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ABSTRACT: The discovery of G-quadruplexes and other
DNA secondary elements has increased the structural diversity
of DNA well beyond the ubiquitous double helix. However, it
remains to be determined whether tertiary interactions can
take place in a DNA complex that contains more than one
secondary structure. Using a new data analysis strategy that
exploits the hysteresis region between the mechanical
unfolding and refolding traces obtained by a laser-tweezers
instrument, we now provide the first convincing kinetic and
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thermodynamic evidence that a higher order interaction takes place between a hairpin and a G-quadruplex in a single-stranded
DNA fragment that is found in the promoter region of human telomerase. During the hierarchical unfolding or refolding of the
DNA complex, a 15-nucleotide hairpin serves as a common species among three intermediates. Moreover, either a mutant that
prevents this hairpin formation or the addition of a DNA fragment complementary to the hairpin destroys the cooperative kinetic
events by removing the tertiary interaction mediated by the hairpin. The coexistence of the sequential and the cooperative
refolding events provides direct evidence for a unifying kinetic partition mechanism previously observed only in large proteins
and complex RNA structures. Not only does this result rationalize the current controversial observations for the long-range
interaction in complex single-stranded DNA structures, but also this unexpected complexity in a promoter element provides
additional justification for the biological function of these structures in cells.

B INTRODUCTION

Protein and RNA are well-known to assume tertiary structures
with biological functions. While single-domain proteins show
cooperative, two-state folding and unfolding processes,'
intermediates are more common in the folding and unfolding
of complex proteins?"3 and RNA structures.” In RNA, local
interactions between secondary elements are responsible for
the hierarchical nature of the structure.*” Until recently, in
complete contrast to protein and RNA, it was believed that
DNA serves solely as the repository for genetic information and
does not have direct biological functions. Recent insight into
non-B-DNA structures, such as G-quadruplexes,” is challenging
this stereotypical profile of DNA. There is now compelling
evidence that G-quadruplexes exist naturally in cells,* ' and
they can serve as transcription regulators for various genes,
including ¢-MYC® and ¢KIT."'

G-Quadruplexes, which consist of four runs of two or more
contiguous guanines connected through G-tetrads,"” are found
to be abundant in promoter elements throughout the human
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genome.B Although still controversial,"* in vitro evidence
points to the existence of high-order interactions between
neighboring G-quadruplexes'*'® in single-stranded DNA (ss)
sequences, such as those of telomeres, which can host multiple
G-quadruplexes. This suggests that, like RNA or protein,
tertiary DNA structures may also form. Despite their significant
structural differences, protein and RNA share similar energy
minima in the folding energy landscape representative of a large
molecule.'” This leads to alternative folding pathways for both
species, a process known as the kinetic partition mechanism."”
It would be interesting to see whether this unifying mechanism
can apply to complex DNA structures as well.

Using a mechanical unfolding and refolding approach in a
home-built laser-tweezers instrument,'®'® we have observed a
complex structure in an ssDNA fragment from the core
promoter of human telomerase reverse transcriptase (hTERT).

Received: November 4, 2011
Published: February 28, 2012

dx.doi.org/10.1021/ja21039%h | J. Am. Chem. Soc. 2012, 134, 5157-5164


pubs.acs.org/JACS

Journal of the American Chemical Society

a

[ G-quartet
== G-tract
- ]Lco;) region| Z
| O
g ﬁa\c}-c’\‘;:‘gﬁ_\(&s.ﬁ.ﬁnc-c ,. (l,

"!? .'Giﬁ;sﬁ'WG-GrG-A-C-G-
i

1 1 18

5 3
5-GGGOGCTGLGCCGE

gaccegggagaggtcGEGAL

(@]

Extension (nm)

20 40
Force (pN)

5
i

\8

4

\LRefolding

60 4} roee
2690bp
E dsDNA
< 40 hTERT 5-12 &
Sl G-guadruplex
Q 2028bp
5 20 9s0MA &
2 1064nm e
Biaag WLaser 2P Fla
0

T T T
1400 1500 1600

Extension (nm)

L
1300

Unfolding l,

30 40
Force (pN)

50 0 50

Counts

Figure 1. Cooperative unfolding and refolding in the hTERT S—12 fragment. (a) The structure formed in the hTERT S—12 fragment. (b) Force—
extension curves of a DNA construct that contains the hTERT fragment. Black and red data points (100 Hz bandwidth) represent stretching and
relaxing processes, respectively. The inset shows the experimental setup, in which a single DNA construct is tethered between two beads trapped by
laser tweezers. (c) Extension—force curves show cooperative unfolding (black) and refolding (red) events. (d) Difference in the extension, Ax,
between the unfolding and refolding traces in (c) is converted to the change-in-contour-length (AL) between 10 and 60 pN (the AL—F plot). A
histogram of AL from the AL—F plot is shown to the right. The black curve represents a two-peak Gaussian fitting.

This structure is consistent with that determined by DMS
footprinting and circular dichroism (CD),* which reveals a G-
quadruplex with a long hairpin-containing loop. We have
shown here that unfolding/refolding events of this structure
follow either cooperative or sequential pathways. This
observation directly supports the kinetic partition mechanism
previously seen only in the folding of complex protein®* and
RNA structures.”® Among the three intermediates we have
observed for the sequential unfolding/refolding pathways, the
15-nucleotide (nt) hairpin is the critical species that serves as a
nucleus in the refolding. Removal of this hairpin by mutation or
hybridizing with a complementary strand dramatically reduces
the cooperative unfolding and entirely abrogates the cooper-
ative refolding events. Comparison of the change in free energy
of unfolding (AG,y14) between the sequential and cooperative
pathways reveals a tertiary interaction (~6 kcal/mol) between
the G-quadruplex and the hairpin. The partition of the DNA
complex into a conformation with or without this tertiary
interaction may result in cooperative or sequential unfolding/
refolding pathways. This helps to explain the current
controversial observations on the existence of DNA tertiary
interactions.'*'¢

B RESULTS AND DISCUSSION

The hTERT 5—12 Structure Follows Either Coopera-
tive or Sequential Unfolding/Refolding Pathways. To
investigate the unfolding and refolding processes of a complex
DNA structure with potential tertiary interactions, we focused
on a DNA fragment (Figure la), $-GGG GGC TGG GCC
GGG gac ccg gga ggg gtc GGG ACG GGG CGG GG, from the
core promoter (—90 to —46, or hTERT 5—12) of hTERT. We
sandwiched this ssDNA fragment between 2690- and 2028-bp
double-stranded DNA (dsDNA) handles, which were immo-
bilized to the two optically trapped beads (Figure 1b, inset). A
force—ramp assay was carried out at the force-loading rate of
5.5 pN/s in 10 mM Tris buffer with 100 mM K" (pH 7.4) to
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collect force—extension (F—X) curves (see Experimental
Section). To analyze unfolding or refolding transitions that
are represented by a sudden change in the tension or extension
in the F—X curves (Figure 1b), we switched the F—X
coordinates (Figure 1c), which were then transformed to a
plot of change-in-contour-length (AL) versus force, or AL—F
plot (Figure 1d, left), using a worm-like-chain model (see
Experimental Section). The histogram derived from each trace
allows clear identification of a transition process (AL = 15 nm
population) from background (AL = 0 nm population) (Figure
1d, right). The AL determined in this manner matches
remarkably well with that averaged from single F—X curve
measurements (see Experimental Section and Figure S1). After
2448 plots were analyzed, two types of transitions were
observed. One was a large, single-step transition with an
average AL of 16 + 2 nm (Figures 1d and 2), which represents
cooperative unfolding or refolding; the other was composed of
a series of smaller steps, which indicates sequential kinetic
pathways (Figure 2a). As was clearly demonstrated here, this
novel approach allows straightforward and intuitive determi-
nation of small transitions that are often obscured in
conventional F—X curves (Figure S1). The AL of the
cooperative transitions was consistent with unfolding of the
42-nt G-quadruplex—hairpin hybrid previously determined
(Figure la, see Experimental Section for calculation).*®

Population analysis revealed a significant portion (28% in
unfolding and 17% in refolding, Figure 2f) of the events
undergoing cooperative transitions. These events suggest the
existence of a higher order interaction in the complex DNA
structure,>”" likely between the G-quadruplex and the hairpin.
With the current unfolding geometry (Figure 1b), the G-
quadruplex should be ruptured first, which would simulta-
neously destroy the tertiary interaction between the G-
quadruplex and the hairpin, leading to the immediate unfolding
of the hairpin whose rupture force is lower than that for the G-
quadruplex.'??%*

dx.doi.org/10.1021/ja21039%h | J. Am. Chem. Soc. 2012, 134, 5157—5164
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Figure 2. Three intermediates in the sequential unfolding/refolding
transitions. The AL—F plots for typical unfolding and refolding
transitions (a). Data with 100 Hz (thin traces) and 10 Hz (thick
traces) bandwidths are plotted together. Population histograms for
fully folded (“427); 32-nt (“32”), 25t (“25”), and 15-nt (“15”)
intermediates; and fully unfolded (“0”) species are shown in (b) and
(c). (d) Kernel density estimation of the unfolding (black) and
refolding (red) processes. (e) Histograms (black for the unfolding and
red for the refolding) of the population based on bootstrapping
analyses. (f) Schematic of unfolding (black solid arrows) or refolding
(dotted arrows, major pathways are highlighted with red arrows)
transitions for structures (shown to the right) in the hTERT 5—12
fragment. Percentage value depicts the probability for a particular
transition.

Two possible scenarios may explain the 17% cooperative
refolding. First, the G-quadruplex folded before the hairpin.
Limited by the refolding trajectory (Figure 1b), we cannot
follow subsequent formation kinetics of the hairpin. However,
because the folding of the G-quadruplex is slower than that for
the hairpin,'”** together with the direct measurement of the
two refolding rate constants (shown below), such a refolding
order is unlikely. In the second scenario, the hairpin and G-
quadruplex refolded simultaneously. This may occur as the
hairpin facilitates the preassembly of the four G-rich tracts into
a G-quadruplex. When these experiments were repeated in a 10
mM Tris buffer (pH 7.4) with 100 mM Li*, the 16 nm (or the
42-nt) population disappeared (Figure S2), which confirmed
that the presence of a G-quadruplex is required for tertiary
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structure formation in the DNA complex, as Li* is known to
inhibit quadruplex formation.

The 15-nt Hairpin Is the Key Intermediate in the
Unfolding and Refolding Pathways. The majority of
unfolding (72%) or refolding (83%) events were sequential.
These observations strongly suggest that the complex DNA
structure is hierarchical, which has been observed previously
only in complex proteins and RNAs.** To reveal the number of
species in sequential processes, we measured AL for the
transition between each folded structure and the unfolded
ssDNA. The AL histogram reveals four populations for both
unfolding (Figure 2b, N = 529) and refolding (Figure 2¢c, N =
343) processes. The four populations were confirmed by the
probability density estimation for all transitions based on a
Gaussian kernel calculation®® (Figure 2d, see Experimental
Section). To accurately determine the AL for each species, we
then used a bootstrapping analysis to identify the most likely
peaks from the kernel density estimation (see Experimental
Section). Figure 2e shows that the size of each structure exactly
matches both the unfolding and the refolding trajectories,
suggesting that the same species are involved in both processes.
After converting AL into the number of nucleotides (nt) (see
Experimental Section), a fully folded conformation with 42-nt
and three intermediates that contain 32-, 25-, and 15-nt was
clearly identified (Figure 2e). The S™-end to 3™-end unfolding
geometry (Figure 1b) led us to propose intermediate structures
in Figure 2f. While they all resemble hairpins, the 32-nt species
has the longest stem, in which the last three Hoogsteen guanine
pairs are residues from the G-quadruplex. The 25-nt species
contains a stem with two bulged nucleotides (see Figure S3a for
a stabilized conformation from simulation), whereas the 15-nt
species has the canonical hairpin structure with a pentaloop and
a stem comprising five Watson—Crick base pairs.

Figure 2f summarizes all of the observed transitions among
the three intermediates (“32”, “25”, and “15”), the fully folded
structure (“42”), and the unfolded ssDNA (“0”) with the
probability for each process. For clarity, Figure 3a summarizes
the major unfolding/refolding events with a probability >25%.

The fully folded G-quadruplex—hairpin hybrid undergoes
three major unfolding trajectories: the cooperative unfolding
(28%), through the 32-nt species (40%), or through the 25-nt
intermediate (27%). Interestingly, the same 15-nt hairpin
appeared in the latter two routes. Calculation revealed that
starting with the fully folded structure, ~28% of all unfolding
trajectories encountered the 15-nt hairpin intermediate. During
refolding, the importance of the 15-nt hairpin was more
obvious (Figure 3a): 66% of the population folded through this
species. In contrast, only 14% of the population folded back to
the 25-nt intermediate, while 17% underwent cooperative
refolding. Once the 15-nt hairpin was formed, the majority of
the hairpin (61%) directly folded to the G-quadruplex—hairpin
hybrid. The coexistence of sequential and cooperative refolding
pathways directly supports the kinetic partition mechanism
previously associated only with complex proteins or RNA
structures.'”

Kinetics and Thermodynamic Analyses Reveal a
Tertiary Interaction between the Hairpin and the G-
Quadruplex. The critical role of the 15-nt hairpin was again
manifested in the kinetic analyses, in which only major
transitions (>25% probability) were processed for accurate
determination of rate constants (Pigure 3a). For a representa-
tive cooperative unfolding event (“42”—“0”), the Dudko
model** (Figure 3b) and the Evans model* (Figure S4)

dx.doi.org/10.1021/ja21039%h | J. Am. Chem. Soc. 2012, 134, 5157—5164
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Figure 3. Kinetics and thermodynamics of the major transitions. (a) Unfolding (black solid arrows) or refolding (red dotted arrows) transitions
(>25% probability) labeled with rate constants. (b) Histogram of the unfolding force for the “42”—“0” transition. Blue curve is the Dudko ﬁtting.24
(c) Histogram of the work associated with the unfolding (black) or refolding (red) of the “42”—“0” transition. The cross point is the change in free
energy (AG) for the transition.””*® (d) Free energy versus extension (nt) and angle (deg) (see Experimental Section) for “42”—“0” (black), “42”—
“25”—“0" (blue), and “42"—“32"—>“15"—“0" (red) trajectories. The colored circle above “42” depicts the folded structure without tertiary
interactions. Bottom projection shows AG (mean = s.d., kcal/mol) between different species.

provided identical kg values of 0.02 s™'. In addition, the
Dudko model revealed an activation energy, AG* = 29 keal/
mol, for this event (Figure 3b). These values were then used to
calculate the unfolding activation energy for other processes
(see Experimental Section and Table 1).

Table 1. Thermodynamics, Kinetics, and Unfolding/
Refolding Angles of the Major Transitions in the hTERT 5—
12 Fragment without the 15-nt Hairpin Complement at 23
°C

transition «F (nm) AG (kcal/mol) AG¥ (kcal/mol) angle (deg)
42—-0 0.33 + 0.01 18 +1 29 +2 0.0
42-32 0.33 + 0.02 3.1+ 0.6 29+3 86.7
42-25 0.23 + 0.02 7+1 28+ 3 —80.0
32—-1S 0.38 £ 0.02 4x1 10+1 —82.0
25—0 0.37 + 0.03 4.6 £ 0.1 9+2 78.9
15-0 0.41 + 0.02 S+1 10+1 —76.3
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Similar refolding analyses indicate that the 15-nt hairpin has
the fastest refolding kinetics (k = 9 s™', Figure 3a), suggesting a
seeding role of this hairpin to the fully folded G-quadruplex—
hairpin hybrid. Although a long loop discourages the formation
of a G-quadruplex,”® the formation of the 15-nt hairpin in the
loop apparently remediates this effect by gathering distal G-rich
tracts for the G-quadruplex assembly. The fact that the hairpin
folds much faster than the G-quadruplex (9 vs 2 s™', Figure 3a)
is consistent with the literature'”** and supports our argument
that a tertiary interaction between the G-quadruplex and the
hairpin is responsible for cooperative transitions (see above).

The tertiary interaction was further analyzed from a
perspective of change in free energy (AG) using the Crooks
theorem>”*® (see Figure 3c for the “42”—“0” transition; for the
remainder, see Figure SS). AG,,_,, for the cooperative process
(18 keal/mol, the black process in Figure 3d) was significantly
higher than those for sequential pathways (12.1 and 11.6 kcal/
mol for “42"—“32"—>“15">“0" (red) and “42"—“25"—“0"
(blue) trajectories, respectively, Figure 3d). This result suggests

dx.doi.org/10.1021/ja21039%h | J. Am. Chem. Soc. 2012, 134, 5157—5164
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that folded structures can partition into a conformation with or
without a tertiary interaction, which is on the order of 6 kcal/
mol. We surmise that the long-range interaction can result from
the docking of the hairpin to the G-quadruplex, which may be
aided by the base-pairing between the hairpin loop and one of
the G-quadruplex loops. Figure 3d summarizes the 3D free
energy landscape versus distance (nt) and angle (deg) for
major trajectories (see Table 1 and Figure S6 for details).
Tertiary Interaction Is Perturbed by a DNA Fragment
Complementary to the 15-nt Hairpin. The seeding role of
the 15-nt hairpin in the refolding processes was further
confirmed in the experiments in which 10 yM ssDNA
complementary to the 15-nt hairpin was incubated with 0.2
nM hTERT S5—12 fragment (see Experimental Section).
Footprinting has shown no significant change in the DNA
structure in the presence of the ssDNA complement (Figure
4a). However, the probability for pathways involving the 15-nt
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Figure 4. Effect of the 15-nt hairpin complement (HP compl) on the
hTERT S—12 fragment. (a) DMS footprinting of the hTERT fragment
without (lane 2) and with (lane 3) HP compl shows that the
complement has no effect on the footprinting pattern. Circles to the
right of the gel indicate protection (O) and cleavage (®) by DMS.
Vertical black lines to the left indicate G-tracts. (b) Major transitions
(>25% probability) of the hTERT fragment in the presence of the HP
compl (unfolding events are shown with black solid arrows; refolding
events are shown with red dotted arrows).

hairpin was much reduced (Figure 4b and Figure S7). In
contrast, the 32-nt and 25-nt species became predominant
during unfolding. During the refolding processes that became
less likely to occur (Figure S7), the 25-nt species evolved to be
the predominant species with the fastest rate (Figures 4b and
S8). These results were expected as the 15-nt hairpin was
disturbed after hybridizing with the ssDNA. The fact that the
25-nt intermediate became predominant during refolding
further supports the “seeding” role of the 15-nt hairpin,
without which the 25-nt species would function as an
alternative to bring together distal G-rich tracts for the
quadruplex assembly. Computer simulation confirmed that
the 25-nt species is stable in the presence of the ssDNA
complement (Figure S3b).

The addition of the ssDNA fragment obliterated the
cooperative refolding and dramatically reduced the cooperative
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unfolding events (Figures 4b and S7). This strongly supports
that the tertiary interaction between the G-quadruplex and the
hairpin is responsible for the cooperative transitions. With the
loss of the 15-nt hairpin structure, the premise for the long-
range interaction no longer exists, which leads to the drastic
reduction of the cooperative unfolding or refolding processes.
The observation that tertiary interaction is responsible for the
cooperative unfolding/refolding transitions is in full agreement
with previous findings.”*~>*

Further support for the critical role of the 15-nt hairpin came
from the unfolding and refolding of a mutant, 5“GGG GGC
TGG GCC GGG gac ccg gga gaa act GGG ACG GGG CGG
GG (Figure S9). The bold, underlined sequence in this
fragment is the mutation to prevent the formation of the 15-nt
hairpin, which was confirmed by the laser-tweezers experiments
(Figures S9a and b). In addition, only 4% of fully folded
structure was observed among all populations, and the
cooperative unfolding constituted 4% of all events (cooperative
refolding was not observed). These results corroborated the
previous finding that the 15-nt hairpin plays a pivotal role for
the tertiary interaction in the DNA complex.

B CONCLUSIONS

In summary, the mechanical unfolding and refolding of a
complex DNA structure in the single-stranded hTERT
promoter fragment suggest a tertiary interaction between the
G-quadruplex and the hairpin in the structure. Among the three
intermediates identified in the sequential or cooperative
unfolding/refolding pathways, the 15-nt hairpin demonstrates
its indispensable role in these processes. That this structure
shows both cooperative and hierarchical unfolding/refolding
pathways not only supports the unifying kinetic parallel
mechanism previously seen only in RNA and complex proteins,
it also resolves current contradictory observations on the
presence of higher order DNA interactions, as folded structures
can partition into a conformation with or without tertiary
interactions. While this study does not take into account other
proximal interactions that might occur with an adjacent G-
quadruplex in the hTERT promoter,” our results provide
fundamental structural and kinetic insights into complex DNA
structures with tertiary interactions in a single-stranded DNA
context in vitro. Because telomerase is a critical enzyme
involved in cancer and senescence,® we anticipate the higher
order interaction and the intermediates revealed here to be
instrumental in the development of drugs for cancer or other
age-related diseases by targeting the hTERT promoter regions.

B EXPERIMENTAL SECTION

DNA Engineering. The DNA construct used in the single-
molecule assay consists of a single-stranded G-quadruplex-forming
sequence in the promoter region of human telomerase (5-GGG GGC
TGG GCC GGG gac ccg gga ggg gtc GGG ACG GGG CGG GG,
hTERT 5—12) sandwiched between two dsDNA handles. To reduce
the interference from dsDNA handles on the G-quadruplex-forming
sequence, five deoxythymidine residues were introduced at each end of
the hTERT 5—12 fragment. The DNA construct was prepared
according to procedures described previously.” Briefly, an ssDNA/
dsDNA hybrid with two restriction enzyme sites, Eagl and Xbal, was
ligated to two dsDNA handles. One of the dsDNA handles (2690 bp)
was prepared by Eagl and Sacl (New England Biolabs) digestions of a
PEGFP vector (Clontech, Mountain View, CA) followed by agarose
gel purification. The digoxigenin was then introduced at the Sacl end
by terminal deoxynucleotidyl transferase (New England Biolabs). The
other dsDNA handle was a 2028 bp PCR product amplified from the

dx.doi.org/10.1021/ja21039%h | J. Am. Chem. Soc. 2012, 134, 5157—5164
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pBR322 plasmid (New England Biolabs). This handle has a biotin at
one end and an Xbal site at the other. Final ligation between the
hTERT 5-12 containing the dsDNA—ssDNA hybrid and the two
dsDNA handles was achieved by T4 DNA ligase (New England
Biolabs).

Single-Molecule Force—Ramp Assay. To immobilize the
hTERT S5—12 containing the DNA construct on the surface of
antidigoxigenin antibody—coated polystyrene beads, 0.1 ng (3.5 X
1077 mol) of DNA was mixed with 1 uL of beads (2.10 um in
diameter, 0.5% w/v) in 10 uL of a 10 mM Tris buffer with 100 mM
KCl (pH 7.4). The mixture was diluted to 1 mL with the same buffer
after gently shaking at room temperature for 30 min. The DNA-
immobilized beads were injected into a custom-made chamber and
made ready for laser tweezers experiments.

We used home-built dual-trap 1064-nm laser tweezers to carry out
the force—ramp assay'®" at 23 °C. One laser focus (mobile trap)
grabbed the bead labeled with the DNA, while another focus (static
trap) trapped a streptavidin-coated bead (1.87 um diameter,
Spherotech). The mobile trap, controlled by a movable mirror,
brought the two beads close to each other, which allowed the tethering
of the DNA construct between the two beads through affinity
interactions. After this, the mobile trap moved two beads apart to a
force of 60 pN, followed by relaxing to 0 pN at a load rate of 5.5 pN/s
and a data collection rate of 1000 Hz.

For assays in the presence of a 15-nt hairpin complement, the
hTERT 5—12 DNA construct was incubated with antidigoxigenin
beads in the same way as mentioned above, except that 10 xM 15-nt
hairpin complement was added into the incubation buffer. This
concentration was maintained in the flow buffer during force—ramp
assays in laser tweezers.

Plot of Change in Contour Length versus Force. Each
extension—force plot was separated into a stretching (black) and a
relaxing (red) region (Figure 1c). The extension during the stretching
was subtracted from that during the relaxing at a particular force. The
resulting change in extension (Ax) was then converted to the change
in conlt9031ér391ength (AL) through the worm-like-chain (WLC)
model: 7

x 1 ( kT ]l/ 2 F
Z -1 === + =
L 2\ FP S
where x is the end-to-end distance (or extension), L is the contour
length, F is the force, S is the stretching modulus (1226 pN), P is the
persistent length (51.95 nm), kg is the Boltzmann constant, and T is
absolute temperature. In our case, the fully unfolded structure in the
hTERT 5-12 is an ssDNA, which can be fit by a freely-jointed-chain
(FJC) model***' However, our construct contains two dsDNA
handles (4700 bp) with combined contour length 2 orders of
magnitude longer than that of the S4-nt fragment (including the
hTERT S—12 sequence with flanking deoxythymidines); therefore, the
dsDNA element should predominate in the equation that describes the
entire DNA construct. A numerical calculation on a fitting equation
based on the sequential WLC and FJC models indeed showed that the
FJC component in our DNA construct only contributed less than 1%
from 0 to 60 pN, which was the force range used in our experiments.
Thus, the WLC model for dsDNA can be used to obtain an apparent
contour length for the entire DNA construct. The difference in the
apparent contour length between the DNA construct that contains a
folded structure (the stretching curve before the rupture event) and
that which contains an unfolded structure (the relaxing curve before
the refolding event) represents the AL of the folded structure. A
similar rationale has been used to calculate the AL of proteins in the
single-molecule AFM experiments.*®

To validate this new method, we performed the AL measurement
using conventional procedures,®® in which a single AL value was
obtained from one set of F—X curves. As shown in Figure Sla (inset),
the conventional method and the hysteresis region—based new
analysis yielded identical AL values.

Kernel Density Estimation and Bootstrapping Analysis. The
probability density for each transition between a folded species and the
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unfolded ssDNA,
kernel expression:

1 ( (x — AL)Z]
p=_——expl—————5—

57, is estimated according to the following Gaussian
3

o221 26

where AL and o are the change in contour length for the transition
and its associated standard error, respectively, and x is defined by the
range AL + 30. The ¢ was the average standard error for the two
regions flanking the transition event (see Figure S10 for the
histograms). The probability density for each step was then added
to construct the kernel density estimation (Figure 2d). Bootstrapping
analysis was performed by a random resampling procedure. The three
highest peaks from each kernel density estimation were identified by
an Igor6 program. After 3000 times of resampling, a histogram was
constructed for these selected peaks (Figure 2e). This approach
yielded the unfolding AL centered at 16.2 + 0.2, 13.0 + 0.1, 9.0 + 0.2,
and 4.1 = 0.1 nm. For refolding, the AL values are centered at 16.0 +
0.2, 13.0 = 0.1, 9.0 + 0.2, and 4.1 + 0.2 nm, respectively (Figure 2e).

Calculation of the Nucleotides in a Folded Structure. On the
basis of the transition between fully folded and fully unfolded
conformations (AL = 16.1 + 0.2 nm for the average of unfolding and

refolding transitions, Figure 2e), the single nucleotide contour length,
5,19,37,42

L,,, was calculated to be 0.40 nm using the following:
AL + x
Lsn =
n

where AL is the change in contour length, n is the number of
nucleotides, and the end-to-end distance (x) is estimated to be 1 nm
(PDB: 2KZD).* This L,, is within the range of values obtained from
our previous results and references (0.36—0.45 nm).'>**** The same
equation was used to calculate the number of nucleotides involved in
an intermediate structure. For the unfolding transition with AL = 13.0
+ 0.1 nm (the corresponding refolding AL = 13.0 + 0.1 nm), this
equation reveals that 32 nucleotides are involved in the structure (n =
32) when Ly, = 040 nm and x = 1.2 nm (the distance between
Hoogsteen G—G pairs™) are used in the calculation. The use of x =
1.2 nm is validated as the “32” intermediate (Figure 2f, right) has its
two terminal guanine residues joined by the Hoogsteen pair. For the
unfolding transitions with AL = 9.0 + 0.2 and 4.1 = 0.1 nm (the
corresponding refolding AL values are 9.0 + 0.2 and 4.1 + 0.2 nm,
respectively), calculations reveal 25 and 15 nucleotides in the
structures, respectively, based on Ly, = 040 nm and x = 1.8 nm
(the diameter of a dsSDNA with Watson—Crick base pairs46). The use
of x = 1.8 nm is again validated because both 25-nt and 15-nt
intermediates have their ends joined by Watson—Crick base pairs
(Figure 2f).

Calculation of Unfolding (k) or Refolding (k,_; Rate
Constants. The calculation of the unfolding (k¢_..,) or refolding (k,_¢)
rate constant was based on the Evans model*’” (Figures S4 and S8):

[ |: 1 ]] ki x?—»u
In| rln =In F
N(F, r) (xf, /kpT) kpT
+
ln[—rln|: L :” =In busf Tumf F
U(F, r) (xF ;/kgT) kgT

where r is the load rate (5.5 pN/s) and N(F, r) and U(F, ) represent
the fraction of folded and unfolded populations for unfolding and
refolding processes, respectively, at the specific force F and the load
rate, ¥ is the distance from the folded state to the transition state, kg is
the Boltzmann constant, and T is absolute temperature.

3D Free Energy Landscape Construction. The change in free
energy, AG, for a particular transition was calculated by the Crooks
theorem (Figure §5):2748

W - AG
X]
i
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where kg is the Boltzmann constant, T is absolute temperature, and
Py(W) and Pr(—W) represent the probability of population with a
work W for unfolding and refolding transitions, respectively. The work
was calculated with the following equation:

NS
W= ) FAx
i=1

where F and Ax represent the rupture force and the rupture distance,
respectively, for a folded species.

The rupture force histogram of the transition from fully folded state
(or “4221) to fully unfolded state (or “0”) was fitted to the Dudko
model:

1-1/v
xj:F v
AGH

where k(F) = k(1 — (x*FF/AGF)v) /)71 exp{AGH1 — (1 — («*F/
AGH)V]}, ko is the unfolding rate constant at zero force, ¥ is the
activation distance from the folded state to the transition state, AG¥ is
the activation energy, and v is the factor depicting the shape of the
energy barrier (v = 1/2 for a sharp, cusp-like shape barrier, while v =
2/3 for a softer, cubic shape). The average from the v=1/2 and v =2/
3 fittings was used to construct the energy landscape in Figure 3d,
Table 1, and Figure S6.

The activation energy, AG¥, for other major transitions was
calculated by the Arrhenius equation:

_AGT
kpT

where k is the rate constant obtained either by the Dudko model or by
the Evans model discussed above, kg is the Boltzmann constant, and T
is absolute temperature. The prefactor, A = 5.03 X 10" s7, was
obtained from the AG* of the “42”—“0” unfolding process by the
Dudko model discussed above. For unfolding of the intermediates that
resemble hairpins, the prefactor*® of A = 10° s was used to obtain the
activation energy (Figure 3d, Table 1, and Figure S6) .

Unfolding angles were calculated according to the proposed
structure in the hTERT 5—12 fragment®® (Figure 1a). NMR structures
(PDB 2KZD and PDB INGU)™* were used to represent the G-
quadruplex and the hairpin elements in the hTERT, respectively. First,
coordinates of the two phosphate atoms flanking the two ends of a
particular species (either 42, 32, 25, or 15 nt) were projected onto a
y—z plane. For example, coordinates for the fully folded species (42-
nt) were obtained from P31 and P617 atoms in PDB 2KZD. After
projection onto the y—z plane, coordinates of (5.016, —9.293) and
(—3.040, —14.274) were obtained. The line between these two points
was then designated as the 0° angle and served as a reference. After the
two ends of other species were projected onto the same plane, the
unfolding angle of the species was measured by the angle between its
projected line and the reference line. To orientate the hairpin (PDB
INGU)* and the G-quadruplex (PDB 2KZD)* in the structure
described in Figure la, we adjusted the angle of the 25-nt species
(measured from the hairpin structure) to the same value of the 25-nt
intermediate measured from the G-quadruplex structure. This
adjustment was applied to determine the unfolding angle of the 15-
nt species measured from the hairpin (PDB INGU).*

The angular, kinetic, and energetic values are summarized in Table
1.

DMS Footprinting. PAGE-purified oligonucleotides were 5'-end
32P labeled, diluted to 1 uM, and annealed in the presence or absence
of varying concentrations of 15-nts by heating at 70 °C and slow
cooling over 2 h. A 10% native polyacrylamide gel was used to separate
the annealed and linear species, which were excised and extracted
using 10 mM Tris-HCL. In the presence of 100 mM KCl, the G-
quadruplex was induced by heating to 65 °C for 10 min and slow
cooling over 2 h. Two micrograms of calf thymus DNA was added to

ME)

r X

o(F) o Kot _ @(1 _

E:

r X' r

k= Aexp(
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each sample, and the samples were treated with 0.5% DMS as a final
concentration for 10 min at room temperature. Each reaction was
quenched by adding 3.5 yL of f-mercaptoethanol, and 10 uL of a 10%
glycerol solution was added prior to running on a 10% native
polyacrylamide gel. The unimolecular oligonucleotide species were
separated by EMSA, excised, extracted in dH,0, and precipitated at
—20 °C in the presence of 74% ethanol, 100 mM NaOAc, and 6.5 ug/
mL yeast tRNA as final concentrations. The oligonucleotides were
then subjected to treatment with 20% piperidine (v/v in 10 mM Tris-
HCI) at 90 °C for 18 min, and the resulting cleavage products were
separated on a 16% sequencing gel. The protection of each residue
against DMS treatment for samples in the buffer with 100 mM KCI
was evaluated by comparing the gel density of a band with that of the
corresponding band for samples in the buffer without KCL>

Molecular Modeling. Structures of the 25-nt species (Figure 2f)
with and without the 15-nt complementary sequence (Figure 4b) were
constructed using the Insight II/Biopolymer modeling program.*®
Charges were assigned using the consistent valence force field
(CVEFF). Sodium counterions were added to the structures, and the
entire system was soaked in a 10 A layer of TIP3P water molecules.
The structures were then minimized separately using 30 000 steps of
Discover 3.0 minimization within Insight IL. This was followed by
molecular dynamics simulations with SO ps equilibration and 950 ps
simulations at 300 K. Frames were collected every 1000 fs during the
simulation. Trajectories were analyzed on the basis of potential energy.
Average structure was created using 20 lowest potential energy frames,
and this average structure was refined using 100 000 steps of Discover
3.0 minimization. These minimized average structures were then used
for modeling studies. The complex between hTERT 25-nt and its
complementary 15-nt sequence was created using interactive docking
and was refined using a similar procedure as described above.
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