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Mechanisms for Different DNA
G-quadruplexes

Xue Wu, Peijun Xu, Jinguang Wang, Yong Xu, Ting Fu,
Meixia Zhao, Depeng Zhang, Jiahui Liu, Hujun Shen,
Zhilong Xiu and Guohui Li

Abstract The G-quadruplex DNA formed by the stack of guanines in human
telomere sequence is a promising anticancer target. In this study we used the
energy landscape theory to elucidate the folding mechanisms for the thrombin
aptamer, Form 1 and Form 3 G-quadruplexes. The three G-quadruplexes were
simulated with all-atom Go-model. Results show that, the three G-quadruplexes
fold through a two-state mechanism. In the initial stage of the folding process, the
compact structures are formed. The G-quadruplexes need to form G-triplex
structures on the basis of the compact structures before folding to the native states.
The folding free energy barrier of Form 3 G-quadruplex is higher than thrombin
aptamer and Form 1, which shows that the structure of Form 3 G-quadruplex has
more stability than the other two G-quadruplexes.
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10.1 Introduction

Telomere, a nucleoprotein complex, is located at the ends of linear eukaryotic
chromosomes. It is important for maintaining the chromosomal stability and the
integrity of the genome [1, 2]. In the process of the replication of eukaryotic
chromosomes packed by the DNA, the ends of telomeric DNA cannot be copied by
DNA polymerase, which is due to lack of a template strand in the extreme 3’ end
of a DNA sequence [3, 4]. As a result, the 3’ end of telomeric DNA is eroded, and
the telomeric DNA is shortened without compensation mechanism. Nevertheless,
the telomeric DNA in the tumour cell is not shortened during the replication. The
telomerase is important for maintaining the stability and integrity of the telomeric
DNA in most of proliferating tumour cells [5]. It is interesting to study the telo-
mere and telomerase because of the difference between the somatic and tumour
cells for the maintenance of telomere. Human telomeric DNA is composed of
thousands of tandem repeats of the guanine-rich sequences, and the 3’-end over-
hangs 100-200 nt [6]. The G-quadruplex structures can be built from the vertical
stacking of planar G - G - G - G tetrads in the G-rich DNA sequences in vitro, and
this structures have been found in the telomeric sequences and telomeres [7—11].
The activity of telomerase is inhibited by these structures, so the G-quadruplexes
in human telomere sequences are the promising anticancer targets. It is meaningful
to study these structures as the promising anticancer targets, and the research about
the folding of nucleic acids is useful to understand the biological natures, so here
we study the folding dynamics for DNA tetraplex.

To date, there have been reported various G-quadruplex structures [12, 13]. The
NMR structure of intramolecular quadruplex formed by four repeats of d(TTAGGG)
in the Na(+)-containing solution have been reported [9]. In this structure, three G-
quartets are held together by strands in the alternating orientations, and two lateral
loops and a central diagonal loop connect these G-quartets. Under approximately
physiological ionic conditions, the G-quadruplex has a different conformation in
present of the K+ solution comparing with the structure in Na+ solution. In the K+
solution, this crystal structure is consisted of all four parallel strands [12]. The
thrombin aptamer sequence d(GGTTGGTGTGGTTGG) could form a G-quadru-
plex structure in the K+ solution, and this structure is composed of two guanine
quartets connected by two T-T loops and a T-G-T loop [14]. The human telomeric
DNA in physiologically was observed to form the (3 + 1) G-quadruplex topology
(Form 1 and Form 2) in K+ solution, and this structure is consisted of three strands
oriented in one direction and the fourth in the opposite direction [15, 16]. Both Form
1 and Form 2 contain one double-chain-reversal and two edgewise T-T-A loops, but
the two structures differ in loop arrangement. Furthermore, a novel G-quadruplex
fold (Form 3) has been found in K+ solution, and this structure is a basket-type
G-quadruplex with two G-tetrad layers [17].

For better understanding the structure and biological nature, the investigation of
the folding dynamics for G-quadruplex structures is needed. The stopped-flow
mixing coupled with rapid wavelength scanning method was used to study the
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folding dynamics for G-quadruplexes [18]. The folding of G-quadruplex structures
from the G-rich oligonucleotides may be via intermediates. Some reports about the
G-quadruplexes were shown a triplex structure which was important for the for-
mation of G-quadruplex [19, 20]. The theoretical research has been used to study the
folding dynamics of G-quadruplexes. A thrombin-bind DNA aptamer was investi-
gated by replica exchange molecular dynamics simulation method at the all-atom
level for giving more insight into its fold in atomic detail [21]. Though the structure
and the folding of G-quadruplexes have been investigated, how this molecule
overcoming the energy barrier folds from the G-rich oligonucleotide to the correct
G-quadruplex topology still needs to be investigated. Here we used a different
approach from these studies to discuss the folding mechanisms of G-quadruplexes.
The folding routes of a well-designed sequence with the reduced effect of the local
trap may be determined by the shape of this molecule and the chain connectivity of
its backbone [22]. So the structure-based model can capture the essential folding
features through isolating the effect of topology and removing all non-native ener-
getic trap [23-25]. In the folding process, the energy landscape directs the folding of
protein from unfolded state to the native state, the pattern of contacts directs the
diverse sizes and shapes of the free energy barriers, and the native contacts may be
more favorable than the nonnative contacts [26—28]. The DNA molecules have been
studied widely [29-31], and this structure-based model has been used for the folding
of nucleic acid in theory [32-34]. So here we used the all-atom structure-based
model to study the folding pathways of thrombin-bind DNA aptamer, Form 1 and
Form 3 G-quadruplexes. The PDB entries for thrombin-bind DNA aptamer, Form 1
and Form 3 G-quadruplexes are 148d, 2jsm and 2kf8, respectively. The study for the
folding of the three G-quadruplexes demonstrated that all the three G-quadruplexes
had a two-state folding behavior. In the folding process, the thrombin aptamer
formed the two T-T loops firstly, and then the two G-quartets stacked together by the
native contacts between the two ends. The Form 1 and Form 3 G-quadruplexes
needed to form the compact structures first, and then through forming the G-triplex
structures to fold into the native states. The energy barrier of Form 3 was higher than
the other two G-quadruplexes, which may explain the reason that the stability of
Form 3 G-quadruplex is higher than the other two G-quadruplexes.

10.2 Results and Discussion

The thrombin aptamer is consisted of two stacked G-quartets (Fig. 10.1a).
Two T-T loops at the two ends and one T-G-T loop link the two G-quartets.
The guanines in the two G-quartets have the alternative glycoside orientations.
The two G-quartets compose of Glsyn - G6anti - G10syn - G15anti and
G2anti - G5syn - Gllanti - Gl4syn [14]. The Form 1, a (3 + 1) quadruplex,is
consisted of one anti - syn - syn - syn and two syn - anti - anti - anti G-tetrads
(Fig. 10.1b). This G-quadruplex has one narrow, one wide and two medium
grooves, and the double-chain-reversal loop is located in a medium groove
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(d)

Thrombin aptamer - - - GGTTGGTGT --- GGTTGG ---
Form 1 TAGGGTTAGGGTTAGGGTTAGGG-
Form 3 - - GGGTTAGGGTTAGGGTTAGGGT

Fig. 10.1 The secondary structures and sequences alignment for thrombin aptamer, Form 1 and
Form 3 G-quadruplexes. a Thrombin aptamer ribbon diagram. b The ribbon diagram for Form 1
G-quadruplex. ¢ Form 3 G-quadruplex ribbon diagram. d Sequences alignment for thrombin
aptamer, Form 1 and Form 3 G-quadruplexes. These guanines form the G-quartets in the three
G-quadruplexes marked in red

[16]. The Form 3 G-quadruplex structure has two layers of G-tetrads like the
thrombin aptamer, but forms antiparallel-stranded basket-type structure
(Fig. 10.1c). The glycosidic conformations of guanines in the two G-tetrads
are Glsyn - Gl4syn - G20anti - G8anti and G2anti - G15anti - G19syn - G7syn.
Form 3 has one diagonal and two edgewise loops.

10.2.1 Transition States in All-Atom Go-Model

Thrombin aptamer. The free energy as a function of the number of native contact
at folding temperature is shown in Fig. 10.3a. There are two basins corresponding
to the folded and denatured states. The two states are separated by a free energy
barrier as the transition state near the number of native contact of ~0.5. The
transition state is defined as the state that near the maximum free energy as a
function of the number of native contact [35]. The temperature wasn’t defined as
the usual Boltzmann constant but an arbitrary chosen constant in this study. The
native contact maps for thrombin aptamer is shown in Fig. 10.2a. Comparing with
the native state, the structures in the transition state have been formed some of the
native contacts. In the transition state, the native contacts between G2 and G5, G1
and G6, G11 and G14, and G10 and G15 at the two ends were formed. Between
G5 - G6 and G10 - G11, the native contacts G5-G11 and G6-G10 were appeared.
In this state the native contacts in the T7-G8-T9 loop were formed. Some
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Fig. 10.2 Native contact maps for a thrombin aptamer, b Form 1 G-quadruplex and ¢ Form 3
G-quadruplex. The left maps show the native contacts in native states, and the right maps present
the native contacts in transition states for the three G-quadruplexes

structures formed the native contacts G2-G14, G1-G15, and T4-T13 between the
loops of the two ends, but these native contacts had low probability than the other
native contacts in the two G-tetrads. So in the transition state part of structures
formed most of the native contacts, but most of the structures only presented the
native contacts G2-G5, G1-G6, G11-G14, and G10-G15 at the two ends. Before
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reaching to the native state, the G-triplex structures were found, which were
formed by the native contacts G5-G11 and G6-G10 and the native contacts at the
two ends.

10.2.2 Form 1 G-quadruplex

The free energy as a function of the number of native contact at folding temperature is
shown in Fig. 10.4a. Two basins corresponding to the folded and denatured states are
presented like the thrombin aptamer. The denatured states have the number of native
contact of ~0.15, and the number of native contact in the folded state is near 0.65.
The transition state with the number of native contact of ~0.35 separates the folded
state and denatured state. The native contact maps of the structures in the native and
transition states are shown in Fig. 10.2b. The contact map of the transition state had
only two regions, so some of the native contacts weren’t formed. One of the regions in
the contact map had the native contacts G3-G21 and G4-G22 at the two ends of Form
1 G-quadruplex. At one end of the G-quadruplex, the native contacts G17-G21,
G16-G22, and G15-G23 were appeared at the transition state. In the transitions state,
the Form 1 G-quadruplex folded into the compact structure through forming the
native contacts between the two ends. The native contacts A2-T19 and A2-A20
stabilized this compact structure. The native contact T18-A20 also stabilized this
structure. The G9-G10-G11 strand did not stack with the other three strands. So the
G-triplex structures were formed in the transition state, and these structures included
the formed native contacts G3-G21, G4-G22, G17-G21, G16-G22, and G15-G23.

10.2.3 Form 3 G-quadruplex

The free energy as a function of native contact at the folding temperature is shown
in Fig. 10.5a. There are two basins corresponding to the folded and denatured states
like thrombin aptamer and form 1 G-quadruplex. The folded state has the number of
native contact of ~0.7, and the number of native contact in the denatured state is
around 0.15. The transition state with the number of native contact of ~0.3 sep-
arates the folded and denatured states. The native contact maps of the folded and
transition states for Form 3 G-quadruplex are shown in Fig. 10.2c. Comparing with
the native state, the some of the native contacts were formed at the transition state.
The native contacts G1-G14 and G2-G15 were appeared at the transition state. Few
structures in the transition state had native contacts G1-G8 and G2-G7. The native
contact between G3 and T5 was appeared in the transition state. This native contact
may stabilize the loop at one end, and promote the formation of the native contacts
G1-G14 and G2-G15. The native contact G3-A18 was formed in the loop at one
end, but the high probability of this native contact did not promote the formation of
native contacts G14-G20 and G15-G19. The structures were compact at transition
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state, and the native contacts T5-T17 and T5-A18 were good for the formation of
these compact structures. The native contact between G9 and T11 was appeared,
and this contact was benefit to the formation of native contacts G1-G14, G2-G15,
G1-G8 and G2-G7. All the above, few structures in the transition state showed the
G-triplex conformations formed by the native contacts G1-G14, G2-G15, G1-G8
and G2-G7, but most of the structures had native contacts G1-G14 and G2-G15
between the loops of the two ends.

10.2.4 The Folding Pathway of G-quadruplexes

Thrombin aptamer. The constant temperature simulations of thrombin aptamer
were performed at folding temperature. The landscape for free energy as a function
of the number of native contact and the Ca root-mean-square deviation (RMSD) is
shown in Fig. 10.3b. In the folding process, the RMSD decreased as an increasing
number of native contact, and the RMSD didn’t have the sharp change. The
transition state with the native contact of ~0.5 separates the two folded and
denatured regions. The free energy landscape as a function of the number of native
contact and the radius of gyration is shown in Fig. 10.3c. The L-shaped landscape
indicated that the radius of gyration decreased sharply in the initial stage of the
folding process, when the structure reached the transition state with the number of
native contact of ~0.5, the radius of gyration decreased little further. So in the
initial stage of the folding process, the compact structures were formed. The
Fig. 10.3d is shown for the free energy landscape as a function of the number of
native contact and the distance between 5’-end and 3’-end. In the initial stage of the
folding process, the distance between 5’-end and 3’-end decreased sharply, so the
5'-end and the 3’-end was in close distance, and this G-rich oligonucleotide has
formed a compact structure. After transition state the number of native contact
increased rapidly as the slowly decreasing distance between the 5'-end and the
3’-end, and the two ends was in short-distance as the native state. So the unfolded
state were formed a compact structure first through the stack between the 5’ and 3’
ends. More details on the folding mechanism can be derived from the free energy
landscape as a function of the number of native contact and the relative contact
order (RCO) parameter (Fig. 10.3e). The relative contact order was defined as a
function of the distance between two residues that formed native contact [36]. Two
regions as the denatured and folded states were shown in this plot. The unfolded
region had the RCO value of ~ 0.3, the number of native contact of the unfolded
region was inferior to 0.4, and the folded region with the RCO of ~ 0.5 presented
the number of native contact higher than 0.6. In the folding process, the RCO
increased as the increasing number of native contact, so the local native contacts
were important for the initial stage of the folding process. With the increasing
number of native contact the non-local native contacts were increased, so the local
native contacts may promote the stack of the local structures, and then stabilized
the whole structure with non-local native contacts.
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Fig. 10.3 Folding routes for thrombin aptamer. a Free energy is plotted as a function of the
number of native contact. b—f The free energy landscapes as a function of various quantities at
folding temperature: T = 115
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The typical structures for the folding process are shown in Fig. 10.6a. The two
ends of the unfolded structure folded to the native state firstly, but the native
contacts G5-G11 and G6-G10 were not formed. The native contacts in the region
of loop T7-G8-T9 were formed in the denatured state, and were stable in the whole
folding process. The native contacts in the two ends were not formed, but the
compact structures were appeared through forming the native contacts in the T7-
G8-T9 loop. So the local native contacts had the main contribution for the compact
structures. After the native contacts at the two ends formed, the native contacts
G5-G11 and G6-G10 were appeared, at this time the G-triplex was formed by the
native contacts G1-G6, G2-G5, G6-G10, G5-G11, G11-G14, and G10-G15. The
native contacts G2-G14 and G1-G15 were the last formed in the G-tetrads, and
these native contacts made the two ends stack together. In the experimental study,
two-state folding process was found, the two ends folded firstly, and G-triplex
structures were needed for the formation of the native state [37]. This folding
process studied by the all-atom Gd-model is consistent with the conclusion of the
experimental research. In the folding process, the native contacts in the loops
contributed to the formation of the G-tetrads. The free energy landscape as the
function of the number of native contact in the two G-triplexes is shown in
Fig. 10.3(F). The Gl and G2 represent the native contacts of the G-quartets
Gl - G6 - G10 - G15 and G2 - G5 - G11 - Gl4, respectively. The number of
native contact in G1 increased rapidly as an increasing number of native contact of
G2 before folding to the native state, so the native contacts in G1 may be formed
prior to G2. The local native contacts formed in these loops also promoted the
formation of the compact structure, and the native contact T4-T13 between the
loops at the two ends stabilized the compact structure. After the formation of
G-triplex structure the two ends stacked together and folded to the native state.

10.2.5 Form 1 G-quadruplex

We used constant temperature simulations for Form 1 G-quadruplex at folding
temperature. The free energy landscape as a function of the number of native contact
and the RMSD is shown in Fig. 10.4b. The RMSD decreased sharply with slowly
increasing the number of native contacts, and after the number of native contact
reached ~0.4, the RMSD decreased little further. The transition area with the
number of native contact of ~ 0.3 separates the two regions of folded and denatured
states. The Fig. 10.4c is shown for the free energy as a function of the number of
native contact and the radius of gyration. The L-shaped landscape showed the radius
of gyration for the integral G-quadruplex was decreased rapidly with an increasing
number of native contact, but once the number of native contact reached ~ 0.3 the
radius of gyration decreased little further. In the initial stage of the folding process,
the sharply decreased radius of gyration implied the unfolded G-quadruplex formed
a compact structure, which was regarded as a basis for folding to the native state. The
landscape of the free energy as a function of the number of native contact and the
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Fig. 10.4 Folding routes for Form 1 G-quadruplex. a The free energy as a function of the
number of native contact. b—g Free energy as a function of two coordinates at folding
temperature: T = 105

distance between 5'-end and 3’-end is shown in Fig. 10.4d. In this plot, the distance
between 5’-end and 3'-end was decreased sharply in the initial stage of the folding
process, and the closeness between the two ends made the unfolded state have a
compact structure. After the formation of the compact structure with the number of
native contact ~ 0.3 the distance between the two ends decreased little further. The
transition state with the distance between 5’-end and 3’-end of ~ 2 nm separates the
two regions of the folded and denatured states. The distance between the two ends in
the folded state was lower than 2 nm, and the distance in denatured state was higher
than 2.5 nm. More detailed about the folding mechanism can be derived from the
free energy landscape of a function of the number of native contact and RCO
parameter (Fig. 10.4e). In the folding process, the RCO increased with an increasing
number of native contact, but this plot didn’t show the sharply increasing RCO. The
transition state with the RCO of ~ 0.1 separates the folded and denatured states. The
RCO in the folded state was higher than 0.2, and the number of native contact was
higher than 0.6. The denatured state had the RCO of ~0.01 and the number of native
contact ~0.2. In the denatured state, the RCO increased with an increasing the
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number of native contact, so the local native contacts had the main contribution for
the formation of the compact structure in the initial stage of the folding process.
After the compact structure formed, the RCO was increased because of the
increasing non-local native contacts. Hence the local native contacts promoted
the formation of the compact structure like thrombin aptamer G-quadruplex, and the
non-local native contacts further contributed to the formation of the native structure.

The folding process with the typical structures is shown in Fig. 10.6b. The
starting structure was unfolded. In the initial stage of the folding process a compact
structure was formed. The native contacts in the 3’-end were formed firstly, and the
native contacts G17-G21, G16-G20, and G15-G23 were appeared. The loop
T18-T19-A20 had fewer native contacts in the denatured state, and the loops in the
regions T6-T7-A8 and T12-T13-A14 were formed in the denatured state and stable
in the folding process. The native contacts in the loop TI18-T19-A20 were
increased with the formation of the G-triplex at 3’-end. After forming the native
contacts at the 3’-end, the native contacts between 5’-end and 3’-end were formed,
and the compact structure was appeared. In the process of forming the compact
structure, the local native contacts were important, which implied the native
contacts in loop regions may have the main contribution for this structure.
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The formation of the native contacts in these loops drew the 5’-end and the 3’-end
toward each other, so the two ends could have the chance to form the native
contacts. The G1, G2 and G3 represent the three G-quartets G3 - G9 - G17 - G21,
G4 - G10-G16 - G22 and G5 - G11 - G15 - G23, respectively. The landscape of the
number of native contact of G1 and G2 is shown in Fig. 10.4f, and the landscape
for the number of native contact of G1 and G3 is shown in Fig. 10.4g. The number
of native contact of G1 increased as the increasing number of native contact of G2,
and this change trend is the same as the landscape of the number of native contact
of G1 and G3. Hence, the three G-quartets may be formed in the same time. The
compact structure had the native contacts at the two ends, and the strand of G9-
G10-G11 didn’t stack with the other strands. The native contacts G3-G21, G4-
G22, G17-G21, G16-G22, and G15-G23 formed a G-triplex structure, and then this
structure folded to the native state through stacking the strand G9-G10-G11 with
the other three strands.

10.2.6 Form 3 G-quadruplex

The constant temperature simulations at the folding temperature were used for Form
3 G-quadruplex. The free energy landscape as a function of the number of native
contact and RMSD is shown in Fig. 10.5b. In the initial stage of the folding process,
the RMSD decreased sharply as an increasing number of native contact, but once the
number of native contact of ~(.3 was fromed the RMSD decreased little further.
The transition state with the number of native contact of ~ 0.3 separates two regions
of the folded and denatured states, and the folded state had the number of native
contact of ~0.8. InFig. 10.5c, the free energy landscape as a function of the number
of native contact and radius of gyration of the whole molecule for Form 3
G-quadruplex is shown. The L-shaped landscape implied that the radius of gyration
decreased rapidly with an increasing number of native contact, after the number of
native contact reached ~ 0.3, the radius of gyration decreased little further. The
transition state with the radius of gyration of ~ 1.2 nm separates the folded and
denatured states in this landscape. Hence, the unfolded state of this G-quadruplex
formed a compact structure in the initial stage of the folding process, and then
through adjusting this conformation to fold into the native state. The landscape as a
function of the number of native contact and the distance between 5’-end and 3’-end
at the folding temperature is presented in Fig. 10.5d. In this L-shaped landscape, the
distance between the two ends decreased sharply with an increasing number of
native contact, after the number of native contact got up to ~0.3 the distance
decreased little further. The transition state with the distance between the two ends
of ~2 nm separates folded and denatured states in this L-shaped landscape. In the
initial stage of the folding process, the 5'-end was closed to 3’-end for the formation
of a compact structure. The Fig. 10.5e presents the free energy landscape as a
function of the number of native contact and RCO parameter at the folding tem-
perature. The RCO increased sharply with an increasing number of native contact
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until the number of native contact reached ~ 0.3 in the initial stage of the folding
process. The transition state with the RCO of ~0.25 divided the two regions of
folded and denatured states in this landscape. In the initial stage of the folding
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process, the compact structure was formed, so the local native contacts had the main
contribution for this process. The RCO increased sharply in the denatured state, so
the contribution for the formation of the compact structure can’t eliminate the non-
local native contacts. These non-local native contacts may be mainly come from the
native contacts between the 5’-end and one strand.

The snapshots for the folding process are shown in Fig. 10.6¢c. The starting
structure was unfolded. The compact structure was formed in the initial stage of the
folding process like Form 1 G-quadruplex. The free energy landscape as a function of
the number of native contact of Gl (GI -G8 G20 -Gl4) and G2
(G2 - G7 - G19 - G15) is shown in Fig. 10.5f. The number of native contact of G1
increased as an increasing number of native contact of G2. So the two G-quartets may
be formed in the same time. The native contacts in loop G9-T10-T11-A12-G13 were
formed in the denatured state with high probability. The loops G3-T4-T5-A6 and
T16-T17-A18 formed fewer native contacts comparing with the loop G9-T10-T11-
A12-G13. The formed native contacts especially the native contacts in loop G9-T10-
T11-A12-G13 contributed to the formation of the compact structure in the initial
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Fig. 10.6 The folding pathways for a thrombin aptamer, b Form 1 G-quadruplex and ¢ Form 3
G-quadruplex. The unfolded G-quadruplexes fold into the compact structures, and then through
folding into the G-triplex structures to form the native structures
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stage of the folding process. The native contacts G1-G14 and G2-G15 constituted the
compact structure, and the native contacts in loop G9-T10-T11-A12-G13 could
stabilize this structure. After forming the compact structure, the native contacts G1-
G8 and G2-G7 were formed at the 5’-end. Hence, in this stage the G-triplex was
formed by native contacts G1-G8, G2-G7, G1-G14 and G2-G15. The 3’-end of the
Form 3 G-quadruplex was loose comparing with the other three strands. After the
3’-end stacking with the other three strands, the native structure was formed.

10.2.7 Comparing the Folding Mechanisms of Thrombin
Aptamer, Form 1 and Form 3 G-quadruplexes

The thrombin aptamer has two G-quartets like the Form 3 G-quadruplex. The
Form 1 G-quadruplex has three G-quartets and folds to the (3 4 1) G-quadruplex.
The Form 3 G-quadruplex only has three different bases in the 5’ and 3’ ends
comparing with Form 1 G-quadruplex but folds to the basket form. Though the
structures of the three G-quadruplexes are obviously different, the folding pro-
cesses for the three G-quadruplexes are similar. A compact structure formed
firstly, and then the G-triplex structure was appeared for folding into the native
state. The compact structure of the thrombin aptamer was formed by the native
contacts in the two ends and the loop between the two ends. The compact structure
was formed by the native contacts between the two ends for Form 1 G-quadruplex.
The Form 3 G-quadruplex had the compact structure formed by the native contacts
between one strand and the 5'-end. The sequences alignment for the three
G-quadruplexes is shown in Fig. 10.1d. In the folding process of thrombin apt-
amer, the native contact between T4 and T13 stabilized the G-triplex, and com-
paring with the Form 3 G-quadruplex the native contact T5-T17 stabilized the
loops at the two ends. The native contact G3-T5 in the G-triplex of Form 3
determined the loop, and the native contact between G9 and T11 gave the con-
tribution for the formation of the loop. The native contacts G1-G14 and G2-G15
were formed in the G-triplex of Form 3, but these native contacts were formed at
the last stage in the folding process of thrombin aptamer. The native contacts in
loop T7-G8-T9 were formed and stable in denatured state, and the native contacts
in the loops of the two ends were existent, so these loops were determined in the
initial stage of the folding process of thrombin aptamer for defining the stacking
way of G-quartets, which was different from Form 3. Some of the native contacts
in loops G9-T10-T11-A12-G13 and T16-T17-A18 of Form 3 were formed in the
denatured state, and most of the native contacts in these loops were formed in
folded state. These native contacts made the 3’-end and one strand in a close
distance, so the compact structure of Form 3 could be formed. Hence, the local
native contacts in these loops have made a difference between thrombin aptamer
and Form 3 for the stacking ways of G-quartets in the denature state. The native
contacts in loop T18-T19-A20 of Form 1 G-quadruplex were appeared, and then
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these local native contacts promoted the formation of the native contacts in the
3/-end. The native contacts in loop G9-T10-T11-A12-G13 of Form 3 for stabi-
lizing this region were higher than the number of the native contact in the
corresponding loop T12-T13-A14 of Form 1, and these native contacts in Form 3
were formed and stable in the denatured state. The formed native contacts in the
loops of Form 1 made the two ends stack together, however the stable native
contacts in the loop G9-T10-T11-A12-G13 of Form 3 promoted the stack between
the 3’-end and one strand of G-triplex. So the local native contacts formed in the
denatured state may impact the folding pathways of G-quadruplexes. The native
contacts T5-T17, G3-A18, G3-A6, and G9-G13 in Form 3 stabilized the G-triplex
structure, and the Form 1 had the native contacts A2-T19 and A2-A20 to stabilize
this G-triplex structure. The folding free energy barrier of Form 1 G-quadruplex
was ~ 0.83 kbT, but the Form 3 G-quadruplex had the free energy barrier higher
than 1.15 kbT. Hence, the Form 3 needs more free energy than the Form 1 for
folding into the native state, and the Form 3 is more stable than the Form 1
G-quadruplex. This result is consistent with experimental studies. In experiment,
the Form 3 G-quadruplex with basket-type fold had high structural stability,
because of the base pairing and the stacking in the loops such as G21 - G9 - G13,
T21 - T11, A6 - G3 - Al8, and T5 - T17 [17]. Here we found the thrombin apt-
amer with free energy barrier of ~0.82 kbT as the Form 1 G-quadruplex may
have lower stability than the Form 3.

10.3 Conclusions

We have simulated thrombin aptamer, form 1 and form 3 G-quadruplexes with all-
atom Go0-model for studying the folding mechanisms for the three G-quadruplexes.
The folding processes of the three G-quadruplexes are similar. The compact
structures were formed in the initial stage of the folding process. The thrombin
aptamer had the compact structure through forming the native contacts in the two
ends and the medium loop. The native contacts in the loops of Form 1 had main
contribution for the formation of the compact structure. The Form 3 had the native
contacts formed between the 5'-end and one strand in order to obtain the compact
structure. The G-triplex structures were formed before folding to the native states
of the three G-quadruplexes. The G-triplex of thrombin aptamer is consisted of the
native contacts G5-G11, G6-G10, G2-G5, G1-G6, G11-G14, and G10-G15. The
G-triplex of Form 1 is composed of the native contacts G3-G21, G4-G22, G17-
G21, G16-G22, and G15-G23. The G-triplex comprises the native contacts G1-
Gl4, G2-G15, G1-G8 and G2-G7 in Form 3 G-quadruplexes. The Form 3 has
higher free energy barrier than the other two G-quadruplex structures, and this
structure has more structural stability.
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10.4 Materials and Methods

All-Atom Go-model. The all-atom G6-model was described previously [34]. This
model is available on a web server [38]. In the all-atom Go-model, all heavy (non-
hydrogen) atoms are explicitly included. A single bead of unit mass represents
each atom. The harmonic potentials were used for restraining the bond length and
angles, and planar dihedrals. The non-bonded atom pairs that are in contact in the
native state, are given attractive 6—12 interactions. Nevertheless, all the other non-
local interactions are repulsive. Gromacs 4.0.7 software package was used for all
simulations [39]. The simulations were started from the unfolded structures. For
obtaining the thermodynamic sampling, more than 30 simulation trajectories were
performed for the three G-quadruplexes at folding temperature. The Weighted
Histogram Analysis Method was used for the calculation of the thermodynamic
quantities [40].

Reaction Coordinates. We used the fraction of native residues in contact as the
reaction coordinate Q. A native contact is defined as any two atoms in different
residues that are within 4 A of each other and separated by at least 3 bonds [34].
A contact between two atoms is formed if this pair distance is within the 1.2 times
their native distance.
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