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ABSTRACT: A 3D folding funnel was proposed in the
1990s to explain the fast kinetics exhibited by a
biomacromolecule in presence of seemingly unlimited
folding pathways. Over the years, numerous simulations
have been performed with this concept; however,
experimental verification is yet to be attained even for
the simplest proteins. Here, we have used a click chemistry
based strategy to introduce six pairs of handles in a human
telomeric DNA sequence. A laser-tweezers-based, single-
molecule structural fingerprinting on the six inter-handle
distances reveals the formation of a hybrid-1 G-quadruplex
in the sequence. Kinetic and thermodynamic fingerprinting
on the six trajectories defined by each handle-pair depict a
3D folding funnel and a kinetic topology in which the
kinetics pertaining to each handle residue is annotated for
this G-quadruplex. We anticipate the methods and the
concepts developed here are well applicable to other
biomacromolecules, including RNA and proteins.

B iological functions of proteins and nucleic acid structures
are closely coupled with their conformation and folding or
unfolding kinetics." The correlation between the kinetics and
the conformation has been exemplified in a 3D folding funnel,®
which was proposed as a solution to the Levinthal paradox for
protein folding. The funnel-shaped diagram depicts a
decreasing energy with a concomitant reduction of entropy as
fewer folded states become available during the folding of a
biomolecule.® The cost of decrease in entropy gives rise to free
energy barriers to the folded state. Experimentally, it is rather
difficult to identify short-lived transition state ensemble (TSE)
associated with these energy barriers. In many cases, @ values
that require mutations have been used to infer the
conformation of transition state species.* As a result, the 3D
folding funnel is yet to be obtained even for the simplest
biomolecules.

Here, we have used a laser-tweezers instrument to construct
a 3D folding funnel of a biomacromolecule, G-quadruplex.
Consisting of four guanine-rich strands interspersed with three
loops, a G-quadruplex contains a stack of G-quartets, each of
which is a quadrilateral of four guanine residues linked by
Hoogsteen hydrogen bonds.>® Recently, G-quadruplex forming
sequences have been found to be prevalent throughout the
human genome, particularly in promoters.6 The in vivo
presence and the biological functions of these structures have
also been demonstrated.”® In single-stranded human telomeric
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regions, G-quadruplex has been proposed to maintain the
integrity of chromosomes.” The G-quadruplex structures are
highly versatile.'® At least 5 conformations have been
determined for human telomeric G-quadruplexes under
different buffer conditions.''™'® Although we have used DNA
G-quadruplex as an example, the methods and concepts
elaborated here are readily applicable to other biomolecules,
including RNA and proteins.

Laser-tweezers or AFM based single-molecule approach has a
unique capability to unfold or refold a biomolecule along a
trajectory defined by a pair of handles (Figure 1a). Mechanical
folding or unfolding energy landscapes of a protein with
defined trajectory have been explored previously by disulfide
bonds formed by cysteine residues specifically placed in the
protein through in situ mutagenesis.”’18 However, 5’ to 3’
geometry was the only trajectory to mechanically unfold and
refold DNA and RNA structures.”” Here, we have employed
click chemistry,”® a simpler, more versatile, and universally
applicable approach to introduce handles in the loops of G-
quadruplexes formed in the human telomeric sequence, 5’-TTA
GIG2G3 T*TSA® G7GSG° TOTUAR GBGHGS TITI7AL
GYG»G* TTA-3' (Figure la). First, we substituted the
second thymidine in a specific TTA loop with the uridine that
is modified with either an azide or a terminal alkyne group
(Table S1). Assisted with click chemistry reactions, these
functional groups allow the attachment of the sequence
between the two optically trapped particles through the two
dsDNA handles (see Figure 1b, schematic inset and Supporting
Information (SI)). With two handles for each DNA construct,
the following six DNA constructs were prepared (Figure la and
SI): [5'=3'], G1 and G21 handles; [L1-L3], TS and T17
handles; [5'—L2], G1 and T11 handles; [L2—3'], T11 and G21
handles; [S'—L3], G1 and T17 handles; and [L1-3’], TS and
G21 handles.

Single-molecule force ramp assays on these DNA constructs
were conducted in a custom-built dual-trap optical tweezers.”'
Each DNA construct was tethered between two optically
trapped beads via biotin/streptavidin and digoxigenin/anti-
digoxigenin antibody interactions (Figure 1b, schematic inset).
With a loading rate of 5.5 pN/s, two beads were moved away
(the stretching force—extension (F—X) curve in Figure 1b) or
together (the relaxing F—X curve) in a 10 mM, pH 7.4, Tris
buffer that contains 100 mM KCI. Previous studies have shown
that telomeric G-quadruplex can fold in this buffer.”'
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Figure 1. Handles introduced by click chemistry allow different unfolding or refolding trajectories. (a) Schematic of six refolding or unfolding
trajectories (colored arrow pairs) of a DNA G-quadruplex (sequence shown below). Pink spheres, phosphodiester bond linkages; pentagons, click
chemistry linkages. The six DNA constructs are illustrated to the right. (b) Stretching (black) and relaxing (red) force—extension curves of the [L1—
3'] construct (bottom left inset) in optical tweezers (top left inset). Unfolding (at 36 pN) and refolding (at 14 pN) events are depicted (boxed
insets). (c) The F—X curves in the 11—40 pN range in (b) are converted to the AL—F plot. Bandwidths of 10 (black trace) and 100 Hz (gray trace).
Histograms to the right depict two AL populations fitted by a two-peak Gaussian (black curve) for transitions in this force range.

Indeed, an unfolding event was observed during the a L2 Fingerprint b SasigParals
stretching (see the bottom inset of Figure 1b for the [L1—3'] ARz, v NMR 12 T &3
construct). The folded and unfolded states of the structure Hybrid 1 yt__l I
were clearly demonstrated by the plot of AL (change in ; lTH )
contour length) versus force (Figure lc, left), in which the AL | "= N0 L~ mml |
was calculated by the Worm-Like-Chain model (WLC) from e %w:g;go:: o e

the difference in extension between the stretching and relaxing

F—X curves at a particular force*> (SI). The sharp transitions at C@: .
14 and 36 pN revealed a AL of 6 nm, which matches well with = =
that calculated from the AL histograms (Figure lc, right). g Es
Using this approach, we obtained the AL of all six DNA = _§ 4
constructs (Figure S1 and Table S2). % (D

To identify the exact conformation of the G-quadruplex 8 — U T I T e Y
formed in this buffer, we designed a structural fingerprinting ) ouptu E,Forﬁe me Geometry
approach in which six handle-to-handle distances measured by
laser tweezers were compared with those determined from the Figure 2. Structural fingerprinting of the human telomere G-
known human telomeric G-quadruplex structures' ' ~'¢ (Figures quadruplex. (a) The handle-to-handle distances determined by laser
2a and S2). The handle-to-handle distance (x) was calculated tweezers (blue solid lines) were superposed onto those measured from

the NMR structure (black dashed lines, PDB: 2HY9). (b) The rmsd of

from the AL measurement by the equation, x = N X L, — AL, the handle-to-handle distance between the laser-tweezers measure-

where N is the number of nucl(zei)giciezs and L, is the contour ment and the NMR or X-ray measurement for hybrid-1 (PDB: 2HY9,
length per nucleotide (0.48 nm™ } 5)- These x values were the best match in solid red), hybrid-2, basket, and parallel G-
then evaluated against those measured from NMR or X-ray quadruplexes. (c) 3D contour plot of AL vs rupture force for [S'—3'],
crystallography by the root-mean-square-difference (rmsd) in [L1-3'], and [S'—L2] constructs. (d) Change in the unfolding free
Figure 2b, which reveals the best matching structure as the energy of the hybrid-1 G-quadruplex shows a constant value (mean +
hybrid-1 G-quadruplex. This result is consistent with the 0) for all six trajectories.

finding that hybrid-1 human telomeric G-quadruplex forms in

the potassium buffer."" As a further support, circular dichroism groups showed a spectrum expected for hybrid quadruplexes in
for a DNA construct modified with one azide or two alkyne the same buffer (Figure S3). Compared to previous structural
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Table 1. Parameters Used To Construct 3D Free Energy Landscapes for Unfolding or Refolding Processes

geometry AG (kcal/mol)® AGE, (keal/mol)? AG¥; (kcal/mol) Axt; (A) kop (s71) ko (s71) angle (deg)
L1-L3 10.1 + 04 (—0.3) 11+1 21+ 1 1.7 25 0.0003 100.1
5'—L2 10.5 + 0.6 (—0.4) 7.0 + 0.7 17.5 + 04 14 9.6 0.0017 134
L2-3' 10 + 1 (=0.3) 9+3 19+ 3 1.0 8 0.005 217.9
5'—L3 102 + 0.3 (0.1) 11+2 21 +2 0.8 6 0.02 1264
L1-3' 10 + 1 (-0.1) 7+1 17.1€ 114 5.34 0.25¢ $3.5
5'=3' 9.8 + 0.4 (0.1) 64 + 0.4 16.2° 0.9¢ 0.1° 1.3 0.0

“Bias for each AG is shown in the parentheses. YAGE is calculated as the difference between AG¥; and AG. “Derived from the prefactor of 1.2 X
10", which was calculated from the [L1—-L3] construct. “Normalized to the Dudko model®* from the Evans model** based on the [L1-L3]

construct. “Obtained from the force jump experiments.

identification method that is based on three inter-residue
distances arranged in a triangle,26 our fingerprinting approach
provides more accurate structural determination as six inter-
residue distances are surveyed throughout the entire structure
(Figure 2a). Assisted with the highly versatile click chemistry,”’
we anticipate this approach can provide complete coordinates
for surface residues of a biomacromolecule.

Additional evidence for the formation of the same
quadruplex in all six DNA constructs came from the
measurement of the change in free energy of unfolding
(AGyngo1a)- We observed that rupture force increases with the
number of nucleotides contained between two handles, which
led to a decreased AL (see Figure 2c for [$'—3'], [L1-3'], and
[$'—L2] constructs, others see Figure S4). When AG,, 4 at
zero force was calculated using the Jarzynski theorem for
nonequilibrium systems,”®** a constant value of ~10 kcal/mol
(biases: —0.4—0.1 kcal/mol***') was obtained for all six
constructs (Figure 2d and Table 1). This value was consistent
with previous ensemble measurements.'"?*> The constant
value reflects the fact that AG,y is a state function,
independent of unfolding trajectories.

With the identification of the hybrid-1 G-quadruplex in these
DNA constructs, next, we performed the kinetic fingerprinting
for the structure along six unfolding or refolding geometries.
Either Dudko™ (Figure 3a) or Evans®* model (Figure S4) was
used to fit the unfolding or refolding force histograms to
retrieve the unfolding (k) or refolding (k,,) rate constants,
activation energy (AG¥), and distance to the transition state
from either native state or unfolded state (Ax¥) (see SI).
Together with the AG,q obtained above, free energy
landscapes for all six unfolding/refolding trajectories were
constructed in Figure 3b. To construct a 3D free energy
diagram, we calculated the unfolding or refolding angle for each
pulling geometry from the coordinates of the NMR structure'"
(Figure 3c and SI). The diagram shown in Figure 3c directly
verifies the 3D folding funnel,® in which unfolded states with
higher free energy at the peripheral must overcome energy
barriers to reach the final conformation located at the center.

Compared to the unfolding via the handles at the loop
regions, those through the terminal handles (either S’ or 3’
end) encounter reduced energy barriers (Figure 3 and Table 1).
In contrast, during the refolding, handles at the loop regions
have increased rate constants compared to the terminal handles
(Table 1). To provide insights on these observations, we
constructed a kinetic topology diagram, in which the
contribution from each handle residue, 5’ (G1), L1 (TS), L2
(T11), L3 (T17), and 3’ (G21), to the refolding or unfolding
process is quantified by a kinetic topology index (KTI, s™')
(Figure 4). These KTI indices represent the probability of
unfolding or refolding through a specific residue. The
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Figure 3. Kinetic fingerprinting of the hybrid-1 G-quadruplex. (a)
Scattered AL—rupture force plot (top) and rupture force histogram
(bottom) for unfolding (black) and refolding (red) of the [L1—L3]
construct. The rupture force histograms are fit with the Dudko
model®® (solid curves). (b) Normalized free energy landscapes for six
DNA constructs. The extension in each free energy trajectory is
normalized with the total extension between the folded and unfolded
states from the original trace (inset). (c) A 3D free energy landscape
constructed from normalized trajectories in (b) with refolding or
unfolding angles determined by the NMR G-quadruplex structure.
Right panel shows a projection of the 3D diagram onto the x—y plane.
Relative free-energy levels are indicated by the color bar shown to the

left.

a Indexofk,, .., (s7) b Indexofk, .. (s

¥ 66 3 =
o (1.0 = 10" &
_ ‘_\3& 3 10 2
— 2P e 10° €
= =\ . o \ | 3
L3 /*1 4 E : Ty \t 10° i
5 + 5 L1 L2 L3 3
424 8.5x1074 Residues

Figure 4. Kinetic topology of the hybrid-1 G-quadruplex. The KTT of
the five handles for folding (k,xr) (a) and unfolding (kugxri) (b)
processes. Red and black arrows indicate folding and unfolding
processes, respectively. (c) Half-log plots for k,,r and kg indices.

geometric mean of the indices from any two residues reveals
the unfolding or refolding kinetics along a trajectory defined by
these two residues (see SI for KTI calculation). In full
agreement with the trend observed above, the refolding KTI
(konxr1) increases from the S or 3’ terminal to the middle loop
L2, with the highest value (highest refolding probability) at the
T11 residue (ko kry for T11, 66 s~', Figure 4). On the other
hand, the unfolding KTI (k.gxr;) shows the opposite trend
with the smallest value at the T11 residue (kgxr; = 6.5 X 107°
s71). These results indicate that the k,, or k. derived from
mechanical folding or unfolding experiments (F = 0 pN) is
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dependent on a particular trajectory and may not reflect values
from ensemble measurements. The data further reveal that the
L2 loop presents the least perturbation to the unfolding or
refolding process (Figure 4c). Therefore, it is expected that the
kinetic indices of the T11 residue should represent the values
closest to the ensemble rate constants. To test this, we
evaluated the equilibrium constant, K., by taking the ratio of
the refolding KTI over the unfolding KTT for the T11 residue
(konxri/koexerr)- The resultant value, 1.0 X 107, is located in the
middle of the K, calculated from the AG,.qq which is
obtained in Figure 2d or from literature>** (Keq = exp(—AG/
RT) = 0.4-56 x 10°). This result effectively validates the
kinetic topology approach, which allows a simple and direct
comparison of residues for their contributions to the unfolding
or refolding of a biomacromolecule.

In summary, through innovative structural and kinetic
fingerprinting approaches in a laser tweezers instrument, we
have identified the conformation of a human telomeric G-
quadruplex and experimentally verified the folding funnel with
6 different folding/unfolding geometries. The kinetic topology
presented here provides a new approach to annotate residues in
a biological structure with refolding or unfolding probabilities.
Assisted with the versatile click chemistry, we envisage the
methods and concepts developed here are instrumental to
understand fundamental structural and kinetic properties of
proteins and RNAs alike.
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