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As nonclassical nucleic acid structures,

G-quadruplexes (G4s) not only play important roles

in gene regulation and stability maintenance, but are

also widely used in nanotechnology. Structural diver-

sity is one of the main factors explaining the popu-

larity of G4s, but a comprehensive and integrated

study of different factors determining G4 structural

versatility is currently lacking. Herein, starting from a

common G4 sequence, (G3T)3G3, as the parent chain,

and then taking advantage of G4 versatility, we pres-

ent a variety of strategies to control G4 structure,

based on the regulation of loop length and flanking

sequences, cation (type and concentration), and mo-

lecular crowding. These strategies allow us to con-

vert the G4 topology from parallel to hybrid, to

antiparallel, and then back to parallel. Such structural

diversity reveals the coding regulation ability of G4

structures, with potential applications in nanotech-

nology.

Keywords: G-quadruplex, G-quadruplex topology, G-

switch, sequence composition, structural versatility

Introduction
Nucleic acids are versatile biological macromolecules

able to adopt structures not limited to the right-handed

double-helix topology. G-quadruplexes (G4s) constitute

an important class of nonclassical nucleic acid structures

which are assembled by Hoogsteen hydrogen bonding to

form two or more stacked G-quartets.1,2 G4 polymor-

phism, while allowing differential recognition by ligands

for various biological functions,3 is a challenge for the

rational design of specific structures. This diversity, if

controllable and tunable, may also be of interest for
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nanotechnology, either as biosensors or structural com-

ponents. G4 structures depend on a variety of factors,1

some of them intrinsic (sequence composition, nature of
the backbone) and others extrinsic. The DNA primary
sequence is a major factor determining the structure,
and nonclassical G4 structures may be formed depend-
ing on sequence, incorporating unusual elements such
as a vacancy,4–7 a bulge,8 a very long loop,9,10 unusual
pairing schemes such as GCGC (or GAGA) quartets,11–13

left-handed G4,14,15 or guanine analogs.16 In addition, the
nature of the loops17–21 and flanking sequences22–24 con-
tribute to structure and stability. Extrinsic stimuli include
light,25–27 temperature,28 pH,29 ligands,30–32 crowding,33 and
metal ions.34–36 For instance, the incorporation of light-
responsive groups (e.g., azobenzene) in a G4 structure
can regulate its conformation and alter its interactionwith
a binding partner and its activity.25 In addition, metal ions
not only stabilize G4s to different extents but also pro-
mote the formation of diverse G4 structures.35 The latter
property has been widely used to build logic gates and
biosensors.37–39

Efforts to understand G4 structural versatility have

already been made, but most studies consider the com-

bination of only two or three factors on a limited set of

sequences:18,22,35 an integrated understanding of these

factors is still lacking. Until now, the most studied system

is the extremely polymorphic human telomeric sequence,

for which the influence of multiple factors such as termi-

nal nucleotides, metal ions, ormolecular crowding agents

has been tested (Supporting Information Table S1).40–48

To understand the exact elements shaping G4 structure,

we started our investigations from a common GGGTG

GGTGGGTGGG motif, using it as a parent sequence. This

sequence is known to strongly support formation of

parallel-stranded G4 structure.2 Five different strategies

were designed and implemented to achieve controllable

adjustment between multiple G4 conformations on the

same G-rich sequences (Figure 1). We first show how

changes in loop composition allow us to convert the

structure from parallel to hybrid, to antiparallel, and then

back to parallel. We explain the main factors defining the

balance between parallel and nonparallel (antiparallel

and/or hybrid) ensembles in the studied sequences,

which can be considered as controllable G4-structure

switches in the sequence space. Moreover, we show that

the presence of flanking nucleotides favor a parallel

structure. A systematic search allowed us to find a subset

of G4 sequences which can act as true G-switches be-

tween nonparallel and strictly parallel ensembles, regu-

lated by cation concentration and type, as well as by

molecular crowding. We explain the basic properties of

Figure 1 | Various sequences from the L2Tn family (GGG T GGG Tn GGG T GGG) allow the design of different switch

systems. Four different topologies can be reached (including the unfolded form), first by sequence alterations via

tuning of the loop length (①) or adding flanking nucleotides (②), then by altering cationic conditions (③ and ⑤), or

adding molecular crowding mimics (④). Guanines are displayed as gray bricks, terminal thymines as blue bricks, while

potassium and sodium cations are shown as blue and green circles, respectively.
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such G-switches. The disclosed conformational vari-

ability and G-switches are not only relevant to under-

stand G4 folding, but can also be applied to the design

of molecular switches to achieve the transformation of

chemical information in solution into codable higher-

order molecular structures.

Experimental Methods
DNA sample preparation

DNA oligonucleotides, purified by ultra-PAGE, were

purchased from Sangon Biotech (Shanghai, China), and

used without further purification. Sequences are shown in

Table 1. DNA concentration was determined by UV absor-

bance at 260 nm using the molar extinction coefficients

provided by OligoAnalyzer 3.1 (http://sg.idtdna.com/

calc/analyzer). Unless otherwise stated, 5 μM DNA sam-

ples were prepared in 10 mM Tris–HCl buffer (pH 7.0),

supplementedwith different concentrations ofNaCl, heat-

ed at 95 °C for 5 min, slowly annealed to room tempera-

ture with 2 h, and then kept at 4 °C overnight before use.

Circular dichroism measurements

5 μM G4 solutions were annealed as described above,

then transferred to 10-mm path length quartz cells.

Circular dichroism (CD) spectra were collected on

JASCO J-1500 (JASCO, Tokyo, Japan) or Chirascan

spectropolarimeters (Applied Photophysics, Surrey, UK),

equipped with Peltier devices. The spectra, from 220 to

335 nm,were recorded by averaging three scans at 20 °C.

The CD signal of the corresponding buffer was sub-

tracted from all CD spectra which were then zeroed at

335 nm. Molar dichroic absorbance (Δɛ) was calculated

with nucleoside concentration using eq 1, with θ the

ellipticity in millidegrees, c the nucleoside concentration

in mol L−1, and l the path length in cm.

Δɛ= θ=ð32980×c×lÞ ð1Þ

The conformation index r was calculated by eq 217,49:

r =
CD265

jCD265jþCD290
ð2Þ

where CD265 and CD290 are the ellipticities at 265 and

290 nm, respectively.17,49

UV-melting experiments and UV absorbance
spectroscopy

5 μM G4 solutions were prepared in sealed quartz cells

with 10-mm path length, and then UV absorbance and

melting spectra were collected on UVmc2 (SAFAS, Mon-

te Carlo, Monaco) and Cary 100 (Agilent, Santa Clara, CA)

spectrophotometers, equipped with Peltier temperature

control accessories. The melting profiles were obtained

by recording the absorbance at 295 nm with a fixed

temperature rate of 0.5 °C/min from 4.0 to 95.0 °C. The

melting temperature (Tm) was determined by the first

derivative of the melting curve.

UV absorbance spectra for the folded and unfolded

states of G4 were recorded at 20 °C between 220

and 335 nm with or without NaCl (or KCl) at different

concentrations. The difference between these two spec-

tra is defined as the isothermal difference spectrum

(IDS). The difference between the absorbance spectra

recorded at 90.0 and 4.0 °C (for the unfolded and folded

states, respectively) is defined as the thermal difference

spectrum (TDS). The IDS and TDS spectra provide

characteristic bands for G4 formation.28,50

Size-exclusion high-performance liquid
chromatography

Size-exclusion high-performance liquid chromatography

(SE-HPLC) experiments51 were performed on a Waters

Alliance e2695 HPLC system (Milford, MA), equipped with

an autosampler, a UV–vis detector. A Thermo Scientific

Acclaim SEC-300 (4.6 × 300 mm, 5-μm hydrophilic poly-

methacrylate resin spherical particles, 300 Å pore size)

was chosen as the column. Experiments were performed

under isocratic elution with 10 μM oligos, 0.150 mL/min in

10 mM Tris–HCl (pH 7.0), containing 100 mM NaCl. The

column and sample temperatures were set at 20.0 °C.

Results and Discussion
Loop composition regulation

Loop length dependent effect

Previous studies have shown that loops, especially long

ones, can affect the structure and stability of G4.17,18,52 The

current consensus is that, when two single-nucleotide

Table 1 | Sequences Tested in This Work

Name Sequences (5′-3′)a

L1Tn GGG Tn GGG T GGG T GGG

L2Tnb GGG T GGG Tn GGG T GGG

L3Tn GGG T GGG T GGG Tn GGG

L2An GGG A GGG An GGG A GGG

DTx-L2Tn Tx GGG T GGG Tn GGG T GGG Tx

a For all sequences, only thymines or adenines were con-

sidered for the loops and flanking regions. Two of the

three loops include a single nucleotide, while a third one

is of variable length (n = 1, 2, 3, 4, 5, 6, 9, or 12). The

location of the variable loop (either first, middle, or last)

defines the name of family (L1, L2, or L3, respectively).

Flanking 5′ and 3′ nucleotides were added for some

sequences (between 1 and 5 thymines; x = 1, 2, 3, or 5).
b For the L2Tn series, we also included sequences with 10,

11, 14, and 16 thymines in the second loop.
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loops are present, they both adopt a propeller type

conformation and induce the third loop to adopt the

same conformation, eventually promoting G4 to form a

parallel structure.52,53 To test this hypothesis, we used

GGGTGGGTGGGTGGG as the parent sequence and ad-

justed the length of one of the loops. In contrast with our

expectations, we found that the G4 topology changed

with the length, position, and composition of the longer

loop, although the two other loops involved a single

nucleotide (Figure 2a). In the first series of experiments,

we kept the length and composition of the first and the

third loop unchanged, and then adjusted the length of

the second loop with different thymines (L2Tn, details

are shown in Table 1).

The G4 topology was investigated by CD (Figures 2b–

2d). In 100 mM sodium solution, the G4 formed a parallel

structure when the second loop had only 1 or 2 thymine

nucleotides (L2T1 and L2T2, respectively, Figure 2b),

indicated by a characteristic CD negative peak of 243 nm

and a positive peak of 263 nm. When the length of the

second loop was increased to 3 (L2T3), the positive peak

at 263 nm gradually became smaller, accompanied by a

new peak at 290 nm. This result suggests that a partially

nonparallel G4 ensemble was formed. When the second

loop was composed of 4 thymines (L2T4, Figure 2c), the

CD spectrum showed two positive peaks at 250 and

290 nm and one negative peak at 260 nm, indicating

that L2T4 formed an antiparallel conformation in 100mM

Na+ solution. Further extending the length of the loop to 5

thymines (L2T5) led to a CD spectrum exhibiting the

characteristic peaks of a hybrid conformation. The inten-

sities of the negative peak at 243 nm and positive peak at

263 nm progressively increased with the number of thy-

mines (up to 11; L2T11, Figure 2d), suggesting that a

parallel structure was again formed. Of note, the positive

peak around 263 nm was not fully recovered in the end

and remained wider, as a possible result of a lower struc-

tural stability, verified by thermal stability experiments

(discussed below).

To further confirm G4 molecularity and formation, sev-

eral different biophysical experiments were performed.

SE-HPLC experiments indicated that most of the struc-

tureswere intramolecular, except forL2T1,L2T5,andL2T12,

for which a minor dimer was also present (Supporting

Information Figure S1a). In addition, the IDS (Supporting

Information Figure S2a) and TDS (Supporting Information

Figure S2b) exhibited two positive peaks near 240

and 275 nm and negative peaks near 260 and 295 nm,

confirming G4 formation.

Loopcompositionandposition-dependenteffect

To avoid other nonessential interactions, we initially

considered the case where loops consist of thymine

Figure 2 | G4 conformation versatility regulated by central loop length. (a) Schematic illustration for loop length

regulation. CD spectra for sequences (b) L2T1 to L2T3, (c) L2T4 to L2T10, and (d) L2T11 to L2T16 recorded at

equilibrium after overnight incubation at low temperature. The L2 loop is shown in red. Experimentswere performed in

100 mM NaCl. Sequence information is shown in Table 1. Note: The tentative antiparallel and hybrid G4 conformations

shown in panel a may not reflect the actual ones of these sequences.
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nucleotides only. Thymines were replaced by adenines to

further demonstrate the phenomena observed above. As

shown in Supporting Information Figure S3a, when the

first and third loops were composed of only one adenine

and the second loop was composed of 1 to 12 adenines

(L2An: GGGAGGGAnGGGAGGG, details are shown in

Table 1), all sequences displayed negative peaks at

243 nm and positive peaks at 263 nm, indicating that

these sequences all form a parallel structure and do not

show the loop length dependence described above.

Furthermore, the natural sequence found in the c-kit

promoter, d-GGGCGGGCGCTAGGGAGGG with 1, 5, and

1 nucleotides (of mixed composition) in the first, second,

and third loops, formed an antiparallel structure in

100 mM Na+ (Supporting Information Figure S3b).

To check if the loop length-dependent structural trans-

formation effect was also applicable to the first and the

third loop, two sets of sequences (L1Tn and L3Tn) were

designed, in which the first or third loop was composed

of 1 to 12 thymines, respectively, and the other two

loops both consisted of only 1 thymine (L1Tn: GGGTnGG

GTGGGTGGG; L3Tn: GGGTGGGTGGGTnGGG, details are

shown in Table 1). Supporting Information Figures S3c

and S3d show that CD shape does not change with the

length of the first and third loops, and no shoulder

peaks are observed around 290 nm. Overall, these results

indicate that a loop-length-dependent G4 topology

transition was observed only in a specific sequence con-

text, that is, a central thymine-only loop of variable

length.

In summary, the structural transformation strategy

exhibited not only loop length and composition depen-

dence, but also loop position selectivity. The loop length-

dependent effect worked when the second loop was

composed of thymines but not for an all-adenine loop.

During this process, the G4 structure changed from par-

allel to hybrid, antiparallel, and then progressively came

back to parallel.

Altering flanking sequence

The 5′ and 3′ flanking sequences contributed to G4 struc-

ture22 and stability,23,24 modulated the affinity of ligands,54

and may have even participated in the formation of

noncanonical G4 structures.55,56 Here, various lengths of

thymines were added at both terminals of L2Tn

sequences (DTx-L2Tn, x = 1, 2, 3, or 5, Figure 3a,

sequences shown in Table 1). First, we added one thymine

to both ends of L2Tn sequences (DT1-L2Tn: TGGGT

GGGTnGGGTGGGT). After the addition of flanking thy-

mines, the CD spectra indicate that all the sequenceswith

nonparallel ensembles adopted a parallel conformation

(Supporting Information Figure S4a), which is especially

apparent for the sequences L2T4, L2T5, and L2T6 (note

Figure 3 | G4 conformation transition regulated by flanking nucleotides. (a) Schematic illustration for the flanking

sequences regulation. (b) Equilibrium CD spectra for L2T4, L2T5, and L2T6 with or without one thymine at both

terminals. The r values for sequences without (WO) or with flanking sequences at (c) both terminals with different

nucleotides: 1dT (DT1), 2dTs (DT2), 3dTs (DT3), and 5dTs (DT5). Experiments were performed in 100 mM NaCl.

Sequences information is shown in Table 1.
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that there is still a slight bulge around 290 nm, Figure 3b).

To better investigate the flanking effect, we used the r

value as a quantitative conformation index.17,49 By com-

paring r values before and after adding terminal thymines

(Figure 3c), we found that the presence of terminal

thymines made the structure completely parallel, especi-

ally when at least 2 thymines were added (DT2-L2Tn,

CD shown in Supporting Information Figure S4b). The r

values of all sequences reached a plateau when the

flanking region was further extended to 3 or 5 thymines

(DT3-L2Tn and DT5-L2Tn, respectively, CD shown in

Supporting Information Figures S4c and S4d), and even-

tually slightly decreased which may be due to the lower

stability of G4 with longer flanking sequences (discussed

below), especially if they also contain a long loop (L2T9

and L2T12).

To confirm that the addition of flanking nucleotides

did not affect the molecularity of these sequences,

SE-HPLC experiments were conducted. From the results

shown in Supporting Information Figure S1b, we found

that all the sequences with 2dTs at both terminals (DT2-

L2Tn) formed intramolecular structures. In summary,

regardless of the length of the flanking nucleotides at

the 3′- and 5′-end, a nonparallel G4 is transformed into a

parallel intramolecular conformation.

Na+ ion concentration dependence

Na+ ion concentration-dependent steady-state
characterization

The above experimental data clearly showed that

changing loop length or adding flanking nucleotides

can transform the G4 topology. However, both loop

extension and flanking sequences addition negatively

affected the stability of the G4 structure. The G4

structure had a Na+ concentration-dependent effect

when adjusting the concentration of Na+, especially for

sequences L2T4, L2T5, and L2T6 (Figure 4a). For in-

stance, when Na+ was entirely absent, the cation present

in the buffer was Li+; L2T4 showed two broad peaks

around 240 and 270 nm, indicating that DNA was pre-

dominantly unfolded (black line, Figure 4b). Gradual

increases in sodium concentration during annealing led

to two transitions: (1) When the Na+ concentration in-

creased from 0 to 75 mM, the G-rich sequences gradu-

ally changed from a random coil to an antiparallel

conformation, as revealed by the progressive appear-

ance of two positive peaks around 250 and 295 nm and

a negative peak at 263 nm. (2) When the Na+ concen-

tration reached 200 mM, the CD spectra showed a

negative peak at 243 nm and a positive peak at 263 nm,

Figure 4 | G4 conformation transition regulated by Na+ concentration and molecular crowding. (a) Schematic

illustration of the sodium concentration switch and transition induced by molecular crowding. (b) The CD spectra

for L2T4 annealed with different concentrations of Na+, from 0 to 1000 mM. (c) The r values for sequences L2Tn with

different concentrations of Na+. (d) The CD spectra of L2T4, at 50 mM Na+, annealed with different concentrations of

PEG 200 (0–10% w/v).
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indicating a partial switch from antiparallel to parallel.

This conversion was not complete as a shoulder peak at

290 nm remained. Further increases in Na+ concentra-

tion led to the disappearance of this shoulder peak at

295 nm with a concomitant increase in peak intensities

at 243 and 263 nm, indicative of a complete transfor-

mation into a parallel structure. During this process, two

distinct phase transition points, at 251 and 282 nm, were

observed from the CD spectra. From the r values, we

were able to separate L2Tn into three sets (Figure 4c,

CD spectra are shown in Supporting Information Figure

S5): (1) For L2T1, L2T2, and L2T3, r values always

remained higher than 0.5, especially for L2T1 and

L2T2. Different concentrations of Na+ had little influence

on the characteristic CD peaks (negative peak at 243 nm

and positive peak at 263 nm). L2T3 showed a slight

bulge around 290 nm, which then disappeared with a

higher concentration of Na+. (2) For L2T4, L2T5, and

L2T6, when the concentration of Na+ changed from 0 to

75 mM, the r values decreased remarkably, and even

became negative for L2T4. r values then increased for

Na+ concentrations higher than 100 mM and reached a

plateau at 400mMNa+. The final r values were also close

to 0.9. (3) For the sequences with a longer loop (L2T9

and L2T12), a different ion-concentration dependence

was observed. For L2T9, the addition of sodium rein-

forces the peak around 290 nm (Supporting Information

Figure S5f), with a drop in r values, which then gradually

recovered to about 0.9. For L2T12, the two characteris-

tic peaks (243 and 263 nm, Supporting Information

Figure S5g) were strengthened with increasing Na+ con-

centrations, and r values gradually increased up to

about 0.9 for 400 mM Na+.

In contrast, for the sequences with flanking nucleotides

(DT2-L2Tn), we did not observe an antiparallel structure

at any sodium concentration. Adding increasing concen-

trations of Na+ led to the direct induction of a parallel

structure, as shown by a gradual increase in ellipticity at

243 and 263 nm (Supporting Information Figure S6). This

Na+-dependent effect was also found for other artificial

and natural G-rich sequences35 (Supporting Information

Figure S7), showing that the phenomenon is general.

Furthermore, nondenaturing polyacrylamide gel experi-

ments in the presence of various concentrations of Na+

confirmed that the structures were intramolecular

(Supporting Information Figure S8). Finally, the antipar-

allel conformation in sodium can also be eliminated by

molecular crowding (polyethylene glycol (PEG) 200 was

used as a crowding mimic). As shown in Figure 4d, L2T4

formed an antiparallel structure under 50 mM Na+. The

gradual addition of PEG 200 (0.5–10% w/v) led to

changes in the CD spectra: the negative peak around

263 nm was converted into a positive peak, while the

positive peak at 290 nm gradually disappeared. These

results indicate that a molecular crowdingmimic can also

induce an antiparallel-to-parallel conformation switch.

Na+ ion concentration-dependent dynamic
process monitoring

We monitored the Na+ concentration-dependent dy-

namic process at different temperatures. To reduce the

reaction rate, we initially performed these experiments

at 4 °C and used L2T4 as amodel. As shown in Figure 5a,

before the addition of Na+, two broad peaks around 240

and 270 nm were present (black line in Figure 5a).

Interestingly, the spectrum changed from unfolded to

antiparallel nearly instantly (in less than6 s, lightblue line

in Figure 5a; the instrument reaction dead time, around

3 s, prevented us from exploring faster processes) when

Na+ was added (600 mM final concentration). Then, the

two positive peaks at 250 and 295 nm gradually de-

creased, and the negative peak at 263 nmwas gradually

weakened and then converted to positive, indicating the

formation of a parallel conformation at the end (red line

in Figure 5a). Moreover, if one excludes the first spectra

taken before Na+ addition, the kinetic process shows

clear isoelliptic points at 251 and 282 nm.

To further analyze this conversion, the changes in

ellipticity at 243, 263, and 290 nm were recorded. As

shown in Figure 5b, the CD of L2T4 was nearly instantly

affected upon metal ion addition (the arrows in

Figure 5b indicate the CD value of L2T4 in the absence

of Na+), especially at 243 and 290 nm. At 4 °C, the kinetic

process tended to plateau after ≈8 h, indicating that the

transformation process is very slow, even at a high

concentration of Na+ (600 mM). The reaction accelerat-

ed when increasing the reaction temperature (CD

spectra are shown in Supporting Information Figure

S9 and the completion of the reaction as a function

of time is shown in Supporting Information Figure

S10). For example, it took about 4 h at 10 °C (green

curve in Figure 5c), and only 1 h at 20 °C (red curve in

Figure 5c) to achieve a complete transformation to

parallel. These observations indicate that the formation

of an antiparallel structure upon addition of 600mMNa+

is very fast (<10 s), while the conversion from antiparallel

to parallel is much slower (several hours) (Figure 5d).

Na+–K+ ion switch

Previous studies have shown that G-rich sequences with

two single-nucleotide loops tend to adopt a parallel

conformation in K+,52 as found for most L2Tn sequences

(Supporting Information Figure S11). However, we have

found that when the second loop involves 4, 5, or 6

thymines (L2T4, L2T5, and L2T6), the sequence forms

an antiparallel structure at low Na+ concentration

(<75 mM), while higher Na+ concentrations (>200 mM)

induce a parallel conformation. These results indicate

that the structure of these sequences is not only depen-

dent on Na+ concentration but also on the type of metal

ion (Figure 6a). The affinity of K+ for a G4 is stronger

than the affinity of Na+, and potassium favors a parallel
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structure.35 From the kinetic simulations (Supporting

Information Figure S12 and the accompanying Supporting

Information text explaining the possible mechanism), we

have built amodel inwhich the unfoldedG-rich sequences

are converted to a parallel conformation in K+, and

nonparallel (antiparallel or hybrid) in Na+. As shown in

Figure 6b, L2T4 exhibits antiparallel structural character-

istics in 50mMNa+: two positive peaks at 243 and 290 nm,

and a negative peak near 265 nm. The addition of increas-

ing concentrations of KCl (0–10 mM) induces a gradual

decrease of the positive peaks near 243 and 290 nm,while

the negative peak around 263 nm is converted into

a positive peak, until the spectrum corresponds to a

fully parallel conformation. Monitoring the potassium-

dependent evolution with the three characteristic bands

(243, 263, and 290 nm), we found that a low K+ concen-

tration ([KCl]/[NaCl] = 5%) is sufficient to fully transform

the antiparallel conformation to a parallel one (Figure 6c).

Further CD analysis of the kinetic process of this Na+–K+

switch (Figure 6d) demonstrates that, after the addition of

1 mM K+ into L2T4 in 50mMNa+, the antiparallel spectrum

gradually transforms into a parallel one within 1 h. During

the Na+–K+ ion switch process, the presence of isoelliptic

points (at 251 and 282 nm) indicates that the structural

conversion is a two-state process with an “on–off”

behavior.

Role of sequences composition
and sodium concentration on G4 stability

Previous studies have shown that the thermal stability of

G4 is affected by the sequence composition of the loops

and the presence of flanking sequences.17,23,52 Here, we

analyzed the melting temperature (Tm) of G4 with differ-

ent loops, terminal nucleotides, and Na+ concentrations

(Supporting Information Figure S13). From the above-

mentioned experiments, when two loops of G4 are limit-

ed to one thymine while modulating the third loop (L1Tn,

L2Tn, and L3Tn), only L2Tn showed a length-dependent

behavior. The Tm values of L2Tn series were often higher

than those of L1Tn or L3Tn for sequences with the same

total loop length, especially for L2T3, L2T4, L2T5, and

L2T6 (Figure 7a), even though they adopt nonparallel

conformations, while the other two sequences (L1Tn and

L3Tn) are parallel. The results indicate that the thermal

stability of nonparallel G4 is not necessarily lower than

that of parallel structures. For the sequences with differ-

ent loop lengths at the same loop position, the longer the

loop, the less stable the structure. Furthermore, after

the addition of flanking nucleotides, the stability of all

the sequences decreased, especially for DT1 and DT5

(Figure 7b). For the stability of L2Tn under different

Na+ concentrations (Figure 7c), we found that the longer

Figure 5 | Monitoring the evolution over time of the L2T4 sequence upon addition of 600 mM NaCl. (a) Time-

dependent CD spectra of L2T4 initially in 0 mM Na+ (black) after addition of 600 mM NaCl. Experiments were

performed at 4 °C. (b) Time evolution of the ellipticity at 4 °C at different wavelengths. (c) Time evolution of the CD at

263 nm at three different temperatures. (d) Schematic illustration for the reaction of L2T4 with 600 mM Na+ at 4 °C.

The arrows in panels b and c indicate the initial ellipticity values of L2T4 at different wavelengths in the absence of Na+.
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the loop, the lower the stability. For the same sequence,

the higher the Na+ concentration, the higher the stability.

When we investigated the influence of total loop length

on stability (Figure 7d), we observed a similar rule: the

longer the total loop length, the lower the thermal sta-

bility, at least up to 800 mM Na+. In summary, with an

increase in loop length (single or total loop length), the

thermal stability of G4 decreased; the higher the concen-

tration of Na+, the higher the Tm. When the total loop

length is the same, the thermal stability of parallel G4 is

not necessarily higher than that of nonparallel G4.

Overall analysis of the G4 topology switches

Considering the wide application of nonclassical nucleic

acid structures in different fields, controlling G4 topology

and developing strategies to switch between different

structures is particularly important. Here, starting from

(G3T)3G3 as the parent chain, we used five different

approaches to obtain a structural switch from parallel

to hybrid, to antiparallel, and thenback toparallel. Among

these strategies, some are universal, such as the flanking

effect and theNa+/K+ ion switch, while others are context-

dependent. For example, the loop length-dependent

effect is not only loop position-dependent, but also com-

position-dependent. Through a systematic study, we only

finda loop length-dependenteffectwhenthesecond loop

is composed of thymines, and the other two loops involve

a single thymine. Otherwise, the G-rich sequences all

adopt a parallel conformation. Our findings challenge the

current assumption that G4-forming sequences based on

two single-base loops tend to form parallel G4 structures

in both K+ and Na+ ions.52,57–59 Herein, we found that a

single-nucleotide loop on both sides and a long loop

sequence in themiddlewould formanonparallel structure

in a certain concentration of Na+, and this phenomenon

depends on the composition and length of the second

loop and the type and concentration of cation. For the

flanking effect, although it has been reported that the

existence of terminal nucleotides may affect the stability

of G4 structure or participate in the formation of nonclas-

sicalG4 structure, the effect offlanking nucleotides onG4

structure has not been systematically investigated, and

Figure 6 | G4 conformation transition regulated by sodium–potassium exchange. (a) Schematic illustration of the

Na+/K+ switch. (b) CD titration of 5 μM L2T4 solution containing NaCl (50 mM) by KCl (0–10 mM). Arrows indicate

the potassium-dependent evolution of the characteristic bands. (c) Plots of the potassium-dependent evolution of the

three characteristic CD bands. (d) Time-dependent CD spectra of L2T4 in 50mMNa+ after addition of 1 mMKCl, at 4 °C.

Insert: time-dependent evolution of the characteristic band at 263 nm.
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most cases are limited to the human telomere G4s.40–48

Here, we found that the presence of flanking nucleotides

can transform a nonparallel G4 into a parallel one. In

addition, metastable kinetic intermediates were identi-

fied. For example, the L2T4 sequence quickly (within

seconds) folds from a random coil state into an antiparal-

lel structure when 600mMNa+ was added, but the struc-

ture is not thermodynamically stable, as it then slowly

(within a few hours) converts to a parallel structure.

This observation paves theway for the real-timemonitor-

ing of the G4 folding process in combination with other

technologies60 such as mass spectrometry61 or single-

molecule fluorescence analysis.62 The tracking process

can also apply to the Na+/K+ ion switch, which also takes

around 1 h for a complete conversion. Our systematic

study not only analyzes the influence of sequence com-

position, but also the influence ofmetal ion concentration

and nature on the structure of the quadruplex, which is

important for the construction of molecular machines,

switches, and biosensors.

Importantly, these experimental observations are the

consequences of the basic properties of G4-folding

landscapes63 and we show that the observed trends

are neither random nor accidental, as explained in the

following paragraphs.

Why can L2T4 and related sequences adopt a
nonparallel arrangement?

Our investigations started with the parent sequence

GGGTGGGTGGGTGGG. Since the sequence implies

(assuming an intramolecular three-quartet G4) three

single-nucleotide loops, it decisively imposes a parallel-

stranded fold. We then systematically explored modifi-

cations of these three loops, one at a time. Sequences

with two single nucleotide loops are also generally

known to favor parallel-stranded G4s52; however, a few

nonparallel folds with two propeller loops are also po-

tentially compatible with them (see below). Indeed, for

the L2Tn sequences, our experiments reveal nonparallel

ensembles, which are most apparent in the L2T4 system.

This may be explained by the formation of a very stable

four-thymine diagonal loop. This well-structured loop is

known from atomistic structures of the Oxytricha nova

[GGGGTTTTGGGG]2 bimolecular G4, which have been

determined and are available in the PDB database.64 A

centrally positioned T4 loop has been recently used by

Dvorkin et al.65 to stabilize an antiparallel G4 topology

involving a middle diagonal loop. For the GGGTT

TGGGTTTTGGGAGGG sequence, they reported an atom-

istic antiparallel diagonal loop structure containing a

presumably destabilizing lateral single-nucleotide A1

Figure 7 | Thermal stabilities (Tm) of G4s with different loops or flanking sequences at various sodium concentrations.

(a) Melting temperature for sequences with different loop composition in 100 mM Na+. (b) Melting temperature

differences (ΔTm) for L2Tn with different flanking nucleotides, compared with L2Tn, at 100 mM Na+. Melting

temperature (Tm) for (c) L2Tn and (d) sequences with different total loop length at different concentration

of Na+. Missing values (in grey) in panels b and c indicate that Tm values are too low to be determined.
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loop in the L3 position (PDB ID: 5J05). Our study deals

with different sequences, is primarily focused on

parallel-stranded G4 ensembles, and demonstrates that

the T4 L2 loop may overturn the expected parallel topo-

logy. Altogether, these data suggest that a centrally

positioned diagonal T4 loop is a highly stabilizing ele-

ment that can decisively regulate G4 topologies.We note

that the antiparallel G4 topology populated in our experi-

ments is not necessarily identical to the 5J05 fold (in

which the three loops are lateral–diagonal–lateral, that

is, topology 11a in Supporting Information Figure S14,

according to the formalism developed byWebba da Silva

and colleagues65), as there are four other allowable topo-

logies (topologies 5a, 10a, 11b, and 13b) that contain a

diagonal L2 loop, including one with L1 and L3 “right”66

propeller loops (folding topology 5a in Supporting

Information Figure S14). Available experimental struc-

tures show that the T4 L2 prefers diagonal loop topolo-

gies, in which the preceding G-stretch neighbors a wide

and medium groove, and the succeeding G-stretch

neighbors a medium and narrow groove. This suggests

that the structures 5a and 11a are the best candidates

for the L2T4 system. In our study, we identify possible

topologies using the Webba da Silva framework in

which 26 different folds were originally proposed,53 after

removing 12 unlikely folds involving propeller loops

having the wrong direction across the medium groove

(“left” loops). Then we are left with 14 “allowable” con-

formations (details are shown in Supporting Information

Figure S14).65–67

Dvorkin et al.65 suggest that the T4 diagonal loop

arrangement is stabilized by stacking of the third thymine

with the counter clockwise-positioned G adopting a syn

orientation.Wepropose that yet another factor stabilizing

the diagonal T4 loop is the unique cation-binding site at

the stem-loop junction, which is clearly visible in the

Oxytricha nova G4 X-ray structure.64 The ion-binding site

is formed by the outer G-quartet and the thymines. Its role

is supported by our observation that L2An sequences do

not shift the balance from parallel ensemble to the non-

parallel one. Adenines can form efficient stacking inter-

actions but lack the carbonyl groups necessary to

coordinate the ions.

Our experiments show that a middle T4 loop brings the

most decisive stabilization of the nonparallel ensemble,

while longer L2 thymidine loops (up to ∼T10) as well as a

middle T3 loop have a more limited impact. This obser-

vation suggests that these loops, for which structures are

not known, may also form a stem-loop ion binding site.

Figure 7a shows a clear stabilizing effect of the L2Tn

loops (relative to L1Tn and L2Tn) for n = 3–6. The involve-

ment of diagonal L2 loops in stabilizing the nonparallel

ensembles is supported by observation that no such

effect occurs for the L1Tn and L3Tn sequences, where

the remaining two loops are single-nucleotide. This can

easily be explained within the framework defined by

Webba da Silva and colleagues65: among the possible

G4 conformations, there is no suitable G4 topology

having a single diagonal loop present either in the L1 or

L3 position (one of the other loops needs to be diagonal

as well, Supporting Information Figure S14, and single

nucleotide loops are too short to allow this diagonal

conformation).

How can the sequence L2T4 act as a
cation-sensitive G-switch?

We show that replacing Na+ by K+ leads to a decisive shift

of the equilibrium ensemble of L2T4 from nonparallel

(presumably antiparallel) topology(ies) to the parallel

one. The same effect is achieved by increasing Na+ con-

centration. We propose that this G-switch could be

explained by a general difference between the folding

landscapes of parallel-stranded and nonparallel G4 folds.

The first condition to have a G-switch is that there are at

least two distinct competing conformational ensembles

that are close in free energy,63,68 although under specific

conditions, some of them can be below the experimental

detection limits. The opposing structural preferences by

the central T4 loop (favoring a diagonal loop) and the two

single-nucleotide loops (favoring parallel-stranded con-

formations) create such a scenario. The second condition

is that the ensembles respond differently to changes in

one external parameter. Past molecular dynamics (MD)

simulation studies predicted that the folding pathway

(funnel) of three-quartet parallel-stranded G4 includes

on-pathway two-quartet intermediates with strand-slip-

page.69,70 The existence of strand-slipped structures has

been subsequently assumed in diverse experimental

studies.71–75 The parallel two-quartet intermediates en-

semble would bridge the full stem with the unfolded

ensemble. It can be transformed to the full stem by

straightforward sliding of the G-strands along the stem

with no G-strand unbinding.69,70 Analogous on-pathway

intermediates are absent for all antiparallel and hybrid

G4 folding pathways, since the simultaneous presence

of anti and syn Gs in these folds blocks G-strand

sliding.67,68,70 Thus, two-quartet nonparallel structures

can also be formed, but they would act as off-pathway

folding intermediates for nonparallel structures. In

Supporting Information Figure S12, we present a simple

kinetic model illustrating how the G-switch can operate.

The model assumes that the unique two-quartet parallel

stranded on-pathway intermediate of the parallel-

stranded ensemble is more sensitive to the degree

of cation stabilization than any other species on the

free-energy landscape. While direct experimental

detection of this species would be quite challenging

given its transient nature, this assumption is consistent

with recent MD simulations of diverse truncated G4

structures and folding intermediates76 and experimental

and theoretical data acquired for sequences able to
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form two-quartet G4s only.77 The available experimental

and theoretical data thus provide solid indirect evidence

that allows us to construct the kinetic model explaining

our experimental observations (more details and discus-

sion are shown in Supporting Information Figure S12).

Our experiments further show that folding of the L2T4

sequence into parallel conformation(s) is slow, even un-

der high concentration of cation. The experiments indi-

cate that this sequence initially populates a nonparallel

ensemble which then slowly transitions to the parallel-

stranded one. Such behavior is a hallmark of kinetic

partitioning of the folding landscape.67,68,78–81 The thermo-

dynamically less stable ensemble of nonparallel structure

is kinetically more easily accessible from the starting

unfolded ensemble than the thermodynamically more

stable parallel-stranded one. Thus, the nonparallel en-

semble dominates after the initial phase of the folding,

which is followed by a second phase consisting in the

transformation into the parallel ensemble. The second

phase is slow due to the long lifetimes of the initially

folded G4 species.63,79 The faster kinetic accessibility of

the nonparallel ensemble could be rationalized by (1) as-

suming faster formation and larger populations of tran-

sient structures with antiparallel G-hairpins compared to

parallel G-hairpins, and (2) their involvement in directing

the very initial transitory phase of the folding preceding

formation of the G-quartets.63,79 The former suggestion is

supported by MD simulations comparing folding proper-

ties of antiparallel and parallel G-hairpins.79,82 The com-

plexity of the G4 conformational conversion process is

also demonstrated by nuclear magnetic resonance

data, which imply the existence of various topologies

in the transformation process, making the analysis of

the folding process difficult (Supporting Information

Figure S15).

Conclusion
Herein, through a common template chain and various

triggers, we controlled G4 topology by selecting an

appropriate primary sequence (loop position, length, and

composition; presence or absence of terminal nucleo-

tides) and external stimuli (type and concentration of

metal ions and presence of molecular crowding). The

structural conversion processes we report should help

to understand the formation and transformation of dif-

ferent G4 conformationswith the synergistical regulation

of various factors and to design molecular machines or

sensors with precise control, for example, for label-free

aptasensor platforms.83

Supporting Information
Supporting Information is available and includes the

sequences of oligonucleotides, the CD spectra and HPLC

profiles of G4s, detailed kinetic simulations, and G4

structural analysis.
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