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Introduction

Structures of the kinetically trapped i-motif DNA
intermediatesT

Alyssa Garabedian,® David Butcher,® Jennifer L. Lippens,® Jaroslava Miksovska,®
Prem P. Chapagain,“® Daniele Fabris,® Mark E. Ridgeway,® Melvin A. Park® and
Francisco Fernandez-Lima®*

In the present work, the conformational dynamics and folding pathways of i-motif DNA were studied
in solution and in the gas-phase as a function of the solution pH conditions using circular dichroism
(CD), photoacoustic calorimetry analysis (PAC), trapped ion mobility spectrometry-mass spectrometry
(TIMS-MS), and molecular dynamics (MD). Solution studies showed at thermodynamic equilibrium the
existence of a two-state folding mechanism, whereas during the pH = 7.0 — 4.5 transition a fast and
slow phase (AHgst + AHgiow = 43 + 7 keal mol™Y) with a volume change associated with the formation
of hemiprotonated cytosine base pairs and concomitant collapse of the i-motif oligonucleotide into
a compact conformation were observed. TIMS-MS experiments showed that gas-phase, kinetically
trapped i-motif DNA intermediates produced by nanoES| are preserved, with relative abundances
depending on the solution pH conditions. In particular, a folded i-motif DNA structure was observed in
nanoESI-TIMS-MS for low charge states in both positive and negative ion mode (e.g., z = +3 to £5) at
low pH conditions. As solution pH increases, the cytosine neutralization leads to the loss of cytosine—
cytosine® (C-CH™) base pairing in the CCC strands and in those conditions we observe partially unfolded
i-motif DNA conformations in nanoESI-TIMS-MS for higher charge states (e.g., z = —6 to —9). Collisional
induced activation prior to TIMS-MS showed the existence of multiple local free energy minima,
associated with the i-motif DNA unfolding at z = —6 charge state. For the first time, candidate gas-phase
structures are proposed based on mobility measurements of the i-motif DNA unfolding pathway. Moreover,
the inspection of partially unfolded i-motif DNA structures (z = —7 and z = —8 charge states) showed that
the presence of inner cations may or may not induce conformational changes in the gas-phase. For example,
incorporation of ammonium adducts does not lead to major conformational changes while sodium adducts
may lead to the formation of sodium mediated bonds between two negatively charged sides inducing the
stabilization towards more compact structures in new local, free energy minima in the gas-phase.

relevant conditions that are not accessible by other methods.>
Most common gas-phase structural probes are based on (or

Recent innovations in speed, accuracy, and sensitivity have
established Mass Spectrometry (MS) based methods as a key
technology in the field of structural biology." Over the last two
decades, native MS of intact biomolecules and biomolecular
complexes has permitted structural interrogation at biologically
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a combination of) tandem mass spectrometry (ergodic and
non-ergodic), gas-phase hydrogen-deuterium exchange, ion
spectroscopy, and ion mobility spectrometry. In particular,
ion mobility spectrometry combined with mass spectrometry
(IMS-MS), can be a multifaceted approach that quickly provides
insight into both the stable and intermediate structures of
biomolecules in the gas-phase. Traditional ion mobility spectro-
metry (IMS) is based on the separation of ions under the
influence of a weak electric field as they collide with a bath
gas of inert neutral molecules.”® The mobility provides infor-
mation on the size and shape via the momentum transfer ion-
neutral collision cross section (CCS).'® While this description
holds true for most contemporary IMS analyzers (e.g., periodic
focusing DC ion guide,'"** segmented quadrupole drift cell,**
multistage IMS,"**® transient wave ion guide,"”'® trapped ion
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mobility spectrometers'®>* and SLIM devices**), a common
feature is that gas-phase studies take advantage of the desolvation
process to effectively reduce sample complexity, permitting mole-
cular characterization in the absence of bulk solvent by studying
gas-phase structures in kinetically trapped intermediates. More
recently, the combination of IMS-MS measurements with infrared
multi-photon dissociation (IRMPD) spectroscopy and infrared
vibrational spectroscopy for structural characterization of gas-
phase molecular ions have shown the unique advantage of gas-
phase studies in order to better understand the intramolecular
forces that define the conformational space of biomolecules.>>
With the recent introduction of a new IMS analyzer - trapped ion
mobility spectrometer (TIMS) - the possibility to decouple the time
domain from the IMS separation allows for the study of kinetically
trapped intermediates of molecular ions in the gas-phase as a
function of the desolvation time, temperature and bath gas
composition. TIMS’ mode of operation and its advantages over
traditional IMS are described in ref. 19, 30 and 31. We have shown
the use of TIMS for the study of isomerization kinetics of small
molecules,*** peptides,®>*® and proteins,*”™** the influence of
the collision partner on the molecular structure,”® and the factors
that affect molecular-adduct complex lifetime and stability during
TIMS measurements.**

Here we report on a proton-sensitive DNA molecule based on
the i-motif conformation (i-motif DNA) that can reversibly fold
in response to the solution pH conditions.*>*” The i-motif
DNA is a four-stranded DNA structure that forms due to
intramolecular noncanonical base pair interactions between a
protonated and a neutral cytosine residue (i.e., a CH":C base
pair) under slightly acidic conditions. At higher pH values, the
cytosines are neutral and the DNA strand adopts a random coil
conformation.*®*® Regardless of its impending role in oncogene
regulation and anti-cancer therapies,’** i-motif DNA has found
multiple applications in the field of nanotechnology (e.g., nano-
motors, environmental sensors and pH switches).>* Recent studies
have shown that nucleic acids can maintain their solution phase
topology (e.g., duplexes, triplexes or G-quadruplexes®>>’) when
transferred to the gas phase via electrospray sources.’®*® A
recent work using ESI-TWIMS-MS and ESI-IRMPD-MS concluded
that zwitterionic i-motif DNA structures are preserved in
negatively charged DNA ions.®® However, the detailed structural
features of the folded i-motif DNA and the variations in
structure that occur in response to changes in pH have received
little attention.

In the present work, the conformational dynamics and
folding/unfolding pathways of i-motif DNA are investigated in
solution and in the gas-phase. That is, i-motif DNA was studied
in solution for the pH range 4.0-9.0 at thermodynamic equili-
brium using circular dichroism (CD) and during the pH 7.0 —
4.5 transition using photoacoustic calorimetry analysis (PAC),
and in the gas-phase using nano electrospray ionization trapped
ion mobility spectrometry-mass spectrometry (nanoESI-TIMS-MS)
with and without collisional induced activation prior the TIMS-MS
analysis. The TIMS-MS measured ion-neutral collision cross sections
are used to propose candidate structures based on molecular
dynamics (MD) simulations as a way to better understand the
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i-motif DNA free energy landscape. In addition, the influence
of inner cations on the stabilization of gas-phase structures is
discussed for partially unfolded i-motif DNA.

Experimental
Materials and reagents

A 21 base, cytosine-rich DNA sequence mimicking the telomeric
repeat sequence 5'-[CCCTAA];CCC-3’ (C19gH256N720121P20, MW
6200 Da) was obtained indistinctly from Eurofins Scientific
(Huntsville, AL) and from Integrated DNA Technologies
(Coralville, IA) and used without further purification. Nitro-
benzaldehyde (2-NBA) powder was obtained from Sigma-Aldrich
(St. Louis, MO). Solvents, hydrochloric acid, sodium hydroxide,
ammonium acetate, ammonium formate, and ammonium
hydroxide salts utilized in this study were analytical grade or
better and purchased from Fisher Scientific (Pittsburgh, PA).
A Tuning Mix calibration standard (G24221A) was obtained
from Agilent Technologies (Santa Clara, CA) and used as received.

Circular dichroism analysis (CD)

Circular dichroism spectra were collected using a Jasco J-815
CD spectrometer (Easton, MD) as a function of the solution pH.
Spectra were collected from 1 mm quartz cuvettes containing
30 pM i-motif DNA solubilized in deionized water at pH = 4.0,
5.0, 6.0, 7.0, 8.0 and 9.0. Solution pH was adjusted using hydro-
chloric acid (HCI) and sodium hydroxide (NaOH).

Photo acoustic calorimetry analysis (PAC)

A detailed description of PAC principles of operation and data
analysis can be found elsewhere.®" Briefly, a solution of 30 uM
i-motif DNA and 1 mM 2-NBA was prepared in deionized water
and stored in the dark to prevent unwanted photolysis. Solution
pH was adjusted using hydrochloric acid (HCI) and sodium
hydroxide (NaOH). A 500 pL solution of i-motif DNA and 2-NBA
solution was placed in a 1 cm x 0.5 cm quartz cuvette (Starna
Cells) and the cuvette was placed in a temperature-controlled
sample holder with magnetic stirring capability (TC 125, Quantum
Northwest). The sample solution was stirred during measurements
to prevent accumulation of the photoproduct and a fresh aliquot
was used for each temperature measurement; the PAC measure-
ments were performed over 16-26 °C temperature range. 2-NBA
photo-dissociation and concomitant proton release was triggered
by a 355 nm laser pulse (500 pJ, Surelite I-10, Continuum).
Fe(w)tetraphenylsulfonato porphyrin (4-SP) solubilized in deionized
water at pH 7.0 was employed as a reference compound. The
absorbance of the reference solution matched the absorbance
of the sample at the excitation wavelength of 355 nm. A piezo-
electric transducer (Panametrics RV103, 1 MHz) was adhered to
the side of the cuvette and the signal was amplified using an
ultrasonic preamplifier (Panametrics 5662). The PAC traces
were recorded using a digital oscilloscope (Wave Surfer 42Xs,
LeCroy) and were deconvoluted using Sound Analysis software
(Quantum Northwest, WA).
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Acoustic transducers used in PAC measurements are sensitive
to the amplitude of an acoustic wave as well as to its temporal
profile. For a two-step sequential decay process on the time scale
of the transducer resolution (~50 ns to ~10 ps), the individual
contributions of AV and AH for each kinetic process can be
resolved. Changes in the phase and amplitude of the PAC traces
can then be correlated with structural changes in solution as a
consequence of the pH jump (reaction volume and enthalpy).**
For the initial process (t < 50 ns), the ratio of the sample and
reference PAC signal amplitudes (¢,) is related to the reaction
volume (AVg,) and reaction enthalpy (AH:.) according to

eqn (1):

Ehz/((i)l - 1)/(15 = AVfast {%] — AHjy (1)

where Ej;, = 80.59 kcal mol™*, @ is the quantum yield of the
primary photo-reaction, and Cpp/f is a temperature-dependent
parameter made up of the heat capacity (Cp), density (p) and
expansion coefficient () of the solvent.

For slower processes (50 ns < t < 10 us), the ratio of the
sample and reference PAC signal amplitudes (¢,) is related to
the reaction volume (AVy4y) and enthalpy (AHg o) according to

eqn (2):

Ehz/(‘,bz)/@ = AVslow {%} - AI—Islow (2)

Trapped ion mobility spectrometry-mass spectrometry analysis
(TIMS-MS)

Details regarding the TIMS operation and specifics compared
to traditional IMS can be found elsewhere."®>"°>%® Briefly,
mobility separation in TIMS is based on holding the ions
stationary using an electric field against a moving gas. The
separation in a TIMS device can be described by the center of
the mass frame using the same principles as in a conventional
IMS drift tube.'® Since mobility separation is related to the
number of ion-neutral collisions (or drift time in traditional
drift tube cells), the mobility separation in a TIMS device
depends on the bath gas drift velocity, ion confinement and
ion elution parameters. The reduced mobility, K, of an ion in a
TIMS cell is described by:
kleo A 3)
E (Velution - Vout)

where v, and E are the velocity of the gas and the applied
electric field across the TIMS analyzer region. Vejution iS the
voltage when the ions elute in the Vimp sweep and Vi is the
voltage applied at the end of the TIMS analyzer region.

A custom-built, pulled capillary nanoESI source was utilized
for all the experiments. Quartz glass capillaries (O.D.: 1.0 mm
and L.D.: 0.70 mm) were pulled utilizing a P-2000 micropipette
laser puller (Sutter Instruments, Novato, CA) and loaded with
10 pL aliquot of the sample solution. Sample solutions consisted
of 1 uM i-motif DNA in 10 mM ammonium acetate solution at
three pH values (pH = 4.5, 7.0 and 9.0). Solution pH was adjusted
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using ammonium formate and ammonium hydroxide salts.
A typical nanoESI source voltage of +600-1200 V was applied
between the pulled capillary tips and the TIMS-MS instrument
inlet. Ions were introduced via a stainless steel tube (1/16 X
0.020”, IDEX Health Science, Oak Harbor, WA) held at room
temperature into the TIMS cell.

The TIMS cartridge is comprised of three regions: an entrance
funnel, analyzer tunnel (46 mm axial length), and exit funnel.
A 880 kHz and 200 Vpp RF potential was applied to each section
creating a dipolar field in the funnel regions and a quadrupolar
field inside the tunnel. For collisional induced activation experi-
ments prior the TIMS separation (CIA-TIMS-MS), 2D-TIMS-MS
spectra were collected as a function of the axial electric field
across the deflector plate and the end of the entrance funnel in
10 V intervals of the deflector voltage (Vyefiector = 0-200 V); the
voltages across the entrance and exit of the entrance funnel were
adjusted relative to Vgefiector t0 guarantee an homogenous axial
electric field in all CIA measurements. TIMS separation was
performed using nitrogen as a bath gas at ca. 300 K, at a
constant gas flow velocity defined by the pressure difference
between entrance funnel P; = 1.1-4.3 mbar, and the exit funnel
P, = 0.6-3.0 mbar.>>*!

In TIMS operation, multiple geometric isomers/conformers
are trapped simultaneously at different E values resulting from
a voltage gradient applied across the TIMS tunnel. After
thermalization, geometrical isomers/conformers are eluted by
decreasing the electric field in stepwise decrements (referred to
as the “ramp”’). Each isomer/conformer eluting from the TIMS
cell can be described by a characteristic voltage (i.e., Velution —
Vour)- Eluted ions are then mass analyzed and detected by a
maXis impact Q-ToF mass spectrometer (Bruker Daltonics Inc,
Billerica, MA).

In a TIMS device, the total analysis time can be described as:

Total IMS time = tap + (Velution/Vramp) X tramp + TOF = £,

+ (Velut/Vramp) X tramp (4)

where, trap is the thermalization/trapping time, ToF is the time
after the mobility separation, and Vigmp and tamp are the
voltage range and time required to vary the electric field,
respectively. The elution voltage was experimentally deter-
mined by varying the ramp time (tamp = 100, 200, 300, 400
and 500 ms) for a constant ramp voltage sweep. This procedure
also determines the time ions spend outside the separation
region ¢, (e.g., ion trapping and time-of-flight). The TIMS cell
was operated using a fill/trap/ramp/wait sequence of 10/10/
50-500/50 ms. The TOF analyzer was operated at 10 kHz (m/z =
100-3500). The data was summed over 100 analysis cycles
yielding an analysis time of ~50 s for t;amp = 500 ms. Mobility
calibration was performed using the Tuning Mix calibration
standard (G24221A, Agilent Technologies, Santa Clara, CA) in
positive ion mode (e.g., m/z = 322, K, = 1.376 cm®> V"' s ! and
mlz = 622, Ko = 1.013 cm® V™! s71).>! The TIMS operation was
controlled using in-house software, written in National Instruments
Lab VIEW, and synchronized with the maXis Impact Q-ToF acquisi-
tion program.'®?°
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Reduced mobility values (K,) were correlated with CCS (Q)
using the equation:

(18m)'2 2z {1 1}1” 11

6 G v 0

my my

where z is the charge of the ion, kg is the Boltzmann constant,
N~ is the number density and m; and my, refer to the masses of
the ion and bath gas, respectively.'® All resolving power (R)
values reported herein were determined from Gaussian peak
fits of the features in the TIMS distributions (R = Q/AQ) using
OriginPro (version 8.0). The FWHM of the mobility band was
used to calculate the AQ.

Theoretical

Candidate structures search and assignment from TIMS-MS
data was performed based on the workflow described in ref. 64.
Briefly, an initial guess was performed based on the folded
i-motif DNA 1ELN structure from protein data bank.®> Molecular
dynamic simulations were performed with NAMD (http://www.ks.
uiuc.edu/Research/namd/)®® using CHARMM36 force field,*”
which shows significant improvements over previous force-
fields for simulating the nucleic acids.®®* CHARMM-GUI®®
web-server was used to initialize the MD simulations. The
i-motif DNA was solvated in a 53 A cubic box with TIP3P water
model and the system was neutralized by adding eight Mg>*
and two CI ions.

A 10000-step energy minimization was performed using
the conjugate gradient and line search algorithm, followed by
a 100 ps NVT equilibration at 300 K and 1 atm pressure with
periodic boundary conditions. The particle mesh Ewald
method”® was used to treat the long-range interactions with a
12 A nonbonded cutoff. The RATTLE algorithm was used to
constrain protein bonds involving hydrogen, and SETTLE was
used to maintain water geometry. A 400 ns NPT simulation was
performed with a 2 fs integration time step at 300 K and 1 atm
pressure. A total of 18 000 structures were submitted to the CCS
calculation and clustered based on RMSD using our custom-
built R-code software.®® A minimum of five distinct center of
mass structures (CM) were selected per experimental IMS band
observed from the cluster analysis based on energy minimiza-
tion and CCS calculation as a function of the charge state [CM,
CCS]charge- The MD force field energy minimization did not
properly describe the hemiprotonated cytosine interactions
leading to mostly [CM, CCS]charge Of unfolded i-motif DNA. To
overcome this limitation, the final set of candidate structures
also included structures generated based on the trends
observed during the i-motif DNA unfolding 400 ns trajectory
and the previously reported i-motif DNA folded structure.®®
CCSs were calculated using the IMoS (v1.04b)”"7* and PSA™
packages with nitrogen as a bath gas at ca. 300 K. In the IMoS
calculations, 100 total rotations were performed using the
trajectory method with a Maxwell distribution. Molecular visua-
lization was performed using Visual Molecular Dynamics
software.”®
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Results and discussion

This work utilizes solution and gas-phase experiments for the
study of equilibrium and kinetic intermediates of the i-motif
DNA system. Specifically, CD and TIMS-MS provide information
of i-motif DNA structures as a function of solution pH, whereas
PAC and CIA-TIMS-MS interrogate kinetic intermediates during
the folding and unfolding pathways, respectively. These com-
plementary techniques allow different conformational states to
be unveiled and provide a more detailed interpretation of the
folding pathway and unfolding intermediates in the presence
and absence of bulk solvent, respectively. The focus of this
paper is towards a better description of the i-motif DNA free
energy landscape.

At thermodynamic equilibrium in solution, the transition
from basic to acidic pH solution conditions of the i-motif DNA
can be characterized by an increase of the 287 nm band and the
concomitant decrease of the 272 nm band in the CD signal (see
Fig. 1), being more significant in the pH = 4.0-7.0 range. The
observation of two isosbestic points at 245 nm and 276 nm
suggests a two state folding mechanism (F < U) for the i-motif
DNA as a function of the solution pH.”® It should be noted that
a two state folding mechanism does not limit the number of
conformations to two; that is, multiple conformations may exist
at equilibrium in the folded and unfolded states (e.g., the CD
signal at pH = 6 contains mixed states).

Complementary gas-phase analysis was performed as a
function of the solution pH and time after desolvation using
nanoESI-TIMS-MS. This gas-phase analysis takes advantage of
the desolvation process to effectively reduce sample complexity
and permit molecular characterization in the absence of bulk
solvent. The rationale is to kinetically trap gas-phase structural
populations (or ensemble) in local, free energy minima close
to the initial, thermodynamic equilibrated solution-phase
structural populations (or ensemble). Previous works have
shown the presence of solution memory effects by looking at
the changes on the IMS profile as a function of the desolvation

time, 627780
IH T I T T T T T
| pH values |
o T,
— 50
— 60
~ 20 70
_§’ —80
——90
£ 10
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260 280 300 320 340
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Fig. 1 Circular dichroism spectra of i-motif DNA (30 uM in deionized
water) as a function of the solution pH = 4.0-9.0 at 20 °C. Notice that no
changes in the spectra are observed in the pH = 7.0-9.0 range.
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Fig. 2 Typical positive (red) and negative (blue) mass spectra (top) and mobility profiles for i-motif DNA as a function of the solution pH (4.0-9.0) using
low energy injection nanoESI-TIMS-MS. Notice the change in the charge distribution as a function of the solution pH. Changes in individual charge states
mobility profiles were not observed as a function of the solution pH conditions.

The nanoESI-TIMS-MS analysis of i-motif DNA resulted in
the observation of molecular ions in positive and negative ion
mode (see Fig. 2). In positive mode, a narrow charge state
distribution (+3 to +5) is observed with no major variation as
the solution pH. In negative mode, a broad distribution of
charge states (—3 to —9) is observed with relative abundances
changing with the solution pH. We interpret the changes in the
MS relative abundances in negative mode with the solution pH
increase as a consequence of the loosening of the C-CH" base
pairing that stabilizes the folded i-motif conformation leading
to more deprotonation sites in the partially unfolded i-motif
DNA structures. In the case of positive mode, as the pH
decreases the cytosines become protonated leading to the
i-motif folding, limiting the number of accessible protonation
sites. Notice that this trend is unique for the i-motif DNA

This journal is © the Owner Societies 2016

compared to other reported studies of biological molecules
(e.g., some peptides and proteins) where denaturing at low pH
conditions leads to the observation of higher charge states and
native conditions (pH = 6-8) show a narrow low charge state
distribution.””#'"8° That is, the stabilization of the i-motif DNA
with the reduction of the solution pH results in the observation
of a narrow charge state distribution in positive mode. Despite
the changes in the MS relative abundances of the charge states
with the solution pH, closer inspection of the mobility profiles
did not show any dependence on the solution condition or
the time after desolvation (details for the TIMS profiles as a
function of the time after desolvation over the 50-500 ms range
can be found in the ESIt). Moreover, major changes in the CCS
values were observed as a function of the i-motif DNA charge
state. Low charge states (e.g., +3 to +5 and —3 to —5) can be

Phys. Chem. Chem. Phys., 2016, 18, 26691-26702 | 26695
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described by a single, broad mobility band,*® with slightly
increasing CCS as a function of the charge state. Notice that
the increase of CCS with the charge state is an expected trend
and does not necessarily reflect conformational changes for
Z = +3 to +5 and —3 to —5. However, a major transition is
observed at z = —6, with the observation of partially unfolded
i-motif DNA structures in the z = —6 to —9 charge states. The
CCS trend observed in negative mode as a function of the
charge state is in good agreement with previous ESI-TWIMS-MS
experiments;’°~?* however, this study takes advantage of TIMS’s
higher mobility resolution to resolve a higher number of
IMS bands and to report accurate ion-neutral collision cross
sections.

Solution phase analysis of i-motif DNA transition (U — F)
during the pH jump from 7.0 to 4.5 was performed by PAC and
permitted the interrogation of the folding process (kinetic
intermediates) on the nanosecond to microsecond timescale.
The photolysis of 2-NBA leads to a prompt pH decrease (ApH ~
2.5 units) due to the 2-NBA photo-conversion to nitroso-
benzoate (see details in Scheme 1). For the 2-NBA photo-
dissociation, reaction enthalpy AH = —29.2 + 6.6 kcal mol™*
and volume change AV = —5.1 4+ 1.6 mL mol ™' were observed in
agreement with previously published data.’* In the presence of
i-motif DNA, the fast increase in the proton concentration (pH
7.0 — 4.5) initiates the folding of i-motif DNA. Acoustic traces
for the photolysis of 2-NBA in the presence of i-motif DNA show
a phase shift and amplitude change with respect to the reference
acoustic traces, indicative of the presence of two processes,
one occurring within the first 50 ns (fast phase, ¢,), and a
temperature-dependent process with a time constant of 140 ns
(slow phase, ¢,) at 20 °C (see Fig. 3). After subtraction of AV/AH
determined for 2-NBA photolysis in the absence of i-motif DNA,
the reaction parameters for the fast and slow processes are
AHpae = 8.5 £ 7.0 keal mol™ and AVg,g = 10.4 + 1.6 mL mol ™
and AHg,, = —51.5 + 4.8 keal mol™' and AV, = —6.6 +
0.9 mL mol ", respectively.

The fast process observed in PAC measurements (t < 50 ns)
can be attributed (i) to the photo-dissociation of 2-NBA and
concomitant release of protons (with a time constant of ~20 ns”)
and (ii) to cytosine residue protonation (assuming the rate of
pyridine protonation in solution ~tens of picoseconds).”®
During the pH jump (pH 7.0 — 4.5), approximately six cytosine

6 Vr (C"; l v *-‘E“
‘o 9
Folding +ﬂ\} :“
e

Scheme 1 Photo-triggered conversion of 2-nitrobenzaldehyde to 2-nitroso-
benzoate and a free proton followed by protonation of the oligonucleotide and
folding into the i-motif DNA.
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Fig. 3 Plot of the fast (¢1) and slow (¢,) phases as a function of C,p/f in
the 16-26 °C temperature range. In the inset, PAC traces for 2-NBA
photo-dissociation in the presence of i-motif DNA sample (blue) and
4SP reference compound (red) at 16 °C.

residues (pK, = 4.58)°” will be protonated with an enthalpy
change of —30 kcal mol™" (assuming a AH = —5.0 kcal mol ™"
per cytosine residue®®). Since a positive enthalpy change of
8.5 & 7.0 kcal mol " was determined for the fast process, an
additional endothermic process with AH ~ 38.5 + 7.0 keal mol *
must occur within 50 ns of 2-NBA dissociation. This endothermic
enthalpy change can be attributed to the decrease in the solvent
electrostriction due to reduction of the overall DNA charge.

The reaction parameters determined for the slow phase are
consistent with i-motif DNA nucleation. Nucleation of the
intramolecular i-motif DNA structure requires the formation
of at least one hemiprotonated cytosine base pair, an inter-
action that consists of three hydrogen bonds between one
protonated and one neutral cytosine residue within an oligo-
nucleotide. Though empirical measurements of the enthalpy
of this specific base-pairing interaction are not available,
the enthalpy of inter base pair hydrogen bond formation was
determined for the canonical GC Watson-Crick base to be
—8.0 kecal mol~".°° Within the intramolecular i-motif DNA with
six protonated cytosines, up to six cytosine-cytosine base-
pairing interactions can be formed for a contribution of
—48 kecal mol ™' to the observed enthalpy for the folding
process. In addition, formation of the i-motif structure results
in stacking of the cytosine bases, an interaction with an
enthalpy of —5.0 kcal mol™" per base pair stack.'’® Formation
of the folded i-motif DNA structure results in the formation of
5 base pair stacking interactions with a contribution of
—25 keal mol " to the observed enthalpy. Therefore, formation
of the fully folded i-motif DNA should provide AH,,s =
—73 kecal mol™' or ~—12 kcal mol™' per hemiprotonated
cytosine base pair. The enthalpy change determined here for
the slow process AHgjo,, = —51.5 + 4.8 kecal mol ' reflects the
formation of approximately 4.5 hemiprotonated cytosine base
pairs. The observed volume change (AVyoy = —6.6 & 0.9 mL mol %)
is consistent with the formation of hemiprotonated cytosine
base pairs and concomitant collapse of the oligonucleotide into
a more compact conformation with a smaller volume as observed
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previously using small angle X-ray scattering.'®® The overall
reaction enthalpy change (AHgg + AHgow = 43 + 7 keal mol ™)
is similar to that previously determined by NMR for the intra-
molecular folding of a similar cytosine-rich strand (5’-[TCC];-3")
with fewer potential base pairing interactions (—43 kcal mol )"
and for the reverse process of i-motif DNA unfolding using
differential scanning calorimetry (66 kcal mol ).'® That is, the
PAC experiments suggest that during the pH 7.0 — 4.5 transition,
the i-motif DNA folds in two consecutive steps: (i) protonation of
cytosines and (ii) nucleation and stacking towards the i-motif DNA
structure. In addition, the time scale of the PAC measurement
(50 ns-10 ps) does not probe rearrangements occurring in time-
scales larger than a few microseconds; that is, these results suggest
that due to the nature of the i-motif folding (C-CH" pairing and
stacking) other kinetic intermediates are likely to be populated in
the millisecond timescale. Notice that PAC measurements access
kinetic intermediates, not accessible during CD measurements
performed at thermodynamic equilibrium. That is, CD and
PAC measurements provide complementary information on
the solution conditions and intermediate transitions character-
istic of the DNA i-motif folding, respectively.

In the gas-phase, collisional induced activation prior to the
TIMS-MS analysis was used to access kinetic intermediates not
accessible during the solution conditions (e.g., pH variation)
and desolvation process. Previous reports have shown the
advantage of this methodology for the study of biomolecules and
biomolecular complexes using in-source activation and collision
induced unfolding (CIU) prior to IMS-MS analysis.'*°%8%1037106
Notice that in the case of CIA-TIMS-MS, the extent of activation is
limited by the local pressure and the electric field range accessible

View Article Online
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in the TIMS cartridge (i.e., there is a higher limit in the electric
field to avoid breakdown). We prefer to called it CIA instead of CIU
since the cooling process that occurs during the TIMS measure-
ment can also lead to refolding into a more compact structure not
accessible during the molecular ion formation. In the case of
i-motif DNA, the intramolecular forces (C-CH" pairing) that define
the folded states are overcome for the populations observed at
z=—6. Our interpretation of the broad, bimodal mobility distribu-
tion is the existence of a transition point towards multiple local
free energy minima: from folded to unfolded i-motif DNA (see
Fig. 2). Notice that the observation of a broad distribution can be
justified with the co-existence of multiple minima reflecting the
noncanonical hemiprotonated cytosine base pairing mechanism.
A more detailed investigation using collisional induced activation
of the i-motif-DNA prior to the TIMS mobility separation con-
firmed that most of the unfolding of the i-motif DNA structure
occurs for z= —6 (see Fig. 4). The z= —5 charge state also showed a
movement toward unfolding, with the population of a new IMS
band at larger CCS value. This result suggests that the conforma-
tional interconversion energy barriers for the z = —5 and z = —6
charge state structure can be easily overcome with collisional
activation prior to the mobility separation and that the existence
of multiple, local free energy minima can be visualized by the
broad IMS profiles observed at z = —5, —6 and —7. The broad
distribution of z = —5, —6 and —7 IMS bands does not allow to
make a discrete annotation on the number of conformational
states (at least with TIMS measurements performed at room
temperature). Changes in the mobility profiles for the other
charge states upon activation were not observed. The bimodal
distribution and changes in the mobility profile upon activation
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using CIA-TIMS-MS agree with previous reports of i-motif DNA
activation in the entrance cone of a TWIMS-MS.*

The search for candidate structures resulted in the genera-
tion of an average structure for the major mobility trends
observed in Fig. 2 and 4. Inspection of the candidate structures
suggest that the folded state observed for the low charge states
(+3 to +5 and —3 to —5) shares the same main interactions:
stabilization via cytosine-cytosine” (C-CH') and adenosine-
thymidine (A-T) base pairing at weakly acidic pH values (see
Fig. 5). The most compact structure was observed for z = +3,
with only small differences in the distances between the base
pairs (vertical direction in Fig. 5) as the charge state increases
from +3 to +5 and from —3 to —5. That is, major conformational
differences were not observed between candidate structures
proposed for positive and negative ions (e.g., +3 to +5 and —3 to
—5); our interpretation is that differences in the CCS values are
mostly due to the charge state and the internal base pairing
stacking. Inspection of the candidate structures at the z = —6
charge state suggests that the broad, bimodal CCS distribution
is probably due to cytosine neutralization. That is, the i-motif
DNA structure begins transformation towards an overall larger
CCS trend where a semi-open hairpin structure with a relaxed 5’
end first appears. Specifically, this larger CCS trend has the
common loss of the cytosine-cytosine” (C-CH") interactions in
one of the CCC strands for the extended z = —6 and the z= -7
charge states, with a further loss of the second CCC strand
interactions for the z = —8 and z = —9 charge states. The folding
pattern proposed as a function of the charge state is in good
agreement with the previous studies suggesting that the
hairpin-like structures are the most stable conformations during
the i-motif DNA deprotonation.'®” While full unfolding of the
i-motif DNA is never reached during CIA-TIMS-MS, the CCS
profiles and candidate structures are in good agreement with
previously reported DNA structural models.'”" Notice that the
proposed candidate structures were generated based on a 400 ns
MD trajectory and the previously reported i-motif DNA folded
structure.®® The MD simulation described the unfolding of the
i-motif DNA using a starting structure with deprotonated cytosines.
Other MD attempts to simulate the folding of the i-motif-DNA
using protonated cytosines were not successful; our interpretation
is that further development of the force fields are required to better
simulate DNA interactions and base pair stacking.'’® Nevertheless,
for the first time candidate structures are proposed for kinetically
trapped intermediates of the i-motif DNA folding which allows for
a better mechanistic understanding of the free energy landscape.

In addition to structural changes of the i-motif DNA as
a consequence of the noncanonical hemiprotonated cytosine
base pairing, the presence of inner cations may also induce
preference for alternative kinetically trapped conformations in
the gas-phase. For example, closer inspection of the higher
charge state distributions showed the presence of multiple
sodium and ammonium adducts for z = —7 and z = —8 (see
Fig. 6). These adducts can be attached to the i-motif-DNA
structure and result in: (i) no conformational changes (no shift
in the IMS profile), or (ii) can stabilize the i-motif DNA structure
in other folding states (shift in the IMS profile). Inspection of
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Fig. 5 Candidate structures proposed for the i-motif DNA mobility bands
observed. Main intramolecular interactions are denoted. CCSs of the
candidate structures are reported in Table 1.

the mobility profiles in the presence of adducts shows that
while ammonium incorporation does not drive major changes
in the mobility profile, sodium adducts act as a positively
charge contact point between negatively charged strands (most
likely phosphate groups) of the i-motif-DNA resulting in more
compact structures. Since both z = —7 and z = —8 are partially
unfolded, the appearance of new mobility bands suggests that
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Table 1 Experimental and theoretical collision cross sections for i-motif
DNA bands observed in positive and negative ion mode in nanoESI-TIMS-MS
and proposed candidate structures, respectively

Experimental Theoretical
z Ko (em>vts™) CCSy;, (&%) CCSy» (A?)
+3 0.748 800 811
+4 0.944 846 846
+5 1.089 922 926
-3 0.729 821 832
—4 0.931 863 865
-5 1.096 917 903
-6 1.178 1023 (A) 1021
1.013 1190 (B) 1166
-7 1.267 1111 (A) —
1.140 1234 (B) —
1.071 1314 (C) —
1.034 1360 (D) 1378
-8 1.204 1335 (A) —
1.181 1362 (B) —
1.153 1394 (C) —
1.119 1436 (D) 1445
1.100 1462 (E) 1455
1.085 1482 (F) 1492
-9 1.168 1548 1546
T
=z
&
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sodium ions act as bridges between the CCC strands, stabilizing
the complex in other local free energy minima. That is, the
introduction of the sodium cation may allow CCC strands to come
together and create a sodium mediated bond, forming a tighter
structure (smaller CCS). The interaction of inner cations on DNA
folding will be further investigated utilizing this methodology in a
following publication.

Conclusions

Folding dynamics of i-motif DNA in solution and in the gas-phase
were studied using circular dichroism, photoacoustic calorimetry,
trapped ion mobility spectrometry and molecular dynamics.
Solution studies using CD showed a two state folding mecha-
nism (F < U) for the i-motif DNA as a function of the solution
PH = 4.0-9.0 at thermodynamic equilibrium. The photolysis of
2-NBA in the presence of i-motif DNA displayed a phase shift
indicating the presence of two processes, one occurring within
50 ns (fast phase) of the laser pulse and a temperature-
dependent process with a time constant of 140 ns (slow phase)
at 20 °C with an overall reaction enthalpy change (AHg +
AHge,, = 43 £+ 7 kcal mol ™). The observed volume change
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Fig. 6 Typical mass spectra and mobility profiles for different i-motif DNA molecular ions observed at the z = —7 and z = —8 charge state. Notice the
change in the mobility distribution in the presence of the ammonium and sodium adducts.
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during PAC experiments suggested the formation of hemi-
protonated cytosine base pairs and concomitant collapse of
the i-motif oligonucleotide into a more compact conformation
with a smaller volume during the pH 7.0 — 4.5 transition at
kinetic equilibrium. The nanoESI-TIMS-MS experiments
showed that during the nanoESI process the i-motif DNA
structures are kinetically trapped in intermediates that retain
the main conformational motifs (C-CH' base pairing) for
low charge states. In particular, an i-motif DNA structure is
observed for the low charge states in both positive and negative
ion mode (e.g., 3 to +5) at low pH conditions. With the pH
increase the cytosines become neutralized leading to the loss
of the cytosine-cytosine’ (C-CH') base pairing in the CCC
stretches and a charge state distribution increase to higher
charges is observed in negative mode. The loss of the C-CH"
base pairing in the CCC stretches results in the observation of
partially unfolded i-motif DNA conformations. CIA-TIMS-MS
experiments showed a broad IMS distribution for z = -5, —6
and —7 and the existence of multiple, local free energy minima
different from those obtained by varying the pH solution
conditions. Molecular dynamics simulations were used to
sample the gas-phase conformations and to generate candidate
structures during i-motif DNA unfolding. For the first time, an
unfolding mechanism is supported by average candidate structures
from mobility measurements as a function of the i-motif DNA
unfolding pathway and the main intramolecular interactions that
stabilized the process are described. Inspection of partially unfolded
i-motif DNA structures, for intermediate charge states in negative
ion mode, showed that sodium, but not ammonium, induces
changes in the conformations of gas-phase kinetic intermediates.
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