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ABSTRACT: G-Quadruplexes (G4s) are ubiquitous nucleic acid folding
motifs that exhibit structural diversity that is dependent on cationic
conditions. In this work, we exploit temperature-controlled single-molecule
fluorescence resonance energy transfer (smFRET) to elucidate the kinetic
and thermodynamic mechanisms by which monovalent cations (K* and
Na") impact folding topologies for a simple G-quadruplex sequence (5'-
GGG-(TAAGGG);-3') with a three-state folding equilibrium. Kinetic
measurements indicate that Na* and K* influence G4 formation in two
distinctly different ways: the presence of Na® modestly enhances an
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antiparallel G4 topology through an induced fit (IF) mechanism with a low

affinity (Ky = 228 + 26 mM), while K* drives G4 into a parallel/hybrid topology via a conformational selection (CS) mechanism
with much higher affinity (K3 = 1.9 + 0.2 mM). Additionally, temperature-dependent studies of folding rate constants and
equilibrium ratios reveal distinctly different thermodynamic driving forces behind G4 binding to K* (AH®,;,4 > 0, AS°,,4 > 0) versus
Na* (AH ;g < 0, AS%,;nq < 0), which further illuminates the diversity of the possible pathways for monovalent facilitation of G-

quadruplex folding.

I. INTRODUCTION

G-Quadruplexes (G4s) represent ubiquitous nucleic acid
secondary folding motifs that can form in G-rich DNA and
RNA.' Stable under both in vitro and in vivo conditions, G4s
play important roles in numerous biological contexts, includin.
replication, transcription, and chromosomal stabilization.””
Recently, G4s have drawn particular attention as potential drug
targets for antiviral and anticancer therapies,’® and G4 folds
have been incorporated as modular components in DNA
nanostructures.”® A predictive understanding of the folding
structure, kinetics, and thermodynamics of G4s in these diverse
biological and biotechnological areas has proven to be elusive
and requires a comprehensive knowledge of the underlying
biophysics for nucleic acid folding.

In contrast with canonical nucleic acid duplex helical
structures, G4s represent a highly structurally diverse
secondary folding motif.”'" The signature element of the G4
structure is the presence of G-tetrads, planar arrangements of
four noncanonically base-paired (and noncontiguous) guanine
residues, which stack in layers (n & 2 or 3) to stabilize multiple
G4 planes through adjacent 7—x interactions (Figure 1). The
guanine residues in any single G4 plane can come from
multiple nucleic acids as part of a higher-order molecular
complex or from a single contiguous nucleic acid, in which case
the G4 is termed a unimolecular fold. In such a unimolecular
G4 fold, the four G-tracts (continuous G runs) in the G4 are
spaced by short loop sequences (usually 2—3 nucleotides) to
sterically allow the G-tracts to interact in a maximally
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Figure 1. Crystal structure of a parallel G-quadruplex (G4). The three
stacked G-tetrads are highlighted (green, red, and blue), and the two
bound potassium ions are shown in purple (PDB 6IP3).

hydrogen-bonded plane. The loops flexibly permit adjacent
G-tracts to have the same or opposite 5’ to 3’ orientations,
which allows G4s to fold into one of many topologies, each
defined by a specific combination of the G-tract polarities.""
G4 topologies are therefore classified as parallel (all strands
sharing the same polarity), antiparallel (strands alternating
polarities), or hybrid. Whether a G4 folds into a single
topology or multiple, competing topologies (polymorphism)
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depends on many factors, including loop sequence.'”'* G4
structural diversity is further increased by the presence of
partially folded intermediates such as G-triplexes (G3) or G-
duplexes (G2), which can also be populated significantly and
readily interconvert with fully folded G-quadruplexes.'"*

G4 folding is accompanied by obligate binding of cations to
the central channel formed by the stacked G-tetrads.'® While
this binding site is capable of binding polyvalent cations, it
greatly favors monovalent cations, especially potassium (K*).
Importantly, the structure adopted by a G4 is regulated by the
identity of its bound cation(s), which has been a subject of
much research activity.'*™"® For example, the human telomere
G4 sequence tends to fold into a parallel or hybrid topolog?r in
K* solution and an antiparallel topology in Na* solution. >
The influence of ions on G4 folding has been studied
extensively by bulk methods; "' ¥* 7% however, the poly-
morphism of G4s can make such ensemble results difficult to
interpret. Conversely, single-molecule experiments are more
ideally suited to resolve topology-specific properties in
multistate folding systems.”” In particular, single-molecule
methods have been used to examine many aspects of G4
folding,” including G4 folding kinetics’ ~° and the temper-
ature dependence of the folding equilibrium constants.*®
However, temperature-dependent studies of the folding
kinetics at the single-molecule level have yet to be reported,
which in principle would provide the first access to the
thermodynamics of the transition states for G4 formation.

As a focus of the present work, we use temperature-
dependent single-molecule microscopy to investigate the
influence of monovalent cations (K" and Na*) on the kinetics
and thermodynamics of G4 folding. Specifically, we study the
folding of the 5'-GGG-(TAAGGG);-3' sequence, which is
known to form a polymorphic G4.>* We examine this system
using fluorescence resonance energy transfer (FRET) to
monitor the dynamics of G4 folding with a single-molecule
FRET (smFRET) total internal reflection fluorescence (TIRF)
microscope.”” Transitions between the polymorphic network
of G4 states are observed in real time, from which we
determine the equilibrium constants and rate constants for
these transitions. By analyzing the dependence of such folding
dynamics on cation concentration and temperature, we obtain
the first quantitative insights into the kinetic mechanism for
polymorphism control by K* and Na' as well as the
thermodynamics of cation binding to G4.

Il. METHODS

G-Quadruplex FRET Construct. The single-molecule
construct used in these studies consists of two annealed
DNA oligomers. The first oligomer is a Cy3-labeled DNA G-
quadruplex fold (5'-GGG-(TAAGGG);-3') connected by
eight thymine residues to an 18-nucleobase duplex-forming
domain (full sequence: 5'-TGGCGACGGCAGCGAGGC-T;-
GGG-(TAAGGG);-Cy3-3’). For control experiments, a non-
folding sequence was also utilized as the first oligomer (5'-
TGGCGACGGCAGCGAGGC-Tg-GGTGAGTGGGAGT-
GGTGTGTA-Cy3-3'). The second oligomer is complemen-
tary to the duplex-forming domain and is labeled with CyS$ and
biotin (5'-CyS-GCCTCGCTGCCGTCGCCA-Biotin-3") for
surface tethering by biotin—streptavidin interactions.”® Both
oligomers are purchased in HPLC-purified form from
Integrated DNA Technologies and used as is. (Company
names listed herein are in the interest of completeness and do
not reflect endorsement of a particular vendor.) The oligomers
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are annealed by mixing 10 M aliquots (1 M = 1 mol/L) and
heating to 85 °C in order to disrupt intramolecular base-
pairing before slowly cooling to room temperature at 1 °C/
min. The annealed construct is used without purification, as
constructs lacking the biotinylated strand do not adhere to the
surface and constructs lacking the Cy3-labeled strand are
inefficiently excited by the laser (ecys/€cys the ratio of CyS
and Cy3 molar absorption coefficients, is 3% at 532 nm).

Sample Preparation and Single-Molecule Microsco-
py. Sample preparation and single-molecule microscopy are
carried out according to previously described protocols.””*" In
brief, a glass coverslip is cleaned by soaking for 24 h in acetone,
followed by a 30 min treatment with UV-generated ozone. The
coverslip surface is incorporated into a flow cell, where it is
functionalized by sequential 10 min exposure to buffered
solutions of (i) 10 mg/mL bovine serum albumin (BSA) with
1 mg/mL biotinylated BSA, (ii) 0.2 mg/mL streptavidin, and
(i) 150 pM smFRET construct. This process produces a
surface decorated with approximately 1 smFRET construct per
10 um”. The surface-tethered constructs are then imaged in 50
mM HEPES buffer (pH 7.6) with an oxygen scavenging
cocktail to extend the observation time (100 nM proto-
catechuate 3,4-dioxygenase; S mM protocatechuic acid) and 2
mM Trolox to increase fluorophore brightness by quenching
fluorophore triplets to the ground state.*"** Sodium and
potassium levels are controlled by titration with NaCl and KCI
solutions, respectively.

The prepared sample is observed with a through-objective
TIRF microscope,”’ which permits 532 nm excitation of Cy3
molecules constrained to within ~ 100 nm of the surface. The
fluorescence from the smFRET construct is collected and
separated by dichroic mirrors into Cy3 and CyS channels
before being directed onto an intensified charge-coupled
device (CCD) camera operating at 10 frames per second.
Movies are analyzed by software written in LabWindows/CVI,
which identifies particle locations by thresholding and extracts
raw donor and acceptor fluorescence trajectories by integration
over the local 4 X 4 pixel neighborhood for each frame.
Background fluorescence levels are determined by fits of
particle point spread functions to a symmetric 2D Gaussian
function (equal full width at half- maximum (fwhm) for x and
y), which permits calculation of background-corrected donor
(D(t)) and acceptor (A(t)) signals. Time-dependent FRET
trajectories are determined from the energy transfer efficiency,
Emrer(t) = A(t)/(A(t) + yD(t)), where y is the ratio of
acceptor to donor detection efficiencies, which is determined
to be nearly unity (y = 0.97) via intensity changes during
acceptor photobleaching.** Temperature control is achieved
through a thermoelectric element that is in thermal contact
with the sample and capable of servoloop heating and coolin
to within 0.1 °C stability, as has been previously described.*

Hidden Markov Modeling. Rate constants for conforma-
tional transitions are determined by hidden Markov modeling
analysis of the FRET trajectories.”” The model consists of
states, each with a Gaussian-distributed FRET observable,
P(E, 6,) « exp[—(E — E,)/26], where E; and o, represent the
FRET center and width of state i, respectively. Transitions
between states occur according to first-order kinetics, as
contained in the rate matrix K, where Kj; is the unimolecular
rate constant for the transition from state j to state i, and Kj; =
=2 Kj. The transition probability per frame is then
calculated via the matrix exponential T = exp(Ktg,m.), where
tiame is the experimental time (0.1 s) between consecutive

https://doi.org/10.1021/acs.jpcb.3c01001
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frames. The likelihood function for a single trajectory is
therefore described by the matrix product

L= IT[HO(E,-)T]O(EI)p

i>2 e (1)
where p,q is the equilibrium probability vector (erq =0), E;is
the ith observed FRET value, O(E) is an n X n diagonal matrix
with diagonal entries O;(E) equal to the probability density of
observing the FRET value E in the ith state, 17 is the row
vector (1, 1,-) of length equal to the number of states n, and
the product is taken over all frames in the trajectory except the
first. For multiple trajectories, the total likelihood function is
the product of the single-trajectory likelihood functions (Lo
= []iL,). The maximum likelihood estimate of K;;, E, and o; is
obtained by performing a gradient ascent on L using
MATLAB, with bootstrapping analysis performed to estimate
uncertainties.”® Each kinetic analysis includes 100—150
molecules and 2000—3000 observed transitions between
FRET states.

Three-State Hill Fit. Population versus concentration data
for the G4 are fit to a Hill model. The standard Hill equation
describes ligand binding in systems with two distinguishable
receptor configurations: a ligand-bound state and a ligand-free
state.” However, the G4 construct in this work has three
observable states, so we instead used a modified Hill analysis in
order to include all three states. The binding model consists of
two competing ligand association processes, which convert a
receptor R into one of two distinguishable ligand-bound
species B; or B,, each potentially with its own stoichiometry
(n, and n,) and dissociation constants (Ky, and Kg,):

1:

+mL n [RJ n
5B K, )" = —[L]"
1 ()" = 1511 o
2
+n,L n [R] n
—5 B K 2 = —— L1
2 (Kqg5) le][ ] 3

The above dissociation constant expressions can be readily
manipulated to yield the fractional populations in each state as
a function of ligand concentration:

[R] 1
0, [L] = = n n
(L) [R] + [B,] + [B,] 1+<ﬂ>1+<ﬂ>2
Ky, Ky
4)
()
[B]] Kd.l
0, (IL]) = =
Bl([ ]) [R] + [Bl] + [BZ] 1+ (ﬂ)ﬂl N (E)nz
Kgn Kyp
(8
)
B Ky
0 (IL]) = il ;

[R] P [Bl] - [Bz] = Ly (ﬂ)”l 1 (ﬂ)m

Ky Ko
(6)
This model is then applied to data for sodium and potassium

titrations of the G-quadruplex, where L = Na* or K, R is the
low FRET state, B, is the middle FRET state, and B, is the
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high FRET state. Dissociation constants (Kj;) and apparent
stoichiometries (n;) are determined by simultaneously fitting
all three populations to the Hill model using the weighted,
nonlinear least-squares regression tools available in OriginPro.

van't Hoff and Arrhenius Analyses. Temperature-
dependent equilibrium constants determined from hidden
Markov modeling are then subjected to van’t Hoff analysis,***’
wherein the Gibbs free energy

AG° = AH®° — TAS° = —RT ln(Keq) (7)
is rewritten in van’t Hoff form
In(K,,) = —AH (i) + AS
1 R \T R (8)

and where K, is the equilibrium constant, R is the gas constant
(8.314 J/mol K), T is the absolute temperature, AH® is the
reaction enthalpy, and AS° is the reaction entropy. In accord
with such a van’t Hoff model, we assume AH® and AS° to be
approximately constant over the explored temperature range
and perform a linear least-squares fit of In(K,,) versus 1/T to
extract AH® and AS° via the slope and intercept, respectively.
In analogous fashion, the temperature-dependent rate
constants can be analyzed in the context of Kramers’

theory’™>* to yield an Arrhenius-type expression
—AH*(1)  A§
In(k/v) = —(—) + —
k)= =7 R 9)

where k is the rate constant, v is the attempt frequency along
the reaction coordinate, and AH* and AS*¥ are the activation
enthalpy and entropy, respectively. The attempt frequency is
estimated as 1 X 10° s™' from previous RNA folding
studies,””*" but its actual value is dependent on the structure
of the free energy landscape. As a consequence, the activation
entropy AS* is only weakly (i.e., logarithmically) sensitive to v
and not determined absolutely; however, any differential
change in this entropy (AASY), for instance, due to change
in ionic conditions, remains rigorously independent of the
choice of v.

lll. RESULTS

The G-Quadruplex smFRET Construct Exhibits Multi-
state Folding. To probe the thermodynamics of G-
quadruplex folding at the single-molecule level, we designed
a fluorophore-labeled DNA construct for FRET microscopy
(Figure 2A). The folding domain of the construct consists of a
repeated six-nucleotide sequence (5'-TAAGGG-3'), which
forms a G-quadruplex with three stacked G-tetrads. This
sequence is closely related to the human telomeric G4
sequence (S’-TTAGGG-3'), differing only by a single
nucleotide mutation in the loop (TAA versus TTA), which
has been previously observed by Tippana et al. to increase
polymorphism.”* The construct is labeled with the Cy3-CyS
FRET pair’” such that folding of the G-quadruplex brings Cy3
and CyS in closer proximity, increasing the energy transfer
efficiency (Egggr) between the fluorophores. The full construct
is surface-tethered by biotin—streptavidin interactions®® in
order to enable the observation of the G-quadruplex in a
single-molecule fluorescence microscope.

Temporal trajectories in a 100 mM Na® buffer reveal
multiple, distinct Eppgr states which interconvert/equilibrate
on time scales of 100 ms to seconds (Figure 2B). A histogram
of Epger values gathered from N = 83 molecules is well-fit as a

https://doi.org/10.1021/acs.jpcb.3c01001
J. Phys. Chem. B 2023, 127, 6842—6855
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Figure 2. (A) The G-quadruplex smFRET construct design that is
labeled with Cy3 and CyS$ for FRET detection of the conformational
dynamics. (B) A sample smFRET trajectory taken in a 100 mM Na*
buffer. The fitted state trajectory from hidden Markov modeling with
the three states is overlaid in orange. (C) A FRET histogram (gray)
aggregated from N = 83 trajectories. Gaussian fits (solid lines) are
used to determine the FRET efficiencies and the relative abundance of
the three states. (F) Cartoons that indicate putative structures of the
three states: the unfolded state (Eppgr = 0.45), the antiparallel G4
state (Epggr = 0.73), and the parallel or hybrid G4 state (Eppgr =
0.97). See text for details.

sum of three Gaussian distributions (E,, = 0.45, E, ;4a. = 0.70,
and By, = 0.94), which corresponds to three construct
conformations with resolved interfluorophore distances
(Figure 2C). Three distinct FRET states were also observed
in the work of Tippana et al. on this sequence.”* To probe the
identity of the FRET states, we first measured the FRET
efficiency of a construct with a similar nucleotide composition
but reordered it so that it cannot fold into a G4 or other
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secondary structures (Figure 2D). The FRET efficiency of this
ssDNA construct (Eqpna = 0.46) is in good agreement with
that of the low FRET state (Ey,, = 0.45). Therefore, we assign
the E,, state as an unfolded G4 (U) in a single-stranded
random coil configuration. The two higher FRET states are
likely two different G4 topologies. To identify these states, we
next introduce K* to the imaging solution, as K* is known to
stabilize parallel or hybrid G4s and decrease the population of
antiparallel conﬁgura’tions.10’16'18 In 15 mM K%, the FRET
distribution shifts to favor the Eyg, state (Figure 2E) and
reduces the population of the E,, and E, 44 States. As a result,
we assign the Ej, state as either a parallel G4 or a hybrid G4
(P) and the E,4q. state as an antiparallel G4 (A). All three
putative structures (U, A, and P) are shown in Figure 2F.

Sodium lons Indiscriminately Drive the Folding
Equilibrium to the Antiparallel and Parallel/Hybrid
Topologies. We first explored G-quadruplex folding as a
function of Na* concentration at ambient temperature (23
°C). The FRET histograms in Figure 3A reveal an overall shift
from the unfolded state (U) to the antiparallel (A) and
parallel/hybrid (P) G4 topologies with increasing [Na*].
Integration over these histogram peaks yields the subpopula-
tion fractions in [Na*] = 50—300 mM (Figure 3B), which can
then be fit globally to a three-state Hill model (eqs 4—6) that
explicitly includes all three interconversion routes. The least-
squares fits to such a multistate model are shown as solid lines
in Figure 3B, yielding the stoichiometric coefficient (An) for
Na® binding and dissociation constants (K;) for each
interconversion pathway, as summarized in Table 1 (note
that the cation binding stoichiometry reflects the change in the
number of bound ions during folding, where it is possible that
the unfolded state is already bound to one or more ions prior
to folding). Interestingly, the unfolded state gains only one Na*
ion when folding into either G4 state (Any_, & Any_p ~ 0.87
+ 0.09), though Na* has a two-fold stronger affinity for
antiparallel G4 (K = 132 + 9 mM) than for parallel/hybrid
G4 (K4 = 228 + 26 mM). Conversely, there is no difference
within the experimental uncertainty in the number of Na™ ions
bound to the two G4 conformations. As a consequence of the
A and P states both binding one Na® ion, the A — P
equilibrium saturates to a fixed ratio at high [Na*] (Figure 3B).
Na" clearly promotes G4 polymorphism, with the G4 construct
populating both the antiparallel and parallel/hybrid topologies,
even at [Na®] = 300 mM.

Additional mechanistic insight can be obtained from the
kinetic analysis of the Na* dependence of G-quadruplex folding
events in the time domain. Rate constants for folding are
determined by hidden Markov modeling (HMM) of smFRET
trajectories ™" using a three-state model which includes all
six rate constants describing forward and reverse interconver-
sion between each FRET pair (Figure 4A), with the rate
constants for G4 folding as a function of [Na*] = 50—300 mM
summarized in Figure 4B. As a rigorous thermodynamic check
on the validity of these extracted rate constants, we can
calculate the free energy sum around the three-state cycle
(AGa/de) at each Na" concentration and plot the values in
Figure 4C:

AG, . = kT In ky— aka— pkp_u
o A Ukp aku_p

(10)

By detailed balance, the free energy sum around any cycle of
states must equal zero. Indeed, the calculated AGye/kgT

https://doi.org/10.1021/acs.jpcb.3c01001
J. Phys. Chem. B 2023, 127, 6842—6855
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Figure 3. Influence of Na* on G4 folding equilibrium. (A) FRET
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Na®. An example of a direct A — P transition is indicated by an
asterisk. (B) The population of the three G4 conformational states in
[Na*] = 50—300 mM. Fits to a three-state Hill model are shown as
solid curves.

values vanish within uncertainty (+0.2 kgT) for all Na*
concentrations. In Figure 4B, the rate constants for the
conversion of U to and from the G4 conformations A and P
have the largest magnitude, while transitions directly between
the antiparallel (A) and parallel/hybrid (P) G4 topologies are
a minor, though not entirely forbidden, kinetic process (Figure
3A).

To additionally explore the effects of the Na* cation on G-
quadruplex folding, we have further developed an explicit six-
state kinetic model for Na* binding to the G-quadruplex
(Figure 4D). The model consists of three DNA conformations,
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Table 1. Results of Fitting G-Quadruplex Population Data
vs [Na*] and [K*] to the Three-State Hill Model”

Transition Parameter Na* K*
A 0.87 + 0.0 —0.05 + 0.05
e & n + 0.09 S + 0.0S
K, (mM) 13249 =
An 0.87 + 0.09 0.62 + 0.05
U—-P
K, (mM) 228 + 26 19 + 02
An 0.00 + 0.09 0.67 + 0.07
A—-P
Ky (mM) - 29403

“U is the unfolded state (low Egggr), A is the antiparallel G4 state
(intermediate Egpgr), and P is the parallel/hybrid G4 state (high
Egger). Uncertainties are reported as standard errors of the mean. For
processes with Hill coefficients (An) equal to zero within uncertainty,
dissociation constants (K,) are not reported.

each with ligand-free and ligand-bound forms, which
topologically generate a triangular prism (hence the “Tobler-
one” model moniker). In accordance with the 1:1 Na* binding
stoichiometry from the Hill fit of the population data (Table
1), the kinetic model includes a single Na* ion in each ligand-
bound state. Ligand binding kinetics are modeled to be much
faster than subsequent G4 conformational dynamics,'®'”®
which allows all ligand binding steps to be treated as a quasi-
equilibrium governed by a single binding constant
di = [C_IJ (L]

[CL] (11)
where i labels the conformational state (unfolded U,
antiparallel G4 A, or parallel/hybrid G4 P), C; is the ligand-
free conformation, C.L is the ligand-bound conformation, L is
the ligand (in this case, Na*), and the square brackets indicate
concentration of the enclosed species. The fraction of ligand-
bound molecules is therefore

([CLI [L]

gbound,i = -
[C]+[CL] [L]+ Ky, (12)

Transitions between conformations are governed by first-
order rate constants, depending on ligand occupancy:

Kijapo

G—G (13)

Kj holo
gl ===t (14)
where k;;,., and k.o, are rate constants for the transition from

state i to state j in the ligand-free (“apo”) and ligand-bound
(“holo”) forms, respectively. The observed rate constants k;
for transitions between conformational states are population-
weighted averages of the apo and holo rate constants:

K,.
ki' obs — ki' apo B + ki' holo [L]
1J,0Ds ],ap! [L] +Kd,i ], [L] +Kd‘i (15)

For the six-state kinetic model in Figure 4D, eq 15 forms a
system of six equations, where the number of free parameters
in the model can be reduced to 11 by imposing detailed
balance constraints (Achde = 0) on all cycles. The resulting
constrained equations are then globally fit to the kinetic data in
Figure 4B, as summarized by the solid line fits.

The results of the six-state fit indicate that Na* promotes G4
folding through a “bind-then-fold” mechanism: Na* binds to
the unfolded (U) state, which subsequently folds into a G4 (A

https://doi.org/10.1021/acs.jpcb.3c01001
J. Phys. Chem. B 2023, 127, 6842—6855
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Right: the orientation of the three-state cycle used to calculate the free
energy change around the loop, AG . = AGy_p + AGp_; + AGy_ g
(B) The rate constants for G4 folding in 50—300 mM Na*. Fits to the
six-state Na* binding model that is depicted in (D) are shown as solid
curves. (C) A plot of AGy, at each [Na*]. To satisfy detailed balance
conditions, AGy. must equal zero. (D) A six-state “Toblerone”
connectivity model for the influence of Na* on G4 folding kinetics.
The dominant pathways through this network are shown as red
arrows, which reflect a “bind-then-fold” mechanism.

or P) topology (Figure 4D, pathways highlighted in i e

There are several key indicators in support of this mechanism.
First, the forward folding rate constants ky_, and ky_p both
vanish at low [Na*] (Figure 4B, filled red and blue symbols,
respectively), which implies that folding to either of the G4
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topologies without Na® is, evidently, impossible (kysupo =
kupapo = 0 s™'). Additionally, ky_, and ky_p saturate at high
[Na+] (kUA,holo = 07 = 03 S_l) kUP,ho]o = 10 + 04 S_l), Wthh
indicates that binding of Na® to the G4 is driven to
completion. However, there is also a weaker dependence of
the unfolding rate constants k,_,i; and kp_y on [Na'*], so other
pathways besides the induced fit (“bind-then-fold”) pathway
must be permitted to a lesser degree.

K* Has a Much Higher Affinity Than Na* for the G-
Quadruplex and Exclusively Promotes the Parallel/
Hybrid Topology. Formation of G-quadruplexes is known to
be more sensitive to K than to Na*, which we next explore in
order to measure the specific effects K versus Na* has on G4
folding (Figure $). Interestingly, K drives the conformational
equilibrium of the G4 smFRET construct exclusively toward
the parallel/hybrid G4 (P) topology (Figure SA), in essence,
by depleting both the unfolded (U) and antiparallel G4 (A)
states. Furthermore, this dramatic increase in folding occurs at
only a few millimolar K" concentrations, in contrast to the 100-
fold higher concentrations of Na* that is required to achieve
folding (Figure 3B). Thus, the G4 construct clearly has a much
higher affinity for K* than Na’, though only in achieving the
parallel/hybrid G4 conformation. Fitting the full suite of the
K*-dependent population data (Figure SB) to a three-state Hill
model quantitatively confirms these qualitative observations, as
summarized in Table 1. In this case, there is no K" uptake
during the transition from the unfolded state to the antiparallel
G4 (Any_, = —0.05 + 0.05), which indicates that K* does not
participate in this process. Meanwhile, approximately one
cation binds during folding into the parallel/hybrid G4
(Ang_p = 0.62 + 0.05), with a K* binding affinity (K;(K")
= 1.9 + 0.2 mM) that is two orders of magnitude greater than
that of Na* (K (Na*) = 228 + 26 mM) to achieve the same
conformational state. The Hill coefficient being less than unity
indicates that the parallel/hybrid G4 forms to a limited degree
in the absence of the K* cation, which is consistent with the
observed formation of the parallel/hybrid G4 in an Na™-only
buffer (Figure 3). We note that the K* binding affinity reported
here is in good agreement with previous bulk studies by Largy
et al. (K4(K*) = 1—5 mM), which were also performed in Na*-
rich solutions.”® This agreement between fluorophore-labeled
G4s and fluorophore-free G4s is evidence that the presence of
the Cy3 and CyS fluorophores does not significantly perturb
the G4 folding equilibrium, or at least cation binding to the
G4, despite the fact that cyanine-based dyes are known to
readily stack on G-tetrads.”” By driving the G4 construct
exclusively to the parallel/hybrid topology, K* thereby exerts a
much greater restriction over G4 polymorphism than Na'.

Similar to the analysis of the Na'-dependent G4 folding
kinetics described above, smFRET trajectories are subjected to
hidden Markov modeling in order to extract rate constants as a
function of [K*] (Figure SC). As before, we can rigorously
confirm these kinetic results by verifying that the rate constants
explicitly obey a detailed balance (AGyy. = 0) at all K*
concentrations (Figure SD). Five of the six folding rate
constants show little to no dependence on the K*
concentration, while the rate constant for unfolding from the
parallel/hybrid G4 to the unfolded state (kp_y) is strongly
suppressed by the presence of K. To explore the mechanistic
implications of these data, the folding rate constants are fit to
the six-state kinetic model (eq 15) and overlaid on Figure SC
as solid lines. The fit correctly predicts that kp_y; goes to zero
in the high [K*] limit (kprpee = 0.01 % 0.03 s7'), which is

https://doi.org/10.1021/acs.jpcb.3c01001
J. Phys. Chem. B 2023, 127, 6842—6855
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indicate the highest flux pathways (a “fold-then-bind” mechanism).

consistent with a conformational selection (CS, “fold-then-
bind”) model in which the apo DNA prefolds to a transient
parallel/hybrid G4 state before binding to K" with high affinity
(Kd'A =2.6 = 1.2 mM) in order to stabilize the parallel/hybrid
configuration. The K*-induced folding pathways (red, high-
lighted in Figure SE) contrast strongly with those predicted
from the induced fit (IF, “bind-then-fold”) mechanism seen in
the Na'-stabilized formation (see Figure 4D) of the G4
quadruplex and originate from a much stronger and topology-
specific binding interaction.

Temperature Dependence of G-Quadruplex Folding
Equilibria and Kinetics. Temperature-controlled single-
molecule experiments can be used to deconstruct the overall
free energy of G-quadruplex folding into enthalpic and
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entropic contributions.”” The temperature dependence of the
folding rate constants and equilibrium constants in 100 mM
Na® is captured in Figure 6 over a temperature range of 13—29
°C. The rate constant (y-axis) scale in Figure 6 is logarithmic,
which highlights the exponential dependence of the rate
constants on temperature. To the best of our knowledge, this is
the first time smFRET has been used to examine temperature-
dependent kinetics for a nonbinary system with multiple (>3)
conformations. First, we observe from the y-axis scale that the
majority of the conformational transitions involve the unfolded
(U) state (Figure 6A,B, left panels), with direct folding and
unfolding between the antiparallel G4 (A) and parallel/hybrid
G4 (P) being minor kinetic processes at all temperatures
(Figure 6C, left). Second, we observe the equilibrium

https://doi.org/10.1021/acs.jpcb.3c01001
J. Phys. Chem. B 2023, 127, 6842—6855
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change for each process.

constants for folding from the U state to both G4 states (K. ua
and K, up) decrease at high temperature, which demonstrates
that the overall folding process is enthalpically favorable. The
kinetic origin of this behavior is confirmed by examining the
corresponding rate constants: the forward rate constants (ky_
and ky_p) are largely temperature insensitive, which indicates
a negligible activation enthalpy, while the reverse rate
constants (ky_y and kp_y) strongly increase with temperature,
which is indicative of an enthalpic barrier for unfolding.

A more quantitative analysis can be carried out by fitting the
rate constants and equilibrium constants to Arrhenius and
van't Hoff models, respectively, from which overall and
activation enthalpies (AH®, AH*, from slopes) and entropies
(AS°, ASY, from intercepts) are determined. The thermody-
namic values obtained from such three-state fits can, in turn, be
used to construct 3D folding energy landscapes (see Figure 7),
which depict the enthalpy (AH), entropy (—TAS), and free
energy (AG) contributions for each of the G-quadruplex
conformations and intervening transition states. The enthalpic
landscape (Figure 7A) reveals that both folding processes (U
— A (red) and U — P (blue)) are enthalpically favorable
(AH gy = —66 + 7 kJ/mol, AHyp = —84 + 9 kJ/mol) with a
negligible barrier (AH*y, = —4 + 6 kJ/mol, AH*yp = =13 + 6
kJ/mol). Meanwhile, the entropy landscape (Figure 7B)
indicates that folding is entropically costly (AS°y, = —240 +
20 J/mol K, AS°yp = =300 + 30 J/mol K), with an entropic
penalty of ~50% being achieved upon reaching the transition
state (AS*, = —140 =+ 20 J/mol K, AS*;p = =170 + 20 J/mol
K). The overall free energy changes for folding (Figure 7C) are
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relatively small in comparison to the individual contributions
from the enthalpy (AH) and entropy (—TAS). Indeed, as an
example of enthalpy—entropy compensation, these two
contributions cancel nearly quantitatively to yield small overall
free energy changes while still maintaining large free energy
transition state barriers.’®"

Thermodynamics of G-Quadruplex Folding at Ele-
vated Monovalent Cation Concentrations. To probe the
effects of Na* and K cations on folding thermodynamics, we
have repeated these temperature-dependent studies of the G-
quadruplex under multiple cation conditions. The temperature
dependence for G-quadruplex folding under ambient (100
mM) Na*, high (200 mM) Na*, and 100 mM Na* with 4 mM
K" are shown in Figure 8, where the latter two data sets can be
compared to the first in order to isolate the impact due to Na*
versus that due to K, respectively. Arrhenius and van’t Hoff
analyses are performed on each of the data sets, with the fitted
entropic and enthalpic parameters for the three cationic
conditions (100 mM Na*, 200 mM Na*, and 100 mM Na*
with 4 mM K*) shown side by side in Table 2.

The dependence of the folding enthalpies and entropies on
cation concentration can be used to determine the
thermodynamic “signature” (ie., the sign of AAH° and
AAS®) of Na* and K* binding. For example, we first consider
the change in the folding enthalpy of the unfolded to the
parallel/hybrid G4 transition upon an increase in [Na*] from
100 to 200 mM, defined as

AAH®p(Na™) = AH®5(200 mM Na*) — AHC (100 mM Na™)

(16)

https://doi.org/10.1021/acs.jpcb.3c01001
J. Phys. Chem. B 2023, 127, 6842—6855
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The results in Table 2 show that this quantity is positive
(AAH®yp(Na*) = 40 + 11 kJ/mol). Because Na* interacts
with the G4 construct through a “bind-then-fold” mechanism,
AAH°yp(Na*) is opposite in sign to the enthalpy of Na*
binding, AH ;4. as depicted in Figure 9A. Therefore, since
AAH®p(Na*) > 0, we can infer that Na' binding is
enthalpically favorable (AH®,,4n, < 0). We also observe
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that the Na™-induced change in the folding entropy for this
process is positive (AAS°yp(Na®) = 140 + 40 J/mol K). Thus,
by a similar logic, Na* binding must result in a loss of entropy
(AS°pana < 0). Together, AH, 4, and AS° 4, indicate
that Na® binding is consistent with the formation of
energetically stable contacts with the unfolded G4 at the
entropic cost of restricting the translational freedom of Na*
and/or the conformational flexibility of the unfolded DNA.

Similarly, the thermodynamics of K* binding to the parallel/
hybrid G4 can be determined by examining the differential
folding enthalpy (AAH®yp(K*)) and entropy (AAS°yp(KY))
upon the addition of K¥, in this case defined as

AAH® (K" = AH®5(100 mM Na¥, 4 mMK")

— AH°;5(100 mM Na™) (17)
and
AAS®p(KY) = AS°1p(100 mM Na*, 4 mM KY)
— AS°;»(100 mM Na*) (18)

In contrast to interactions mediated by Na’, K" interacts
with the G-quadruplex through a “fold-then-bind” mechanism
and, as a result, AAHp(K") and AAS°yp(K") have the same
sign as AH®; 4 and AS°, 4, respectively (Figure 9B). The
observed AAH®p(K*) and AAS°p(K*) are both positive,
which indicates that K™ binding is enthalpically unfavorable
(AH 4k > 0) and entropically favorable (AS%,ax > 0).
Interestingly, the signs of these thermodynamic parameters are
exactly opposite to those of Na* binding, a fact that serves to
emphasize the disparate natures of Na* and K* binding to the
G-quadruplex construct.

IV. DISCUSSION

In this work, we have used the 5'-GGG-(TAAGGG);-3’ DNA
G-quadruplex (TAA-G4) as a model system for understanding
the thermodynamic influence of monovalent cations Na* and
K" on G-quadruplex folding. The TAA-G4 sequence is similar
to the human telomere G-quadruplex repeat (5'-TTAGGG-
3’), with enhanced polymorphism due to the T — A mutation
in the loop sequence.”* The TAA-G4 is incorporated into a
DNA construct designed for single-molecule FRET (smFRET)
microscopy. The observed smFRET data reveal that the TAA-
G4 populates three interconverting FRET states (Figure 2), a
finding that is in agreement with previous single-molecule
measurements made by Tippana et al. on a similar TAA-G4
construct.” From the smFRET trajectories, equilibrium
constants and rate constants for transitions among the three
states can be measured, with the dependence of these kinetic
quantities obtained as a function of cation concentration and
temperature.

We assigned structures to the three FRET states (low,
middle, and high) as an unfolded state (U), an antiparallel G4
state (A), and a parallel or hybrid G4 state (P), respectively.
Unfortunately, we are unable to further dissect the observed
G4 folds by smFRET alone, such as distinguishing between
chair versus basket antiparallel states or between parallel versus
3 + 1 hybrid versus 1 + 3 hybrid states. We note that the order
of the A and P FRET efficiencies (E,pipaatiel < Eparalter) is the
reverse of that observed by Tippana et al. for the same G4
sequence."’4 However, the Tippana et al. smFRET construct
incorporated the G4 fold that is directly adjacent to duplex
DNA, whereas the G4 in our construct is connected to single-

https://doi.org/10.1021/acs.jpcb.3c01001
J. Phys. Chem. B 2023, 127, 6842—6855
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Table 2. Thermodynamic Parameters for G-Quadruplex Folding Determined by van’t Hoff and Arrhenius Analyses of
Temperature-Dependent Kinetic Measurements at Multiple Cation Concentrations (Figure 8)“

100 mM Na*
AH (kJ/mol)
ARy, 66+ 7
Unfolded — G4 (Antiparallel) AH —4+6
AH*p 62 +2
AH°rp -85 +9
Unfolded — G4 (Parallel/Hybrid) AHp, -13+6
AHr 72+7
AHC,, —34 + 40
G4 (Antiparallel) — G4 (Parallel/Hybrid) AH%p 9 +23
AH%, 43 + 33
AS(J/mol K)
A%y, —240 + 20
Unfolded — G4 (Antiparallel) AS 1 —140 + 20
AStyp 90 + 10
AS°pp —300 + 30
Unfolded — G4 (Parallel/Hybrid) AS 1y —170 + 20
ASHpr 130 + 20
AS°4p —110 + 140
G4 (Antiparallel) — G4 (Parallel/Hybrid) AS* —100 + 80
ASHp, 10 + 110

“Uncertainties are reported as standard errors of the mean. Asterisks indicate statistical significance (evaluated

parameters when compared to the 100 mM Na® case.
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200 mM Na* 100 mM Na*, 4 mM K*
—16 + 9% —12 + 14%
29 + 6% 8+ 6

45 & 7 20 + 13%
—44 + 7% —56 + 6%
21 + 4% 18 + 4*
66 + 6 74 £ 4
—40 + 2§ —-29 + 24
28 + 19 —5 4 18
68 + 15 25 + 16
=50 + 30% —50 + 50%
—30 + 20% —100 + 20
30 + 20% —60 + 40%*
—150 + 20% —190 + 20%*
—50 + 10% —70 £+ 10%
100 + 20 120 + 10
—140 + 80 —90 + 80
—40 + 70 —160 + 60
100 + 50 —60 + 50

at the p = 0.01 level) of the

https://doi.org/10.1021/acs.jpcb.3c01001
J. Phys. Chem. B 2023, 127, 6842—6855
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Figure 9. Determination of cation binding thermodynamics. (A) For
Na*, which follows a “bind-then-fold” model, the measured enthalpy/
entropy (AH/S) at low [Na] contains contributions from both Na*
binding (AH/S,;,q) and the conformational change (AH/S.,)-
However, at high [Na*], the unfolded conformation saturates with
Na*, and AH/S reflects only AH/S.., Therefore, AAH/S = AH/
S(high [Na*]) — AH/S(low [Na*]) has the opposite sign of AH/
Sping- (B) For K*, which operates by a “fold-then-bind” mechanism,
the differential enthalpy/entropy AAH/S = AH/S(high [K']) —
AH/S(low [K*]) has the same sign as AH/Sy;a-

stranded DNA. Indeed, our observed FRET orderings agree
with that of Ray et al., who examined G4s flanked by single-
stranded DNA.®> Clearly, the folding geometry of G-
quadruplexes, and thus the ordering of the FRET states, can
be quite sensitive to the local sequence environment.
Monovalent cations drive the TAA-G4 folding equilibrium
from the unfolded state into the antiparallel and parallel/
hybrid G4 states in a cation-specific fashion. K™ exclusively
promotes the parallel/hybrid configuration (Figure S5A,B),
while Na* permits both configurations with a small preference
for the antiparallel topology (Figure 3). Furthermore,
concentration-dependent kinetics (Figures 4C and SC) reveal
that Na® and K" promote G-quadruplex folding through
distinctly different kinetic mechanisms. For Na®, the cation
binds to the unfolded state before the ligand-bound complex
folds into one of the G-quadruplex configurations (Figure 4D,
a “bind-then-fold” mechanism). In contrast, the TAA-G4
sequence must first fold into the parallel/hybrid G4 topology
before K* will bind to form a stabilized complex (Figure SE, a
“fold-then-bind” mechanism). The fact that these two
monovalent cations act on the TAA-G4 via such different
mechanisms reinforces how responsive G-quadruplexes are to
their environment or, in this case, cation size. We present a
simplified, combined kinetic model of Na™- and K'-induced
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folding of G-quadruplexes in Figure 10. In this model, Na*
binding is a prerequisite for unfolded to quadruplex transitions,

Antiparallel
G-quadruplex

o g
UnfoIZed Unfolde:- Na\‘w ®M® w

Parallel/hybrid |, Parallel/hybrid | .
G-quadruplex G-quadruplex

P

Figure 10. Proposed scheme of Na" and K* binding to TAA-G4.

after which the parallel/hybrid configuration of the G4 can
subsequently bind to a K* ion, perhaps by replacing Na* (as
shown in the figure) or by attaching to an alternative binding
site. It is possible and even likely that the identified Na*
binding site has a similar affinity for other monovalent cations
including K*, but the much higher affinity of the K'-specific
binding site means that our K" titrations saturate before lower
affinity binding to the triplex can be observed.

Titrations of K" and Na® indicate that the G4 construct
binds to a single cation during folding (Figures 3 and 5). This
observation is surprising in light of G4 crystal structures, which
routinely indicate that G4s with three tetrads, as studied here,
bind to two monovalent cations."® One explanation for this
disagreement is that the low FRET state is not fully unfolded,
but rather a partially folded G4 intermediate that is already
bound to one cation. If that is the case, the cation binding
observed in this work is, in fact, the recruitment of the second
cation that is required for G4 folding. Promising G4
intermediates to fill this role include a G-duplex, a G-triplex,
or a two-tetrad structure, each of which has been previously
shown to bind to a single cation.'**® However, the existence of
such structures as metastable G4 intermediates is disputed,®
and more work is required to elucidate this issue. Nevertheless,
the observed cation binding stoichiometry in this work
provides further evidence of a folding intermediate with a
single bound cation, though such a structure must be
noncompact in order to have a FRET efficiency that is
indistinguishable from a fully unfolded structure (Figure 2D).

To explore the influence of Na® and K* on the
thermodynamics of TAA-G4 folding, temperature-dependent
experiments have been pursued to obtain the folding
enthalpies and entropies as a function of cation concentration.
By considering the changes in the thermodynamic variables
upon an increase in [Na*] or [K'], we can infer the
thermodynamic impact of cation binding. Interestingly, the
folding thermodynamics (AH® and AS°) of the TAA-G4
construct respond similarly to the addition of either 100 mM
Na* or 4 mM K%, as summarized in Table 2. However, because
Na® and K' interact with the TAA-G4 through different
mechanisms (“bind-then-fold” versus “fold-then-bind”), we can
conclude that the signs of the enthalpy and entropy changes
for Na* binding are opposite to those of K* binding (Figure 9).
Specifically, Na* binding to the U conformation is driven by
enthalpically favorable interactions (AHC,4n, < 0) that
outweigh a loss of entropy (AS%,an, < 0), perhaps due to a
conformational restriction upon ion binding. In contrast, K*

https://doi.org/10.1021/acs.jpcb.3c01001
J. Phys. Chem. B 2023, 127, 6842—6855
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binds to the parallel/hybrid G4 topology in an entropically
driven process (AS°yqx > 0) that occurs at an enthalpic cost
(AH®,3x > 0). One explanation of this entropically driven
binding is that K* replaces a loosely fitting Na* in the binding
pocket in order to form a more compact G-quadruplex,
resulting in the expulsion of surface-bound water molecules.
Such a release of water molecules would be entropically
favorable, yet energetically costly, due to the breaking of
hydrogen bonds between the water molecules and the nucleic
acid. This hypothesis of G-quadruplex compaction and water
release upon K* binding is generally supported in the literature
with studies of the ion-dependent folding volumes for the G-
quadruplex,®**® though one study reports that K* produces
larger G4 volumes than Na*> Clearly, further study is needed
to elucidate this feature of G4 folding, such as with pressure-
dependent single-molecule folding experiments.*®

V. CONCLUSIONS

In this work, we explored the influence of monovalent cations
on G-quadruplex folding through single-molecule temperature-
controlled kinetic measurements. With the novel use of
smFRET to measure the temperature-dependent folding
kinetics on a system with more than two FRET conformations,
we observe three-state G-quadruplex folding ascribed to
conformational transitions between an unfolded state and
two G-quadruplex topologies. Concentration-dependent meas-
urements show that the Na* binds to the unfolded state and
remains bound while G-quadruplex topologies are sampled. In
contrast, K" binds exclusively to the parallel/hybrid G-
quadruplex conformation and has a binding affinity approx-
imately 100 times larger than that of Na'. The thermody-
namics of Na* binding are enthalpically driven (AH®,,4x, < 0,
AS%nana < 0), while the thermodynamics of K* binding are
entropically driven (AH 4% > 0, AS®q x > 0), likely due to
G4 compaction and concomitant water release.
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