to calculate
the thermodynamic constants of intermediates due to their
limited lifespan. To solve this problem, a new thermodynamic
constant calculation method based on the CD signal of species
at unit concentration was established in this work. In the
process of kinetic fitting, we calculated the CD signal of the
species at unit concentration. The concentrations of each
species were calculated from the fully folded CD spectrum and
the CD intensity per unit concentration of different species:

[ ] = [ ] [ ] = [ ] [ ] = [ ]

A

A AUF CD

/

F CD / F CD /i i iUF

1

1 F 2 2 F 31 2

(8)

where [UF], [F1], and [F2] refer to the concentrations of UF,
F1, and F2, respectively; [CDi]UF, [CDi]Fd1

, and [CDi]Fd2

represent the CD intensities of UF, F1, and F2, respectively;
A1, A2, and A3 refer to the CD intensities of 10 μM UF, F1, and
F2, respectively. According to the equilibrium constant
formulas:

° = [ ] [ ] × [ ]K F /( F metal ion )1 2 (9)

° =K k k/on off (10)

where K° refers to the equilibrium constant of the folding
process and [metal ion] represents the concentration of the
metal ion. The equilibrium constant can be obtained by
forward and inverse reaction rate constants, kon and koff. In
addition, the activation energy of forward and reverse reactions
can be calculated using the Arrhenius equation:

= +k E RT Cln /a (11)

where Ea refers to the activation energy of the folding process
and T, R, and C refer to temperature, gas constant, and
dimensionless constant, respectively. Furthermore, the ther-
modynamic constants ΔG can be calculated from the standard
Gibbs function (12):

° = °G RT Kln (12)

where ΔG° represents Gibbs free energy.

■ RESULTS
Folding of 222 and 222T. Previous data showed that 222

and 222T form antiparallel G4 structures in sodium and low
concentrations of K+.30 In contrast, they adopt parallel
structures at high concentrations of K+.30 In another work,
we also found that 222 and 222T rapidly form antiparallel G4
structures and then transit into a parallel topology in 100 mM
K+.31

CD spectra were collected to identify the structures of 222
and 222T under different experimental conditions. As
displayed in Figure 1A,B, 222 and 222T exhibit a very similar
behavior. For instance, both remain single-stranded in the
absence of cations and (within 10 s) form antiparallel G4
structures rapidly after addition of 100 mM K+ or 100 mM
Sr2+, with characteristic positive and negative peaks around 295
and 265 nm, respectively. In contrast, when using a typical
annealing procedure (heating at 95 °C in the presence of
cations, followed by slow cooling to room temperature and
storage at 4 °C overnight), both exhibit positive and negative
peaks at 264 and 242 nm, respectively, demonstrating the
formation of a parallel G4 structure corresponding to the
thermodynamically favored species.30 These CD results imply
that the antiparallel G4 structure may constitute an
intermediate species in the folding process of parallel G4,
which was supported by NMR results that single-stranded
DNA was converted into a single G4 structure quickly (Figure
S1). To verify our hypothesis, we designed a chimeric DNA-
RNA sequence d222r, in which guanines adopt syn-glycosidic
bonds in the 222 antiparallel conformations that were replaced
by RNA bases. d222r can only form a parallel G4 structure as
the 2′−OH group in RNA favors the anti-conformation of
guanine residues.32 The CD spectra of d222r under the same
conditions as those of 222 and 222T are displayed in Figure
1C. No antiparallel structure similar to 222/222T was
observed.

Figure 1. CD spectra of 10 μM (A) 222 and (B) 222T without cations (black), in the presence of 100 mM K+ (red) or Sr2+ (blue) after the
addition of cations in 10 s (green and purple, respectively), and the corresponding fully folded structures prepared by typical procedure, that is
heated at 95 °C, then incubated at 4 °C overnight; (C) CD spectra of 10 μM d222r for control, and the conditions are same to above except Sr2+
was not used here. The color legends in panel (C) are the same as those in panels (A, B). All of the experiments were performed in 10 mM Tris-
HCl buffer (pH 7) at 25 °C.
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Evidence of Antiparallel Structure and Its Role in the
Folding Process. The purpose of this study was to validate
the antiparallel structure of the intermediate form and
investigate the formation process. To do so, we recorded
with a stopped-flow apparatus the time-tracking curves of CD
spectra of 222 at 242, 264, and 294 nm in 100 mM K+ at 25
°C. These three wavelengths correspond to the typical peaks of
parallel and antiparallel G4s. The time-tracking curves are
summarized in Figure 2A, and the original time-tracking curve
data are shown in Figure S2.
To validate the factors that affect the folding process,20,33

singular value decomposition (SVD) analysis was performed to
decompose the time-tracking curves of CD spectra. As
displayed in Table 1, three sets of wavelengths (242, 264,
and 294 nm), each set with 50 time-tracking curves, were

analyzed. The results show that there are two main factors
(with eigenvalues of 1031 and 163.7, respectively) affecting the
variation of the time-tracking curves. It is worth noting that the
single strand has a weaker peak and thus a smaller eigenvalue
(≪163.7), but it is still a species in the G4 folding process.
Therefore, three main species were considered in the G4
folding process: (i) the unfolded structure UF, (ii) the fully
folded parallel G4 structure F2, and (iii) the antiparallel
intermediate structure F1. Four possible models shown in
Table S1 were compared based on the above results. The
fitting analysis results revealed that the fourth model, in which
the unfolded structure (UF, single strand) forms either directly
the parallel G4 structure (F2) or via an antiparallel
intermediate structure (F1) which then transforms into parallel
topology (F2), is the best one to fit the data. This model
reasonably explains the possible folding process of 222 in K+,
while the three others do not. The first model (single strand
directly forms a parallel structure) is unable to reflect the effect
of the antiparallel intermediate structure on the folding
process. The second model (single strand forms the
antiparallel intermediate structure and then transforms into
parallel topology) could not explain the folding process of 222
at 65 °C (the data shown in subsequent Figure 3A). The third
model (single strand forms antiparallel intermediate or parallel
simultaneously) cannot explain why the parallel structure is the
overwhelmingly predominant topology observed. The fourth
model can be simplified into the first one at high temperatures

Figure 2. (A) Time-tracking curves of 10 μM 222 in 100 mM K+ at 242 nm (black), 264 nm (red), and 294 nm (blue), respectively. The
experiments were performed in 10 mM Tris-HCl buffer (pH 7) at 25 °C. (B) CD spectra of UF, F1, and F2. A single strand of 222, named as UF
(black); 222 partly and completely folded into an intermediate and G4 structure in 100 mM K+, named as F1 (red) and F2 (blue), respectively.
Note: CD spectrum of F1 is the fitting curve. (C) Folding model of sequence 222/222T in a K+ solution. Path (I) corresponds to single-stranded
DNA forming an antiparallel G4 structure first, followed by a switch to a parallel conformation; in Path (II), the unfolded structure forms a parallel
G4 structure directly. Guanines in anti and syn conformations are colored orange and green, respectively.

Table 1. SVD Analysis Results of 222 in K+

time scale number eigenvalue variance (%) cumulative variance (%)

2 min 1 1031 85.83 85.83
2 163.7 13.63 99.46
3 1.045 0.087 99.54
4 0.985 0.082 99.63

5 s 1 9901 99.00 99.00
2 28.09 0.281 99.28
3 10.42 0.104 99.38
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(see details below). It should be noted that putatively, very
early and transient (μs scale) species are not considered in
these models, as stopped-flow methods are not resolutive
enough to analyze phenomena in this time range.
The fitting results of 222 in K+ give folding rate constants k1

and k2 of 424.2 and 0.1500 min−1 (Figure S3), respectively,
and k is 8.345 min−1. Furthermore, the CD intensity of F1 was
obtained by fitting the time-tracking curves. For example, F1
exhibits a CD intensity of 4.4 at 242 nm, −3.1 at 264 nm, and
10.4 at 294 nm. In order to obtain a complete CD spectrum of
F1,

22 the time-tracking curves were measured at 10 nm
intervals in the range of 220 to 320 nm. The CD spectra of UF
and F2 and the fitting curve of F1 are displayed in Figure 2B.
The fitted CD spectrum of F1 agrees with an antiparallel G4
structure. The model of the whole folding process is shown in
Figure 2C, and the folding process is divided into two paths:
(I) UF → F1 → F2, (II) UF → F2. The unfolded structure can

be first folded into an antiparallel G4 structure, which then
undergoes a conformational transformation to form a parallel
structure. In addition, the unfolded structure can be directly
folded into a parallel structure simultaneously. Since k1 ≫ k,
the antiparallel G4 structure is much faster to form than the
parallel structure. In order to better understand this
competitive effect, Q was introduced here to evaluate the
competitive ability of antiparallel G4 structures, which was
calculated as below (formula 13):

= +Q k k k/( )1 1 (13)

Q has a physical significance, as it reflects the ratio of
antiparallel structures to the total amount of all G4s at
transient equilibrium (F1 without conformational transitions
and all of UF undergoes folding). Larger values of Q indicate
that the antiparallel structures are more competitive in the
folding process. Since k1 ≫ k2, the conformational transition

Figure 3. (A) Time-tracking curves of the 10 μM sequence 222 at 264 nm with 100 mM K+ at different temperatures (5, 15, 25, 35, 45, 55, 60, 65,
and 70 °C). The experiments were performed in 10 mM Tris-HCl buffer (pH 7). (B) Number of reaction stages and Q of the 10 μM sequence 222
with 100 mM K+ at different temperatures. The blue and brown lines represent the competitiveness of the antiparallel structure F1 and the number
of reaction stages of 222 as a function of temperature, respectively. (C) Effect of temperature on the total rate constant k1 (red) and forward and
reverse reaction rate constants k1on (black) and k1off (blue). (D) Variation of total rate constant k2 (red), k (green), forward and reverse reaction
rate constants k2on (black), and k2off (blue) with temperature (for temperatures ≤55 °C, k is calculated by the Arrhenius formula). (E) Forward and
reverse activation energies for the two reactions of the folding process I. In folding process I, Ead1

is the activation energy of UF → F1; Ead2
is the

activation energy of F1 → F2. Eadon
is the activation energy of the forward reaction, and Eadoff

is the activation energy of the reverse reaction.
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(F1 → F2) is the rate-limiting step of path I during the folding
process. Moreover, the parallel structure folds faster through
path II than through path I due to k ≫ k2. Interestingly, the
folding processes of 222 in Sr2+ (Figure S4 and Table S2) and
222T in K+ (Figure S5 and Table S3) and Sr2+ (Figure S6 and
Table S4) are similar to the one of 222 in K+: they all conform
to the model shown in Figure 2C, suggesting the generality of
the phenomena.
Properties of Antiparallel Intermediate G4 Struc-

tures. To demonstrate the role of the antiparallel G4 structure
in the folding process, we selected d222r as a control. Two
major species, one of which does not contribute to the CD
spectrum, were identified by SVD analysis for the d222r
folding process (Table S5). The first model in Supporting
Table S1 was therefore used to fit the time-tracking curve of

d222r, and the calculated rate constant k was 10.44 min−1,
which is approximately 70-fold faster than that of its
corresponding all-DNA parent sequence, 222 in K+. This
result confirms that the antiparallel G4 structure acts as a
competitive species in the folding process. Next, the nature of
the antiparallel G4 structure was explored.
Effect of Temperature on Antiparallel Intermediate

G4 Structure. F1 being a very short-lived structure, it is
difficult to determine its Tm directly; therefore, we developed a
strategy to determine the temperature at which the antiparallel
G4 structure disappears by determining the folding process of
222 in different temperature gradients. As displayed in Figures
3A and S7, the time-tracking curves of 222 folding in 100 mM
K+ at 5−70 °C were measured separately (the melting
temperature of 222 is 70 °C, as shown in Figure S8).

Figure 4. (A) CD spectra of 222 (black), 222 in Na+ (red), 222 in Na+ solution first then adding K+ (blue), 222 in solution with Na+ and K+
simultaneously (green), and 222 in K+ (purple) at 25 °C. (B) Time-tracking curves of 222 in K+, 222 in Na+ after addition of K+, and 222 in Na+
and K+ mixed solution at 25 °C. The folding rate of 222 in K+ can be accelerated by the introduction of Na+ but independent of the addition order
of Na+. (C) Time-tracking curves at 242, 264, and 294 nm of d222r in K+ and in Na+ and K+ mixed solution at 25 °C. The folding rate of d222r in
K+ cannot be accelerated by the addition of Na+ because d222r is unable to form an antiparallel structure, and Na+’s role is to accelerate the
antiparallel to parallel conformational transition. (D) Time-tracking curves at 242, 264, and 294 nm of 222 in K+ and 222 in Na+ and K+ mixed
solution at 65 °C. The folding rate of 222 in K+ cannot be accelerated by the introduction of Na+ at 65 °C. The reason is that 222 folds at 65 °C
using path II, which does not involve an antiparallel structure. The sequence concentrations are 10 μM, and the concentrations of K+ and Na+ are
100 mM. (E) Rate constants of 222 and 222T in different metal ion environments. Note: the rate constant for 222/222T in 100 mM Na+ after the
addition of 100 mM KCl or SrCl2 is unavailable for k1 because no antiparallel structure formation occurs. All of the experiments were performed in
10 mM Tris-HCl buffer (pH 7).
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Decomposition of these time-tracking curves on a time scale
using SVD yielded the number of reaction stages (i.e., reactant
species-1) at different temperatures (Figure 3B). As envisioned
earlier, when the temperature is less than or equal to 63 °C, the
reaction proceeds in two stages, while the reaction involves
only one stage at a temperature higher than 65 °C (but lower
than 70 °C). We observed a gradual disappearance of
characteristic peaks of antiparallel structure between 63 and
65 °C. Therefore, we hypothesize that the Tm value for the
antiparallel G4 structure is in the range of 63 °C−65 °C. The
antiparallel structure will disappear when the temperature is
higher than its Tm during the folding process. The competitive
ability of F1 enhanced and then decreased with increasing
temperature, but always remained high (Figure 3B). When the
temperature increased to 65 °C, F1 lost its competitive ability,
and the parallel G4 could only fold through pathway II. Then,
at even higher temperatures (exceeding the Tm of parallel G4),
folding could not occur as excepted.
Based on the results of the SVD analysis described above,

the model was fitted sequentially for 5−60 °C and above 65 °C
using models 4 and 1 in Table S1 (k1 = 0 in model 4),
respectively. The temperature dependence curves of the rate
constants are shown in Figure 3C,D. The experimental results
show that k1 first increases and then decreases with
temperature, but its value is always much higher than that of
k2 and k. The equilibrium constants for the folding process
were obtained by measuring the concentration of each species
at the reaction end point (Table S6). The equilibrium constant
of G4 folding decreases as temperature increases, which is
consistent with the expected conclusion that G4 formation is
enthalpy-driven and, therefore, more stable at low temper-
atures.34

To measure the unfolding rate constants of F1 and F2, an
equivalent amount of complementary sequence C222 (5′-
CCCAACCCAACCCAACCC-3′) was added to sample 222 at
different times, either 1 min after K+ addition (conditions
under which the G-rich strand predominantly adopts an
antiparallel structure F1) or after 8 h, when 222 is already fully
folded into a parallel structure F2 (Figure S9). The calculated
rate constants koff of F1 and F2 are 0.6510 and 0.06399 min−1,
respectively, indicating that the introduction of the comple-
mentary strand leads to relatively fast duplex formation and
unfolding of the antiparallel intermediate structure. In contrast,
duplex formation is 10-fold slower when F2 is formed, meaning
that the parallel quadruplex is more stable and less prone to
unfolding than F1.
From the perspective of activation energy, the rate constants

of both forward and reverse reactions increase with the
temperature. However, the reverse reaction rate constant
increases faster due to the greater activation energy of the
reverse reaction (Figure 3E). From a mechanistic point of
view, a temperature increase is adverse to the stability of F1,
thus weakening the positive effect of the temperature on the
rate constants. In other words, the decrease in stability of F1
makes it more susceptible to conformational transitions, as
shown by an increase in k2, while k and k1 exhibit tendencies
similar to those of k2.
In addition, the temperature effects on the folding process of

222 in Sr2+ (Figure S10 and Table S7) and 222T in K+ (Figure
S11 and Table S8) and Sr2+ (Figure S12 and Table S9) were
almost the same as 222 in K+.
Effect of Na+ on the Antiparallel Intermediate G4

Structure. To investigate the effect of Na+ on the antiparallel
G4 structure, the folding processes of 222 under different

Figure 5. CD spectra of 10 μM 222 (A) at 25 °C with different concentrations of K+ and at different temperatures with various concentrations of
K+: (B) 10 μM, (C) 100 μM, and (D) 100 mM. The conformation of 222 changes with temperature and the potassium concentration. 222 tends to
form antiparallel structures at low concentrations of K+, and low temperatures are more favorable to the formation of antiparallel structures.
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cation conditions were analyzed. As displayed in Figure 4A,
222 forms an antiparallel G4 structure in Na+, while it converts
into a parallel structure in the presence of K+, no matter the
order of Na+ addition. The results demonstrate that K+ can
force the Na+-form antiparallel structure to convert into a
parallel topology (K+ being also a more favorable cation for G-
quadruplexes).31 Interestingly, as observed in Figure 4B, the
addition of Na+ accelerates the folding rate of 222 to form a
parallel structure. The nearly overlapped time-tracking curves
of 222 in Na+ after addition of K+ and 222 in Na+ and K+
mixed solution, suggest that whether Na+ is added earlier or
not has no effect on the folding process (rate constants are
shown below). These collected data indicate that Na+ can
accelerate the conformational transition process of process I,
thus accelerating the whole folding process. In contrast to
sequence 222, adding Na+ did not accelerate the folding rate of
d222r at room temperature (Figure 4C). In addition, the
folding rate of 222 at 65 °C was independent of Na+ (Figure
4D). These two observations here demonstrate that Na+ has
no accelerating effect on process II.
The effects of Na+ on the folding of 222 in Sr2+ (Figure

S13), 222T in K+ (Figure S14), and 222T in Sr2+ (Figure S15)
are relatively similar. All rate constants are shown in Figure 4E.
Compared to Sr2+, K+ has a faster folding rate, especially in k2
with up to a 10-fold enhancement. Among the thermodynamic
constants presented in the previous section, Sr2+ has larger
equilibrium constants and higher reaction activation energies
than K+, suggesting that the structure formed by 222/222T in
Sr2+ is more stable.
We then followed G4 formation by 222 at different K+

concentrations (Figure 5A). With an increase in K+
concentration, 222 undergoes a transition from a single strand
to an antiparallel structure, then to a mix, and finally to the
parallel structure. Such a result indicates that when K+
concentration is low, 222 is more likely to form an antiparallel
structure that does not convert into a parallel structure,
meaning that k2 = 0 (since k1 ≫ k, so even if it can form a
parallel structure through path II, its amount can be
neglected).
Next, we determined the structural change of 222 in 10 μM

K+, which still forms an antiparallel topology at different
temperatures (Figure 5B). As the temperature increases, the
characteristic peak of the antiparallel structure at 295 nm
decreases rapidly, but we do not observe the characteristic peak
of the parallel structure. This result indicates that the
antiparallel structure unfolds at a relatively low temperature
but does not convert into a parallel structure. However, when a
similar experiment is performed in 100 μM K+, 222 forms a
mixed structure at low temperatures (for instance at 5 °C in
Figure 5C). Interestingly, the proportion of parallel structures
increases with the temperature (Figure 5C). For example, the
characteristic peak of parallel structure is present at 15, 25, and
35 °C, while single strands predominate at higher temper-
atures. These data suggest that, as the temperature increases, k2
increases and the lifetime of the antiparallel structure
decreases, so the proportion of parallel structures increases,
which is consistent with the observations shown in Figure 3C.
This phenomenon implies that the antiparallel structure can
convert, but not completely, into a parallel structure. Upon
further increase of the K+ concentration to 100 mM, 222
retains a parallel structure from 5 to 75 °C (Figure 5D),
meaning that k2 is a nonzero constant.

■ DISCUSSION
The existing studies on G4 folding primarily focus on transient
folded states and the steady-state conformation. For instance, it
has been reported that cation-oligonucleotide complexes
rapidly form during the folding process, followed by a gradual
transition toward the final folded structure.35 Related works
also emphasize the possible contribution of G-duplexes and G-
triplexes to the folding kinetics.23 These studies predominantly
center on examining various transient processes. Additionally,
numerous reports have explored multiple intermediate states in
the G4 folding pathway, with a particular emphasis on the
initial and final conformations.34,36,37 Herein, we investigated
the effect of intermediate structures on the overall folding
process. In this work, the folding processes of 222 and 222T
were investigated in depth. Although 222 and 222T eventually
form a stable parallel G4 structure in K+, the first folded species
to be observed is an antiparallel G4 structure, unveiled by CD.
The situation is clearly different for d222r, which directly
forms a parallel structure. The folding of single-stranded DNA
into parallel structures may be preceded by some transient
species, such as G-hairpins or G-triplexes, but these early
transient species cannot be detected by stopped-flow CD due
to its time limitation, as it can access only species in the
millisecond time range. Our findings are consistent with the
previous conclusions that K+-driven folding is a two-step
process. For instance, a work showed that G4 folding in K+
solution by the c-KIT promoter sequence occurs with a short-
lived antiparallel folding intermediate and a formation rate
constant of 487.8 ± 20.40 min−1.38 In the present study, the
rate constant of 222 in K+ is 424.2 ± 3.016 min−1, for the
formation of antiparallel structures, which is very close to that
observed in the c-KIT promoter sequences. In addition, other
works also identified antiparallel intermediates, stimulating the
hypothesis that antiparallel G4 structures may occur during G4
folding for most sequences (e.g., c-KIT,22 Tel22 (d[AGGG-
( T T A G G G ) 3 ] ) ,

3 8 a n d w t - c M Y C ( d -
[TGGGAGGGTGGGGAGGGTGGGG]),39 etc.), least those
with a primary sequence allowing antiparallel structure
formation, and a Tm of the final structure higher than the
one of the antiparallel G4 structure. These studies suggest that
the antiparallel structure is an intermediate in the folding
process, and we probe the competing role of the antiparallel
structure throughout the folding process herein.
The results collected in our study demonstrate that 222 has

at least two possible routes to form a parallel G4 structure: (i)
through an antiparallel G4 structure, which then slowly
transforms into a parallel topology; (ii) through a direct
route. In our experiments, the vast majority of single strands
form antiparallel G4 structures first due to the faster formation
of this antiparallel fold as compared to the parallel structure
under the same conditions, suggesting that this antiparallel
structure competes with the parallel form. Interestingly, our
experimental results show that the rates of antiparallel G4
structure unfolding (partial or complete into a single strand)
and transformation into the parallel topology are very slow.
Therefore, the formation pathway via direct parallel structure
folding is faster than the other indirect pathway that transits
through an antiparallel structure. This indicates that the
antiparallel G4 structure acts as a trap during the folding
process. In other words, once an antiparallel G4 is formed, it
becomes harder to form another structure. The activation
energy is 68.74 KJ mol−1 for the unfolding of the antiparallel
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structure and 117.1 KJ mol−1 for the folding of the antiparallel
structure into the parallel structure (Figure 6). The activation

energy of folding directly into the parallel structure from
single-strand folding is 53.71 KJ mol−1, which is much lower
than the two activation energies listed above (Figure 6). These
results reveal that once the antiparallel structure is formed, it is
difficult to unfold on the one hand, and to form a parallel
structure on the other hand; thus, the appearance of the
antiparallel G4 structure greatly slows down the folding rate.
So, the antiparallel structure acts as a trap during folding
(Figure 6). However, it should be noted that antiparallel G4
structures do not always prevent the folding,26,39 as it depends
on the sequence and environmental factors. Interestingly, k2
(the conversion rate of antiparallel to parallel G4 structures in
path II) increases with temperature faster than k (the rate at
which single strands fold into parallel structures in path I).
This result implies that a temperature may exist, for which k2 is
greater than k, that is, folding through path I becomes faster
than folding through path II. It is worth noting that a
probability that the antiparallel G4 structure cannot exist
because of its low Tm value. For instance, k2 is almost the same
as k at 60 °C, indicating that the rates of folding through both
pathways are similar, so the antiparallel G4 structure no longer
acts as a folding trap during G4 formation. However, at
temperatures lower than the Tm of the antiparallel structure,
the two formation pathways are still in competition due to the
extremely fast formation rate of the antiparallel G4 structure.
G4s are very sensitive to cations, and we also demonstrated

that the introduction of Na+ accelerates the conformational
transition of antiparallel to parallel G4 (Figure 4B). This
observation is consistent with previous findings on human
telomeric repeats, where a faster folding rate in Na+ is
observed. It was proposed that the accessibility of the cation to
the interior of the partially folded intermediate has an
important influence on the rate of folding.35 Herein, we
propose that the acceleration induced by Na+ may result from
specific binding of Na+ to the antiparallel G4 structure, which
facilitates the conformational transition process, thus accel-

erating the entire folding process from a single strand to
parallel G4. In addition, the comparison of folding processes of
222 and 222T in K+ and Sr2+ demonstrates that k1 is not
necessarily related to the species of metal ions.
Finally, we followed the G4 formation at different K+

concentrations. With increasing potassium concentrations, we
observed that 222 underwent a transition from a single-strand
to an antiparallel structure, then to a mix, and finally to the
parallel structure. We suspect that there is a minimum K+
concentration below which 222 cannot form parallel structures
(k2 = 0), and a maximum K+ concentration above which 222
can form parallel structures only (k2 ≠ 0). However, when the
concentration of K+ is between these two critical concen-
trations, there is a balance between the parallel and antiparallel
structures, and the proportion of the two will also change with
temperature. These analyses reveal that the antiparallel
structure is not a necessary intermediate structure for folding
to form a parallel structure but rather a folding trap. For
instance, it will never form a parallel structure at a low
concentration of K+.

■ CONCLUSIONS
We report here the folding process of 222 and 222T and find
two formation pathways for both sequences, with parallel G4s
as the end conformation. One pathway consists of a direct
parallel G4 structure formation, while the other proceeds
through an antiparallel G4 intermediate. A detailed analysis
reveals that the presence of an antiparallel structure exerts a
significant competitive effect during the folding process,
effectively hindering the formation of parallel G4 structures.
As such, the antiparallel structure functions more as a dead end
rather than a transitional intermediate. Exploring the character-
istics of folding intermediate structures broadens our under-
standing of the factors influencing G4 folding processes.
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