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ABSTRACT: The i-motif is a pH-responsive cytosine-rich oligonucleotide sequence that o ,?§

forms, under acidic conditions, a quadruplex structure. This tunable structural switching has
made the i-motif a useful platform for designing pH-responsive nanomaterials. Despite the
widespread application of i-motif DNA constructs as biomolecular switches, the mechanism
of i-motif folding on the atomic scale has yet to be established. We investigate the early
folding structural dynamics of i-motif oligonucleotides with laser-pulse-induced pH-jump . - _
time-resolved X-ray solution scattering. Following the pH-jump, we observe that the initial \E\, = X‘; )_
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random coil ensemble converts into a contracted intermediate state within 113 ns followed  *o

by further folding on the 10 ms time scale. We reveal the representative structures of these
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transient species, hitherto unknown, with molecular dynamics simulations and ensemble
fitting. These results pave the way for understanding metastable conformations of i-motif folding and for benchmarking emerging
theoretical models for simulating noncanonical nucleic acid structures.

B INTRODUCTION

Responsible for carrying genetic information, canonical B-
DNA has a well-known double helical structure; however,
nucleic acids can adopt a myriad of other structural
conformations, giving them a wide variety of functions
depending on their environment. Studying the diverse
structures of nucleic acids is important to understanding
mechanisms in biological activity and programmable nano-
technology.' " Among the many dynamic DNA systems, i-
motifs have been used to drive DNA structural assembly and
function due to their pH-responsive conformational switch-
ing.” The i-motif is a cytosine-rich sequence that forms an
antiparallel intercalated quadruplex structure via hemiproto-
nated C:C+ base pairs® (Figure 1, bottom). Their ability to act
as tunable switches between extended single-stranded
structures and collapsed quadruplexes has made i-motifs
widely used moieties in pH sensors and dynamic nano-
devices."”™'° Furthermore, human telomere regions that
contain sequences for gene transcription and maintenance
are comprised of cytosine-rich tandem repeats, capable of
forming i-motifs."" There is increasing evidence of cytosine-
rich regions in human cells that form i-motif quadruplexes at
neutral pH in vitro, although their direct epigenetic role in vivo
is still debated.'”"® The physiological relevance of i-motif
DNA and its utility as a programmable biomacromolecule
necessitate a deeper molecular understanding of its relevant
functional and structural dynamics.
Non-Watson—Crick—Franklin (Hoogsteen) base-pairing
structural dynamics and folding mechanisms are of emerging
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interest in both experimental and computational biophysical
studies.'*™"” Researchers have previously looked at i-motif
formation and stabilization by considering various factors such
as cytosine content, capping interactions, and ion interac-
tions.'>"**” Several studies have analyzed the stability of the
quadruplex structure and its transition under steady-state
conditions.'”'**" i-Motif sequences with longer consecutive
cytosine groups had higher melting temperatures than those
with shorter ones (similar to duplexed DNA where longer
duplexes generally have higher melting temperatures than
shorter ones).””** Yet, the kinetics of the structural transitions
of i-motif over a range of pH values has largely been
unexplored, which has hindered the understanding of the
dynamics during rational design of i-motif into programmable
nanomachines.”" Initial work that broadly characterized i-motif
structural transitions utilized conventional UV—visible absorb-
ance and circular dichroism spectroscopy to track the i-motif
Hoogsteen base pair content spanning a pH range.zo’25 In
order to extract more direct information about the biochemical
structure, experiments with better local spatial sensitivity were
implemented.'**® Using single-molecule FRET, researchers
have shown that metastable intermediate i-motif structures
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Figure 1. (top) Schematic illustration of the pH-jump pump-probe
TRXSS experimental setup: UV laser pulses perpendicularly over-
lapped with time-delayed X-ray pulses on the sample capillary flow-
cell. (bottom) In response to acidic conditions, i-motif folding is
triggered upon protonation of cytosines (colored in blue).

exist, especially closer to the conformational transition pH
threshold.'**” Using NMR spectroscopy, Gonzalez and co-
workers showed the role of terminal minor groove tetrads
(G:C:G:C) in forming different i-motif structures via
interactions with the noncytosine nucleotides in the
sequence.'® These discoveries highlight efforts toward under-
standing the environmental and intrinsic conditions of i-motif
conformational switching under equilibrium conditions.
However, dynamic structural characterizations directly reveal-
ing the mechanism or pathway of i-motif folding have
remained elusive. Emerging computational methodologies
with all-atom molecular dynamics (MD) simulations have
been employed to characterize the key conformational barriers,
but determining the folding pathway of i-motifs remains a
challenge to resolve without intentionally steering the
corresponding cytosines to connect,'”*%*

In this work, we investigate the pH-dependent folding
mechanism of i-motifs by probing the conformational
dynamics on the nanosecond to millisecond time scales
using time-resolved X-ray solution scattering (TRXSS) (Figure
1, top). In the past decade, instrumentation has been
developed at advanced X-ray light sources, such as third-
generation synchrotrons, to carry out time-resolved structural
studies using the “pump-probe” approaches replacing the
optical probe pulses with X-ray pulses, to directly characterize
protein and nucleic acid structure through either elastic or
inelastic X-ray scattering and X-ray spectroscopies.”’° The
pH-dependent TRXSS we have developed utilizes this
instrumentation to trigger the pH-dependent folding of the i-
motif. We use an i-motif sequence that contains 21 nucleotides
and allows for the exploration of various flexible conformations
facilitated by the core i-motif with three-nucleotide long
cytosine tracts. To capture its global structural information
without relying on biochemical modifications to the
oligonucleotide, small-/wide- angle X-ray solution scattering
(S/WAXS) is a suitable probe established for resolving the
shapes and sizes of biomolecules.””™*" To capture dynamic

structural changes due to environmental changes, e.g, pH-
jump, it is necessary to use TRXSS to collect structural
information during the pH-induced folding process. By
coupling X-ray solution scattering with a laser-induced trigger,
various time-resolved experiments have been constructed to
measure protein structural dynamics resulting from temper-
ature-jump, pH-jump, or light-induced chemical reac-
tions.””~***>* Recent advances in the structural interpretation
of biomolecular SAXS signals have permitted the modeling of
the measured signals with atomistic models, further enumerat-
ing the biophysical information extracted beyond local
spectroscopic probes.””** We report the first pH-jump
TRXSS experiment on a nucleic acid system that looks at
nanosecond to millisecond structural dynamics. Complemen-
tary MD simulations and analysis methods were used to
provide atomically detailed structural models for the species-
associated signals extracted from the TRXSS data, accounting
for the conformational flexibility of the i-motif DNA. Thus, our
combined experimental and computational approach for
characterizing the early steps of pH-induced i-motif formation
revealed previously unknown transient conformations as well
as their relevant chronology in the folding mechanism.

B EXPERIMENTAL SECTION

Oligonucleotide Synthesis. The i-motif DNA oligonucleotide
§’-CCC TAA CCC TAA CCC TAA CCC TAA CCC-3' was
synthesized and purified using standard desalting procedures. The
oligonucleotide sample was lyophilized and stored at —20 °C until
needed for the respective experiments. Full synthetic details are
available in the Supporting Information.

Equilibrium pH-Dependent SAXS. The i-motif DNA was
dissolved in 10 mM phosphate buffer with 140 mM sodium chloride
to a concentration of 2.5 mg/mL. The pH was adjusted with small
amounts of 1 M sodium hydroxide or hydrochloric acid until all pH
values were reached in the reported series. The samples were then
heated to 95 °C for S min and cooled to room temperature. The
solutions were filtered through a 0.2-um syringe filter immediately
before the SAXS measurements. The equilibrium SAXS data was
collected at the DuPont-Northwestern-Dow Collaborative Access
Team (DND-CAT) beamline at Sector S of the Advanced Photon
Source (APS) at Argonne National Laboratory. During data
acquisition, the sample was flowed continuously through a 1.5 mm
glass capillary at a flow rate of 20 yL/s. Solution scattering data were
collected for the i-motif DNA solution and corresponding buffer at an
X-ray energy of 10 keV for 10 frames of 2-s exposure each. Data
reduction and processing details are reported in the Supporting
Information.

pH-Jump TRXSS. The TRXSS experiments were performed at the
BioCARS beamline at the APS. Details of the pump-probe TRXSS
instrumentation and general data acquisition modes have been
previously reported.”*® This study follows the same methodology as
previous pH-jump TRXSS experiments: a horizontally mounted glass
capillary, coupled with a syringe pump, was the sample delivery
system.”"*>***” The i-motif sequence oligonucleotide was dissolved
in deionized water with 150 mM sodium chloride and 8 mM o-
nitrobenzaldehyde to a concentration of 2.5 mg/mL. Small amounts
of 0.1 M sodium hydroxide or hydrochloric acid were added to the
solution until a pH of 6.8 was reached. The solution was warmed to
95 °C for five min and allowed to cool to room temperature before
filtering with a 0.2-um syringe filter. The pH-jump was triggered by
delivering 7 ns laser pulses at 315 nm to photoexcite the o-
nitrobenzaldehyde photoacid. The UV laser pulse was focused to a
beam size of 125 ym X 440 ym with a pulse power density of 22.7
mJ/mm” at the focal spot, approximately 6.5 uJ per pulse. The
overlapping X-ray probe beam was focused to 30 X 35 pm. TRXSS
profiles were collected at various time delays ranging from 300 ns to
50 ms with different probe pulse durations (100 ps, SO0 ns, or 3.7 us
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Figure 2. pH-Dependent equilibrium SAXS results. (a) Equilibrium SAXS profiles for i-motif oligonucleotide pH series. (b) Population fractions of
the two-state folded/unfolded species from pH 4.5 to 8.0. (c) Dimensionless Kratky plot of the i-motif DNA pH series. (d) Experimental ensemble

R, with standard errors for each corresponding pH.

with different opening times of the X-ray shutter) to optimize data
acquisition. The scattered X-rays were collected with a Rayonix
MS340-HS detector placed 362 mm from the capillary. Details
regarding the data processing are reported in the Supporting
Information.

Molecular Dynamics Simulations. To sufficiently sample the
conformational landscape of the i-motif oligonucleotide, three
molecular dynamics trajectories (40 ns at high temperature and 20
ns at low temperature) were generated to create atomistic structural
models. For all the simulations, the AmberTools18 package and the
tleap program were used to create the initial coordinate and topology
files.* The Amber force field for nucleic acids f99 with the bscl
adaptations for protonated cytosines was chosen, according to the
methodology established by Wolski and co-workers.'”*** Each initial
structure was solvated in a periodic cubic TIP3P water box padded by
10 A in all dimensions, and Na+ or Cl— counterions were added to
appropriately neutralize the charge. The simulations started from the
initial hemiprotonated i-motif structure (PDB ID: 1EL2), published
by Phan and Mergny,*® and the OpenMM engine was used.”’ One of
the high-temperature (800 K) simulations started from the
deprotonated i-motif with canonical cytosines, while the other two
(one at 298 K low temperature and another at high temperature) used
the hemipotonated i-motif. The integration time step for all the
simulations was 2 fs, and Langevin dynamics was employed with a
damping coefficient of 1 ps™'. The system was minimized to generate
a well-behaved starting structure and then was run in the NPT
ensemble with a Monte Carlo barostat to maintain a hydration layer
similar to those under TRXSS conditions. For all three simulations,
the energies were minimized and the simulations were run for at least
20 ns.

Ensemble Optimization Structural Modeling. Theoretical X-
ray solution scattering patterns were calculated for each candidate
structure from the MD simulations using a protocol published by our
group based on the FoXS methodology.” Each of the 800 K
trajectories (fast dynamics) was sampled in 20 fs increments, while
the 298 K trajectory (slow dynamics) was sampled every 40 fs,

33745

resulting in oligonucleotide structure pools of 1000 and 500 frames,
respectively. Details on the conformational diversity of these
trajectories are reported in the Supporting Information (Figure
S12). One thousand independent conformations from the deproto-
nated oligonucleotide trajectory were used as candidate structures for
modeling the unfolded species (U) prior to the experimental pH-
jump. One thousand individual conformations from the high-
temperature protonated oligonucleotide trajectory and an additional
500 conformations from the low-temperature trajectory were used as
candidate structures for modeling both the transient intermediate (I)
and transient folded species (F). For each of the kinetic species, a
genetic algorithm was used to optimally obtain groups of
conformations whose calculated theoretical average would most
closely match its species-associated experimental X-ray scattering
signal ****** Each group of conformations is referred to as a
“chromosome,” consisting of 30 theoretically calculated and
appropriately scaled X-ray scattering profiles, each referred to as a
“gene.” Fifty chromosomes were initialized by randomly sampling
from the respective candidate pool. In each optimization step, another
50 chromosomes were generated by exchanging one-fifth of their
genes with another surviving chromosome, and another 50
chromosomes were generated by randomly mutating up to one-fifth
of the genes of each surviving chromosome. A y” fitness metric was
enforced to evaluate fit to the experimental data™ and rank the best
50 surviving chromosomes to be passed to the next optimization
round. After 10,000 steps of optimization, the best fit chromosome,
comprised of corresponding conformations whose relative weights
were embedded in the theoretical average scattering, was selected for
structural analysis. Details on how the representative structural
models were refined are reported in the Supporting Information.

Bl RESULTS AND DISCUSSION
Tracking pH Dependence with Equilibrium SAXS.

Utilizing equilibrium SAXS, we found significant structural
changes in the i-motif over the pH series. The SAXS patterns
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Figure 3. pH-Jump TRXSS and global analysis results. (a) Select TRXSS difference profiles spanning 10 ns to S0 ms. (b) Integrated time-resolved

difference signals from 0.04 Al < q <023 A?

overlaid with kinetic fit from global analysis. (c) Species associated difference profiles for

intermediate (I), transient folded (F), and between the equilibrium folded and unfolded species—determined from the equilibrium SAXS analysis
(refer to Figure S4b). (d) Relative population fractions of the time-resolved species associated difference profiles: I (green) and F (blue).

for each pH are plotted in semilogarithmic scale (Figure 2a)
and as dimensionless Kratky plots (Figure 2c). The
dimensionless Kratky representations of the SAXS profiles
normalize for the respective molecular size and radius of
gyration (R,), resulting in curves that inform unimolecular
shape alone. Under acidic conditions, a noticeable single peak
is observed near gR, = 2 in the Kratky plot profiles, indicating
that the i-motif oligonucleotide has a unimodal globular
collapsed structure. As the pH increases toward neutral and to
the upper end point of pH = 8.0, the shape of the peak
broadens and transitions sharply into a profile intensity that
monotonically increases with qR,, suggesting the loss of
uniform globular shape and the onset of an ensemble of
disordered conformations. The reverse can be said for the
overall collapse of the oligonucleotide with decreasing pH,
where there is a progressive increase in the SAXS intensity
(Figure 2a). To characterize the transition, singular value
decomposition was applied to separate the apparent species
from the background signal. Two significant components were
extracted from the SAXS pH series with a sharp melting
transition between the two. Subsequent population fitting
using a two-state sigmoidal model resulted in a pH midpoint of
6.2 with a fwhm of 0.08 unit (Figure 2b). This sharp two-state
transition agrees well with the results previously reported by
Choi et al. using pH-dependent circular dichroism spectros-
copy measurements (Figure S1)."*

The R, trends of the i-motif over the pH series provide
further evidence of the coil-to-quadruplex transition as the pH
is lowered. The R, of the structural ensembles probed by SAXS
can be obtained by applying Guinier analysis to the pH-
dependent SAXS profiles. The resulting R, plots (Figure 2d)
show the typical values of ~13 A for i- motlfs at acidic pHs and
evidence for a disordered random coil state (~21 A) at neutral
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and basic pHs. These R, results agree well with the
experimental conclusions of Jin et al, where they reported
an ensemble equlhbnum R, ranging from 14.6 A at pH 3.9 to
22.8 A at pH 11.2.° Thelr analysis suggested that it was
necessary to consider a mixture of i-motif conformations to
accurately model the structural information captured by X-ray
scattering methods.”® Thus, one cannot interpret the
conformational complexity or observe intermediate states of
the i-motif folding mechanism through equilibrium SAXS
measurements alone.

Revealing the Early Folding Process by pH-Jump
TRXSS. To elucidate the pH-responsive folding mechanism of
i-motif, TRXSS offers a methodology for studying the
conformational transition in real time.”"***** A TRXSS
experiment was carried out to collect pH-jump difference X-ray
scattering signals, which contain information about the
biomolecular structural response after deprotonation of the
photoacid. Time delays between 10 ns and S50 ms were
measured (Figures S5—S7). After the transient solvent
response is removed, the resulting curves represent the
scattering difference after the pH-jump of the oligonucleotide
molecule only (Figure 3a). Upon initial investigation, a
dominant increase in the TRXSS difference profile is observed
between 0.04 and 0.23 A™". The changes in this region of
interest are consistent with the changes observed in the
equilibrium SAXS pH series, indicative of an increase in
globular secondary structure as time goes on due to the local
acidification of the solution. The temporal evolution of this
TRXSS difference signal was analyzed first by integrating the
time series in this region of interest (see Figure 3b, for plots of
the resulting signal areas). The increase in the TRXSS
difference signal occurred in two steps before decreasing at
the longest time delay. The accumulation of difference signal,
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up to ~1 pus, is the first sign of a transient intermediate state, 4 x10° ‘ . ‘

which later evolved into a further signal increase on the Unfolded, U

milliseconds time scale (Figure 3b). The loss of difference 357 TR Intermediate, | |

signal is expected beyond 10 ms since that is the time scale on
which the diffusion of protons, released in a nonequilibrium
condition from the UV laser pulse and photoacid, contribute to
returning the pH to the initial value (before the pH-jump).
Thus, the longer time delays measured in the form of a
decreasing difference signal captured i-motif unfolding due to
the re-equilibration of the environment. Knowing the
characteristics of the TRXSS difference scattering patterns’
time evolution, the following sequential kinetic model was
proposed to fit the time series:

v313Fr3 U

where the unfolded starting species (U) transitions to an
intermediate (I) and folded species (F) sequentially, followed
by the decay back to the unfolded species. The growth of the
intermediate species was captured in the early time series,
indicated as I, with a time constant, 7;, of 113 + S ns (Figure
S8). In the late-time series, the decay of the intermediate was
modeled in conjunction with the growth and decay of the pH-
jump-induced folded species (F). It was found that I
transitioned to F with a time constant, 7,, of 10 £ 1 ms
(Figure S9). As mentioned previously, the pH becomes more
basic at long time delays due to the diffusion of protons out of
the photoexcitation beam spot. This phenomenon results in a
measurable decay of the pH-induced F species with a time
constant, 73, of >23 ms (Figure S9). Since this experiment did
not robustly characterize the decay of TRXSS signal beyond 10
ms, we do not capture intermediates upon unfolding from F to
U nor aim to describe the experiment-specific diffusion, 7,
more accurately. Our three-state kinetic model, with a
populated intermediate species during i-motif folding, is
consistent with the multiple species present in FRET
fluorescence decay lifetimes.'* By probing the early folding
process, we characterized the initial folding process of the pH-
driven oligonucleotide in real time. The proposed three-state
mechanism for i-motif folding agrees with that presented in
previous investigations of i-motif kinetics, which su%%est
conformational flexibility and an intermediate species.' ™"’
The resulting species-associated difference (SAD) patterns,
extracted from global target analysis (Figure 3c) and their
corresponding transient population fractions (Figure 3d) were
determined (see Figures S9 and S10). Although the I SAD
profile showed a small positive difference signal below 0.2 A™/,
the SAD corresponding to the F species was characterized by a
larger positive difference signal, implying a larger presence of
higher-order folded structures similar to the SAD of the folded
to unfolded at equilibrium (Figure S4b). A Bayesian indirect
Fourier transform was performed on the reconstructed species-
associated scattering profiles, resulting in pairwise distribution
functions (PDF) (Figure 4). These PDFs contain information
associated with the measured pairwise distances of atoms in
the biomolecular ensemble at each state in the folding
mechanism. The unfolded state is characterized by a broad
distribution of distances up to the measured fully extensible
distance (D) of 65 A. The PDF of the transient intermediate
species showed a slightly smaller D,,,, of 62 A, a shape in the
distribution that populates shorter characteristic distances,
approximately 15 A, and less population at longer distances.
The species-associated ensemble R, of the unfolded and pH-
induced intermediate are similar, 20.5 + 0.5 and 19.1 + 0.3 A,

—F— TR Folded, F

Pair Distrubution Function

0 20 40 60 80
r, A

Figure 4. Pair distance distribution functions of the kinetic species.

respectively, further indicating a transition toward collapsed
oligonucleotide structures with persisting extended random
coil conformations. As the oligonucleotides progressed to the
transient folded species (F), a significant decrease in these
physical parameters was measured: a species associated with R
of 152 + 0.1 A and D,,, of 44 A. The PDF of the folded state
shows a large relative increase in probability density at short
distances; this data is evidence for the conversion from
extended oligonucleotide conformations to either partially or
fully folded structures. These species-associated PDFs agree
with those previously reported in a pH-dependent SAXS study
of i-motif DNA.* Jin et al. discussed the need to consider a
structural ensemble to model the scattering profiles measured;
hence, this agreement between the species-associated signa-
tures and the established equilibrium findings suggests that
these transient species have ensemble conformational tenden-
cies corresponding to the time evolution of pH-induced i-motif
folding.56

Structural Analysis. To extract the microscopic structural
information from the measured macroscopic signatures, which
embed the ensemble of biomolecular electron densities, we
employed an ensemble optimization method that algorithmi-
cally solved for the best combinatorial cluster to model each
experimental kinetic species, eg, U, F, and [3545335% The
results of this ensemble fitting for each kinetic species is a
group of individual molecular conformers, whose averaged
calculated scattering profiles best fit the experimentally
determined species-associated scattering profile (see Figures
S15—S17 for each scattering fit). These groups of oligonucleo-
tide conformations were consistently achieved even while
varying the initial seed of the algorithm; thus, the resulting
conformations provide a means for us to understand the
structural tendencies of the species-associated scattering
signatures. To interpret the resulting conformational groups,
two metrics, R, and heavy-atom root-mean-square deviation
(RMSD) relative to the starting i-motif structure, were chosen
to cast the optimal 30 conformations for each transient species
(Figure S). As expected, the unfolded species, before the pH-
jump, mostly consisted of various extended conformations of
single-stranded oligonucleotides with R,’s between 18 and 20 A
(Figure Sa; see Figure S18 for examples of structures). The
corresponding RMSD histogram (Figure Sd) shows that these
conformations also deviated largely from a known i-motif fold
by ~2 nm. The transient intermediate species, I, was mapped
to an ensemble of conformations that had comparably smaller
R;s (Figure Sb; see Figure S19 for examples of structures),
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Figure 6. Population fractions of representative structures of i-motif oligonucleotide for each kinetic species: unfolded (U;), intermediate (I;), and
folded (F;). Oligonucleotide ribbon structures colored by nucleotide type: adenine (green), thymine (red), and cytosine (blue).

implying some partial folding and intramolecular interactions.
However, the i-motif folds are not yet populated in this
transient intermediate, which arose after 1 us; rather these
partially folded structures maintained RMSD’s that suggest
significant divergence from the desired i-motif at acidic pH’s
(Figure Se). The folded species, F, captured by the pH-jump
TRXSS experiment were optimally represented by a mixture of
collapsed (R, < 13 A) and partially extended structures (R, ~
15 A) (Figure S¢; see Figure S20 for examples of structures).
Quadruplex base-paired i-motif structures were observed for
this kinetic species, reaffirmed by their small RMSD (<0.3
nm), albeit they were a small fraction of this ensemble (Figure
5f). The remaining non-i-motif structures in the folded species
contribute a small R, close to or sometimes shorter than that
of the native i-motif quadruplex conformation, suggesting the
presence of structures reacting to a pH-induced collapse but
not completely folded. These conformational ensembles
represent structural tendencies, mapped in the context of R,
and RMSD, for the i-motif oligonucleotide as it goes from a
disordered unfolded form toward a folded quadruplex, in
response to the pH-jump.
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To extract the molecular models for each of the kinetic
species described above, we utilized hierarchical agglomerative
clustering for each of the optimally determined ensembles
according to the RMSDs (see Section S8 in the Supporting
Information for details). It was possible to simplify the
conformations obtained from the ensemble optimization
method to two to four representative structures, with their
corresponding population fractions readjusted (Figure 6). The
unfolded species, U, is consistent with the expectations of
disordered single-stranded oligonucleotide at neutral pH
conditions and is represented by structures, labeled U,
(37%) and U, (63%). These conformations lack intramolecular
contacts and accurately reflect the nature of the oligonucleo-
tide before the pH-jump. The intermediate species, I, exhibited
a mixture of conformations, suggestive of partially folded
structures (noted in Figure Sb,e). Four representative
structures were the outcome of the clustering procedure,
with three of the four showing signs of partial folding and
intramolecular contacts. These intermediate constituents
depict the possible “initial folds” of the oligonucleotide, as it
adopts a smaller global shape in response to the acidic
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environment. The i-motif sequence contains four cytosine-rich
segments, and preliminary folds can be intrachain contacts
between any two of those segments. I; (37%) is a partially
folded conformation nucleated in the center of the strand,
stemming from interactions between the two adjacent
cytosine-rich segments. I, (40%) is a partially folded
conformation with interactions formed by cytosine-rich
segments at the end, bending the backbone toward a hairpin
structure. The long-range interactions would result from the
cytosine-rich segments at the 3’ and 5’ ends of the sequence,
which is the least represented partially folded structure: I,
(10%). The remaining disordered structures, I; (13%), were
still picked up by the ensemble fitting, showing structural
similarity to U, and affirming the sequential relationship
between the unfolded and transient intermediate species. The
long-lived intermediate species is consistent with the
interpretation that partially folded or misfolded i-motif
contacts are kinetically formed and must be overcome in
order for the i-motif quadruplex formation to occur.”®

In the late-time millisecond regime, our structural analysis
revealed the conformations that make up the transient folded
species captured by the SAD signals. Quadruplexed i-motif
(F;) was found to contribute to 20% of this ensemble,
coexisting with a partially folded F, (47%) and drastically
collapsed F; (33%). Why do the folded kinetic species show a
minority of i-motif structures? At this time delay from the pH
jump (~20 ms), the F, (folded) structure is not the dominant
kinetic species and must compete with conformers that are
higher in energy than the equilibrium i-motif. In other words,
we expect that cytosine-rich nucleotides, like the sequence
investigated here, will adopt collapsed, unfolded structures
when undergoing rapid switching that are fully consistent with
a folded i-motif’s structural characteristics, such as R, and
FRET efficiency. Furthermore, the mixture of this ensemble is
consistent with the known conformational flexibility of this i-
motif sequence from a previous SAXS experiment that
modeled i-motifs in acidic conditions, accounting for partially
folded conformations.”® The presence of the collapsed F,
conformation, which comprised one-third of the transient
folded species, is an observation that has yet to be considered
in the mechanism of early i-motif formation. The early steps of
i-motif formation, in response to a rapid pH-jump, allowed for
the dramatic collapse of the molecule into a globularly compact
(R, < 13 A), yet misfolded, structure. This pH-induced
collapse could give a “folded” FRET response in unbound i-
motif experiments where the structure is inferred from
chromophore distance, leading to multiple fluorescence
decay components based on the subtle structural reorganiza-
tions in the collapsed length scale."”*® In addition, we
anticipate the kinetic formation of these species to differ for
folding experiments characterized with oligonucleotide systems
tethered at one or both ends.’”” With our ensemble
optimization method, we are now able to distinguish between
the “collapsed yet unfolded” F; and the i-motif F,
conformations as they form at overlapping time scales. We
expect that the competing kinetic structures uncovered here
will not only provide insight into the fundamental mechanism
of i-motif folding but also the transient conformations will
quantify the design space uncertainty for tunable i-motif
nanomachines. Further study into i-motif sequences with
different ratios of cytosine blocks to the length of the entire
sequence will provide further details about the diversity of
kinetic structures.
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B CONCLUSIONS

We directly investigated the pH-induced conformational
dynamics of the i-motif using pH-jump TRXSS and
complementary molecular modeling to reveal the representa-
tive structures and structural tendencies in i-motif formation.
Although the conformational flexibility of the i-motif had been
noted in previous studies, the early structural dynamics on
submillisecond time scales had yet to be conclusively
determined.'**”*%*”%° Furthermore, previous MD simulations
remained inconclusive regarding the transient intermediates
because force field parameters for noncanonical nucleic acid
structures are an emerging field of research.'”?® Here, using
pH-jump TRXSS, we captured the three-state kinetics of i-
motif folding in solution. The global target analysis revealed
the presence of an intermediate signature that populated in
113 ns and evolved into a transiently detected folded species in
10 ms. Because of the conformational flexibility of the i-motif,
multiple microscopic folding pathways were found to evolve
simultaneously in response to the synchronized pH-jump
trigger. Therefore, the species-associated experimental scatter-
ing signatures were ensembles that contained embedded
structural information on individually distinct conformations.
To extract those representative structures, ensemble fitting and
clustering methods were applied to extract the representative
transient conformations, which were previously unknown. We
found that the transient intermediate species consisted of
various partially folded conformations. Moreover, the transient
folded species, prepared by the laser-induced pH-jump, was a
mixture of i-motif (F1), partially folded intermediate structures
(F2), and a compact, yet misfolded, trapped conformation
(F3). By combining SAXS measurements, which implicitly
embed global structural information and complementary
atomistic modeling, we were able to explore the early folding
response of the i-motif and differentiate between conforma-
tions of varying intrachain contacts. The structural elucidation
of i-motifs along a pH-triggered pathway gives insight into
noncanonical nucleic acid structural dynamics and quadruplex
structural kinetic stabilization in biological contexts. In
addition, the promise of i-motif switches using a variety of
environmental triggers requires a kinetic understanding, and
our study provides a template for future nanotechnology
studies.
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