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The quadruplex DNA (qDNA) (dT2Gs5T)4, (dG4T4G4)2, and the intramolecular d[G3(T2AG3)3] (Q4, Q2 and
Q1, respectively), were analysed using circular dichroism (CD) spectroscopy and electrospray ionisation
travelling wave ion mobility mass spectrometry (ESI-TWIMS). The CD spectra of the three qDNAs showed,
in agreement with the literature, that in ammonium acetate, pH 7.0, Q4 exhibited a parallel strand ori-
entation while Q2 and Q1 were predominantly anti-parallel gDNA. At high concentrations of Q2, the
CD spectrum was consistent with a mixture of anti-parallel and parallel forms. ESI-travelling wave ion
o mobility mass spectra of the gDNA sequences were compared under solution conditions where they
Ion mobility mass spectrometry .. ..
Quadruplex DNA were known to be stable and under conditions where they were known to be destabilised (low ammo-
DNA nium acetate concentration with acetonitrile present). This comparison enabled the distinction of ions
of the same mass-to-charge that corresponded to single-stranded (ss)Q2, [(dG4T4G4)], or bimolecular
Q2, [(dG4T4G4),]. The resolution of the ESI-TWIMS instrument was sufficient to determine that the ions
carrying four and five negative charges most likely arose from the folded intramolecular gDNA, Q1, while
the ion carrying six negative charges most likely arose from unfolded Q1. This work shows the utility of
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ESI-TWIMS in distinguishing among different conformations and structures of gDNA.
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1. Introduction

The DNA present in cells exists not only as the familiar double-
stranded, Watson-Crick H-bonded DNA [1], but also in a range of
secondary structures that form as a result of the predisposition of
various sequences to form these structures, and as the result of
interactions with proteins [2]. For example, single-stranded regions
of DNA occur as it is unwound to present a template for replication,
Z-DNA and triplex DNA is favoured by some sequences, and Holli-
day junctions form at recombination sites. Some of the sequences
which form triplexes, cruciforms and slipped structures can lead
to mutations that underlie neurological, psychiatric and other dis-
eases [3].

Quadruplex DNA (gDNA) is formed when four guanosine
residues (G-quartet or G-tetrad) are arranged in a planar struc-
ture. Sequences that form qDNA have the general sequence:
G3_5N11G3_5N12G3_5N3G3_5 where Npq_3 are loops that vary in
length and sequence [4]. Sequences such as this can fold back upon
themselves to produce an intramolecular quadruplex. Depending
on the length of the G-rich tracts and the lengths of the loops, the
four parts of the strand comprising the quadruplex can be arranged
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in a parallel or anti-parallel fashion. The loops can be diagonal or
lateral and may also contain secondary structure [4 and references
therein]. Intermolecular quadruplex structures can also be formed
in vitro from two or four strands and may be stabilised by the pres-
ence of monovalent cations that are present in the centre of the
tetrad [5-7].

Human chromosomes contain repeating G-rich, single-stranded
sequences, 5'-d(T>,AG3), of about 150-250 nucleotides at their
3’ ends [8]. These regions are the telomeres [9]. Guanine-rich
sequences are also found in gene promoters such as the c-myc onco-
gene [10]. The solution structure of a 24-nucleotide five guanine
tract sequence from this gene has been determined in the pres-
ence of potassium ions and shows that it has a parallel-stranded
G-tetrad core associated with three double-chain reversal loops in
addition to other structural features [11]. That gDNA may form in
telomeres and in gene promoter regions of DNA is significant as
the presence of these structures may have effects on cellular pro-
cesses such as transcription and the cell cycle itself. The length of
the telomeres is maintained by the enzyme telomerase. The obser-
vation that telomerase activity is associated with 80-85% of cancer
cells but not with normal somatic cells stimulated interest in target-
ing telomeres and their interactions with proteins for anti-cancer
drug development [12]. Overexpression of the c-myc gene is asso-
ciated with the progression of many cancers [10], and it has been
suggested that novel therapeutics that target disease-related genes
may be developed from small-molecule gene regulators that target
¢DNA in promoter regions of genes such as c-myc [4].
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The diversity of the qDNA structures that can be formed consid-
ering the different lengths of the loops and the length of guanine
tracts makes the design of gDNA-selective ligands a challenging
task. There are a few compounds which have shown selectivity for
different types of gDNA. For example, telomestatin preferentially
binds intramolecular over intermolecular quadruplex structures,
while TMPyP4 has a greater affinity for intermolecular structures
[7]. In vivo anti-cancer activity has been observed for telomes-
tatin, the tri-substituted acridine compound, BRACO-19, and the
polycyclic RHSP4 [4 and references therein]. In order to screen
the binding of small molecules to qDNA, a range of oligonu-
cleotide sequences that form different types of quadruplex for
which X-ray crystal structures are available have been studied.
These include: tetramolecular sequences (four strands) of the
type d(TG4T) which form a parallel-stranded structure, bimolec-
ular sequences (two strands) of sequences such as d(G4T4G4), and
unimolecular sequences (one strand) where the only example is
d[AG3(T2AG3)3] [13 and references therein].

Prior to carrying out binding studies it is important to ensure
that folded qDNA is present in solution. Circular dichroism has
been used to assess whether qDNA strands are parallel or anti-
parallel. Anti-parallel qDNA has a maximum (positive) ellipticity
around 295 nm with a negative band near 260 nm while paral-
lel gDNA has a maximum (positive) ellipticity near 265 nm and a
negative band near 240 nm [14-16]. While this solution method
can confirm the presence of qDNA and enable the assessment
of strand orientation, it does not allow determination of strand
stoichiometry, for example, whether the qDNA is intra or inter-
molecular. Electrospray ionisation mass spectrometry (ESI-MS) has
been widely applied to test the binding of small molecules to
DNA [17-19] and enables precise determinations of stoichiometry.
Ambiguities, however, arise in the ESI-MS analysis of bimolecular
and tetramolecular qDNA formed from identical strands (identi-
cal mass) since, for example, a two-stranded quadruplex with n
negative charges will have the same mass to charge ratio (m/z)
as a single strand carrying n/2 charges. Furthermore, in the anal-
ysis of intramolecular single-stranded qDNA it is not possible to
determine using ESI-MS whether the strand remains folded in
the gas phase as the mass of the unfolded and folded structures
is the same. If the qDNA is unfolded in the mass spectrome-
ter, small molecules that were bound in solution may dissociate
from the DNA giving a false negative result in drug/DNA binding
studies.

Ion mobility mass spectrometry can be used to analyse the gas
phase conformations of biomolecules [20]. Bowers and coworkers
addressed the issues concerning whether qDNA structures can be
maintained in the gas phase by comparing cross-sections of vari-
ous theoretical structures with cross-sections determined from the
experimental arrival time distributions. They investigated different
lengths of the human telomeric repeat d(T;AG3), (Wheren=1,2,4
and 6) and dTG4T; in all cases these were matched to model cross-
sections with specific strand orientations and structures [16]. This
work was extended to include other gDNA structures and gDNA
complexes with quinacridine ligands that are telomerase inhibitors
as well as the extensively studied TMPyP4 and PIPER [21]. The
electrospray drift cell (direct current) ion mobility (DCIM) mass
spectrometer used in that work was built in-house [22]. The recent
commercial release of an instrument that employs travelling wave
(T-wave) ion mobility mass spectrometry (TWIMS) [23] has meant
that the ability to carry out ion mobility separations is potentially
available to more researchers. In TWIMS, a high electric field is
applied to one segment of the mobility cell and swept through the
cell one segment at a time in the direction of ion migration [20]. This
differs from direct current ion mobility mass spectrometry where a
low field is applied continuously to the mobility cell. Data obtained
from DCIM mass spectrometry can be used to measure the abso-

lute collisional cross-section of an ion. Cross-sections cannot be
determined directly from TWIMS data, but can be obtained from
calibration curves obtained using DCIM data; furthermore, the res-
olution with respect to ion mobility is lower [24]. The potential
advantages of the TWIMS instrument are its high sensitivity and
the ability to simultaneously collect mass spectra and arrival times
of ions [20].

Previously, ESI-MS was used to investigate the selectivity of an
indolyl berberine compound for binding to the tetrameric qDNA
(dT,GsT)4 (called Q1 here) over duplex DNA [25]. As a prelude
to investigations of the binding of this compound and its deriva-
tives to other types of qDNA [26], it was important to confirm that
the qDNA to be studied was folded in solution and that the struc-
ture was maintained in the gas phase. In the current work, TWIMS
has been applied to compare the drift times of various types of
qDNA sprayed from ammonium acetate solutions in which the var-
ious gDNAs were shown by CD to be folded. The gDNA sequences
used were the intermolecular tetrameric (dT,Gs5T)4 and bimolecu-
lar (dG4T4Gy4)2, and the intramolecular d[G3(T2AG3)3] (called here
Q4, Q2 and Q1, respectively). These or similar sequences have been
previously studied by ESI-MS [27,28] and solution or crystal struc-
tures are available [13]. Solution conditions were then changed
to destabilise the gDNA structures and the solutions were again
analysed by TWIMS. Under the new conditions, ions (of the same
mass/charge) with new drift times were observed for a bimolecular
qDNA (Q2) strongly suggesting that under the original conditions
folded, two-stranded qDNA was maintained in vacuo and detected.
The single strand carrying half the number of charges increased
substantially in abundance when the ionic strength was lowered.
When the ion mobilities of the intramolecular qDNA (Q1) were
compared at relatively high and low ionic strength, a new ion ([Q1-
6H]%-) was detected and its mobility suggested that it was from
unfolded gDNA. Furthermore, under some conditions ions were
observed that were consistent with dimers of Q1 and Q2. These
are the first travelling wave ion mobility mass spectra of qgDNA
sequences. A comprehensive rationale is given for the assignment
ofions based on observations of changes in the spectra of the qgDNAs
sprayed from different solutions. This work highlights the utility of
TWIMS in characterising the stoichiometries and conformations of
gDNA present in a sample.

2. Experimental

Reagents were of the highest grade commercially available.
MilliQ™ water from Millipore (Bedford, USA), was used in all
experiments.

2.1. DNA

The oligonucleotides comprising the qDNA Q4, Q2 and Q1l:
single-stranded (ss)Q4 dT,GsT, Q1 d[G3(T»AGs3)3;] and ssQ2,
dG4T4Gy4, were obtained from Geneworks (South Australia) as ‘trityl
off’ derivatives. Note that the names refer to the number of strands
that are expected to be present to form qDNA based on X-ray
crystal structures [13 and references therein]. For example, the
qDNA, Q4, will consist of four strands of dT,GsT while Q1 will
form a unimolecular quadruplex structure by folding back on itself.
HPLC purification of oligonucleotides was performed as previously
described [25] and the dried ssSDNA was redissolved in water giving
concentrations of the stock in the range 0.3-1.0 mM and then stored
at —20°C. Quadruplex DNA was prepared by taking an appropriate
volume of each DNA sequence, taking it to dryness using a Savant
SpeedVac and redissolving in 0.15 M NH4OAc, pH 7.0, to give a con-
centration of 1 mM for quadruplex DNA. The DNA was annealed by
heating to 95°C for 15min and the solutions were then allowed
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Table 1
Mass spectrometry conditions used to acquire ion mobility mass spectra using the
Synapt™ HDMS™ (ESI-TWIMS).

Parameter Value Parameter Value

Scan time (s) 3.9 Trap DC bias (V) 28

Scans in driftscope 200 Trap DC exit (V) 5
function

2.04e—2 IMS DC entrance (V) 5
4.86e—1 IMS DC exit (V) 2
1.30e—6 Transfer DC entrance (V) 2

Trap pressure (mbar)
IMS pressure (mbar)
TOF pressure (mbar)

Capillary (V) 2100 Transfer DC exit 2

Sampling cone (V) 40 Source wave velocity (m/s) 300

Desolvation temperature 150 Source wave height (V) 0.2
@)

Trap collision energy (V) 6 Trap wave velocity (m/s) 300

Transfer collision energy 3 Trap wave height (V) 8
V)

IMS gas flow (ml/min) 24 IMS wave velocity (m/s) 350

Trap DC entrance (V) 5 IMS wave height (V) 8

Transfer wave height (V) 3 Transfer wave velocity (m/s) 248

to slowly cool to room temperature. Annealed qDNA was stored at
5°C.

2.2. Circular dichroism

CD spectra (220-320nm) were obtained using a Jasco J-810
spectropolarimeter and a 0.1 cm pathlength quartz cell at 25°C.
In some experiments the stability of the DNA was tested by chang-
ing solution or instrument conditions. These are described in the
relevant sections of the text. The sensitivity was set to standard,
data pitch was 0.1 nm, scanning mode was continuous, scanning
speed was 100 nm/min, response was 4 s, bandwidth was 1 nm, and
accumulation was set to 6 scans.

2.3. ESI-MS and ESI ion mobility mass spectrometry

ESI and ion mobility mass spectra were acquired in negative ion
mode using a Waters HDMS™ Synapt™ ESI mass spectrometer
(Manchester, UK; called an ESI-TWIMS instrument here). Samples
were injected into the source of the mass spectrometer using a
Harvard model 22 syringe pump (Natick, MA, USA) at a flow rate
of 5 wl/min. The instrument was calibrated using caesium iodide
(1 mg/ml) over the same mass range used to acquire spectra. Table 1
shows the different parameters used in order to obtain ion mobil-
ity mass spectra of Q4, Q1 and Q2 (spectra shown in Figs. 3-5). In
some experiments the spectra were acquired in ESI-MS mode only.
In these cases the trap and transfer energies were 4 and 2 V, respec-
tively (spectra not shown). In preliminary experiments to confirm
the best conditions for obtaining ESI mass spectra of Q1, Q2 and Q4
a Waters Q-TOF Ultima ESI mass spectrometer was used. The cap-
illary was 2.5kV for all qDNA samples. The cone voltages for Q4,
Q1 and Q2 were 150, 80 and 100V, respectively, and the RF lens 1
voltages were 70, 70 and 45 V.

3. Results and discussion
3.1. ESI mass spectra of Q4, Q1 and Q2

The tetramolecular qDNA used in this study, Q4 (dT,Gs5T)4,
is the same sequence that was used by David et al. in an ESI-
MS study to investigate the interactions of tetrameric gDNA with
the compounds Tel01, distamycin A and diethylthiocarbocyanine
[28]. This sequence has also been used in our laboratory to inves-
tigate the binding of novel ligands to qDNA [25]. The similar
sequence (dTG4T)4 contains one fewer guanosine residue and has
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Fig. 1. Negative ion ESI mass spectra of Q4, Q1 and Q2 (pH 7.0) (a) Q4. Top: in 50 mM
NH4O0Ac. Bottom: in 150 mM NH4OAc. Insets: view of the m/z range 2000-2030. (b)
Q1 in 150 mM NH4O0Ac. Inset: view of the m/z range 1660-1720. (c) Q2 in 150 mM
NH4OAc. Top: RF lens 1 was 70 V. Bottom: RF lens 1 was 45 V. The ions are assigned
in the text. Insets: view of the m/zrange 1510-1530. S and Q refer to single-stranded
DNA and gDNA, respectively. () qDNA alone (no adducts); (¢) qDNA+1NH4*; (a)
qDNA+2NH,*; (¢) QDNA+3NH,4*; 0 qDNA+4NH,"; (@) qDNA +5NH,4*.

also been investigated by ESI-MS [27], and ESI-MS, ion mobility
(DCIM) and molecular dynamics calculations were consistent with
the maintenance of a four-stranded parallel-stranded structure in
the gas phase [16]. In each of these studies, the mass of the gDNA
determined from the negative ion ESI mass spectra revealed that
ammonium ions were bound in the quadruplex. In ESI mass spectra
of duplex DNA, no ammonium ions are evident as they are present
in the solvent only to assist in the ionisation process. In the case
of the tetrameric qDNA, the ammonium ions serve to stabilise the
guanosine tetrad as has been observed for Na* and K* in solution
studies. Since each strand of Q4 contains a tract of five guanosine
residues, it is expected that up to four monovalent cations can
be bound in the gDNA structure. Fig. 1(a) shows ESI mass spec-
tra of Q4 obtained in 50 mM (top) and 150 mM NH4OAc (bottom),
pH 7.0, with the m/z region 2000-2030 in the insets showing the
ammonium ion adducts that were present in the spectra. The most
abundant ion in the mass spectra was [Q4 +4NH4* — 9H|*>~ at m/z
2010.0. This is in agreement with our previous work [25]. When Q4
was sprayed from 50 mM ammonium acetate, some single strands
from Q4 (3— and 2- ions at m/z 831.2 and 1247.3, respectively)
were present. Therefore the tetrameric qDNA is more stable when
sprayed from 150 mM NH4OAc in agreement with earlier work
[25,27,28]. Furthermore, the insets show that under this condi-
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tion, [Q4+4NH,* — 9H]°~ is approximately twice as abundant as
[Q4+3NH,4* — 8H]>~. The presence of 4NH,* is consistent with the
structure expected when all possible binding sites for monovalent
cations inside the gDNA are occupied (4 monovalent cations for 5
guanosine tetrads). It is likely that ammonium ions are lost from the
structure in the mass spectrometer. Increasing cone voltages and
collision energies applied in experiments using a Waters Q-TOF2
ESI mass spectrometer resulted in dissociation of ammonium ions
from the similar qDNA (dTG4T)4 [27].

Q1(d[G3(T2AG3)3]) is expected to form an intramolecular gDNA
where the single strand folds back upon itself to form the guano-
sine tetrad comprised of tracts of three contiguous guanines. This
sequence has the features of the human telomeric sequence: single-
stranded with three guanosine residues, and has been used in a
previous ESI-MS study as a model for the human telomere [27]. An
X-ray crystal structure of the similar sequence d[AG3(T2AG3)3][29],
showed that in the presence of K*, the gDNA was an intramolec-
ular parallel quadruplex. In NMR studies of solutions of this gDNA
containing Na*, an anti-parallel arrangement was observed, while
other biophysical methods have suggested that this and simi-
lar gDNA exists as a mixture of parallel and anti-parallel gDNA
[30,31]. Fig. 1(b) shows the negative ion ESI mass spectrum of
Q1 sprayed from 150 mM ammonium acetate, pH 7.0. The most
abundantion was [Q1-4H]*~ at m/z 1662.3.The [Q1-5H]°~ and [Q1-
3H]3- ions were substantially less abundant. The inset in Fig. 1(b)
shows an expanded view of the region m/z 1660-1730. While
there were no significant ions that could be attributed to NH4*
adducts of Q1, there were a substantial number of adducts that
were consistent with the presence of bound Na* and K*. A spec-
trum of Q1 (called Q3 in their study) was obtained by Rosu et al.
[27]. They also found that there was no favoured stoichiometry
for binding of NH4* to Q1 and under gentle instrument condi-
tions the predominant ions were from Q1 with zero or one NH,*
bound. In our hands, Q1 was the only gDNA where significant
Na* and K* adducts were consistently observed. The spectra were
repeated on many occasions using different sources of Q1 and
the experiments were carried out alongside those using Q2 and
Q4. All gDNA was prepared using water and ammonium acetate
from the same source, suggesting that Q1, in contrast with Q4
and Q2 (see below) preferentially bound adventitious Na* and K*
that may have been present at low concentrations in the solu-
tions, over NH4*. It is perhaps not surprising that different cations
might be favoured under certain conditions since different struc-
tures of the human telomeric sequence, d[AG3(T;AG3)3], have been
observed in the presence of different cations [13 and references
therein].

Q2 is found in the telomere of the ciliated protozoan, Oxytricha
nova. It forms an anti-parallel gDNA, (dG4T4G4),, with diagonal
loops [32] and an ESI mass spectrum of it has been reported pre-
viously [27]. Fig. 1(c) shows the negative ion ESI mass spectra of
the intermolecular two-stranded qDNA, Q2 (dG4T4Gy4);, sprayed
from 150 mM NH40Ac, pH 7.0, with the RF lens 1 of the Q-TOF
Ultima mass spectrometer set at 70V (top) and 45V (bottom). The
ions carrying four negative charges were present in low abun-
dance, but the most abundant of these was [Q2+3NH,* — 7H]*~
at m/z 1906.0. The most abundant ions were those carrying five
negative charges (m/z 1514.4 for [Q2-5H]>~). The insets show
the ammonium adducts that were associated with the 5— ion. At
the lower RF lens voltage (bottom inset) [Q2+2NH4* — 7H]>~ at
m/z 1521.2 was the most abundant ion with [Q2 +3NH4* — 8H|>~
present at approximately half the abundance. At the higher volt-
age some ssQ2 was present at low abundance and the major
ion from qDNA was from Q2 with no bound ammonium ions.
Rosu et al. [27] also observed changes in the number of bound
ammonium ions depending on the mass spectrometry condi-
tions.

a 45

35

25

-15

Wavelength (nm)

Fig. 2. CD spectra of Q4, Q1 and Q2 under different solution conditions (pH 7.0). (a)
Q4 at20 wM. (b) Q1 at 20 M. (¢) Q2 at 20 M or 40 M. (M) In 150 mM NH40Ac; (x)
in 5mM NH40Ac; (#) in 5mM NH40Ac, 80% in acetonitrile; (o) in 150 mM NH40Ac
heated to 80°C; (---) 40 wM Q2 in 150 mM NH4OAc.

3.2. CD spectra of Q4, Q1 and Q2

The presence of abundant ions carrying an odd number of
charges (5) for Q4 and Q2 confirms that the number of strands
expected to form qDNA (four for Q4 and two for Q2) were present
in non-covalent complexes that were stable in the mass spectrom-
eter. The loss of ammonium ions under some conditions suggests
that dissociation occurs when conditions are less gentle and high-
lights the care that needs to be taken to optimise the conditions. In
agreement with other work, no ammonium ions were present in
Q1. Since this DNA sequence is expected to form a single-stranded
intramolecular gDNA, it is difficult using ESI mass spectra alone to
be sure that qDNA was present. In order to obtain supporting evi-
dence for the presence of gDNA in 150 mM NH4O0Ac, pH 7.0, in our
hands, especially in the case of Q1, and to determine the stability
of the various gDNA structures under different solution conditions,
CD spectra were obtained.

Fig. 2 shows CD spectra for Q4 (a), Q1 (b) and Q2 (c)
under different solution conditions. The CD spectrum of Q4
in 150mM NH4O0Ac had a maximum positive ellipticity at



K.C. Porter, ].L. Beck / International Journal of Mass Spectrometry 304 (2011) 195-203 199

2800
a a c
b b
N 2000 c | — c ———
E d | ——
0 - _f—
1000 g -
500 26 39 51 64 7.7 9.0103 115 128141 26 39 51 64 7.7 9.010.3 115 12.8 141
%’ Drift time (ms) Drift time (ms)
c
D
,E Joo b b d g f
o X d ¢
= a e b
'% 0 s - | | L o
< 1000 1500 2000 2500 1000 1500 2000 2500
v m/z m/z

Fig. 3. Negative ion ESI mass spectra and TWIMS driftscope images of Q4. (a), (b) In 150 mM NH4OAc. (c), (d) In 5mM NH4OAc. The ions from intact Q4 are a-e which
correspond to [Q4 +4NH*" — 8H]*~, [Q4 +4NH** — 9H]>~, [Q4 +4NH** — 10H]°", [Q4 + 4NH** — 11H]’~ and [Q4 + 4NH*" — 12H]3-, respectively. All ions are assigned in Table 2.

~260nm and a minimum (negative) ellipticity at 242nm con-
sistent with parallel qDNA. The spectrum was unchanged when
the solution was heated to 80°C or when the NH4OAc concen-
tration was decreased to 5mM showing that the quadruplex
was stable under the conditions. A change in the spectrum
was observed when Q4 was in 5mM NH40Ac/80% acetoni-
trile suggesting some disruption of the gDNA may have
occurred.

The CD spectrum of Q1 that had been annealed in either 5 mM or
150 mM NH4OACc, pH 7.0, showed a positive maximum at 295 nm,
a minimum at 260 nm and another lower intensity maximum at
~248 nm. This is consistent with an anti-parallel strand orienta-
tion [33,15]. This CD spectrum of the annealed Q1 (Fig. 2(b)) is very
similar to the spectrum obtained when Na* was present in a solu-
tion containing the 24 mer sequence in which T,AG3 is repeated
four times in the one strand [33]. In contrast, in the presence of
ammonium ions this sequence has previously given a somewhat
different spectrum in which the major features were still a max-
imum at 295 nm, but there was a shoulder at ~270nm and the
minimum at 260 nm had a positive ellipticity. It was proposed
that this was the result of the contributions of minor species con-
taining both parallel and anti-parallel loops [16]. In the current
work, when Q1 was in 150 mM NH40Ac but had not been sub-
jected to an annealing step, the maximum at 295 nm decreased
and there was a shoulder at ~260nm and a broad minimum at
~250nm, suggesting the mixture was heterogeneous. When Q1
was heated to 80°C or was in 5mM NH40Ac with 80% acetoni-
trile the recognisable features of qDNA in the CD spectra were
lost.

The CD spectra of 20M Q2 in 5mM and 150 mM NH40Ac
(Fig. 2(c)) were very similar to that obtained previously in ammo-
nium acetate with a positive maximum at 295 nm and a negative
minimum at 260 nm consistent with an anti-parallel strand ori-
entation [27], and both those in the current work and in the
literature exhibited a shoulder at ~270nm. This differs from a
CD spectrum of this sequence in the presence of Na* in which
no shoulder was evident [33]. The shoulder suggests hetero-
geneity in the structures present in the solutions. An interesting
change was noted in the spectrum that related only to the con-
centration of DNA in the sample. When the concentration was
increased to 40 wM, the major features shifted to a maximum at
260 nm and a minimum at 240 nm consistent with conversion to a
parallel-stranded qDNA with some residual anti-parallel quadru-
plex remaining as evidenced by the shoulder at 295 nm. These
changes highlight the importance of characterising the solution
and annealing conditions for gDNA before using ESI-MS for drug
screening.

3.3. Travelling wave ion mobility mass spectrometry of Q4, Q1
and Q2

The mass spectrum and CD of Q4 in 150mM NH40Ac
(Figs. 1(a), bottom and 2(a), respectively) suggest that the major
species present was a parallel four-stranded gDNA in which four
ammonium ions were bound within the gDNA structure. In 50 mM
NH40ACc, the ESI mass spectrum showed that the major species now
contained three ammonium ions and some single-strands of DNA
were present (Fig. 1(a), top). The CD spectrum at an even lower con-
centration of NH4OAc (5 mM) was largely unchanged. This suggests
that either there was some dissociation in the mass spectrometer or
that if single strands were present in 5 mM NH40Ac, they were not
sufficiently abundant to alter the CD spectrum. In order to probe the
conformation of electrosprayed qDNA in the gas phase, ion mobil-
ity mass spectra were obtained. These are the first travelling wave
ion mobility mass spectra of qDNA.

Fig. 3 shows the ESI mass spectra and driftscope images for
Q4 sprayed from 150 mM NH4OAc and from 5mM NH40Ac (pH
7.0). The ESI mass spectrum of Q4 acquired using the Synapt ESI-
TWIMS was similar to those acquired using the Q-TOF Ultima mass
spectrometer (Fig. 1(a)), with [Q4 +4NH,* — 9H]°~ the most abun-
dant ion. ESI mass spectra could be acquired using the Synapt
ESI-TWIMS instrument using trap and transfer energies of 4 and
2V, respectively. In order to acquire ion mobility mass spectra,
it was necessary to increase the trap and transfer energies to 6
and 3V, respectively. These were the conditions used to acquire
all ion mobility mass spectra reported in this work and are the
conditions applied to produce the spectra shown in Figs. 3-5.
The ion [Q4+4NH4* —9H]>~ (labelled b in Fig. 3(b)) remained
the most abundant, but [Q4 +3NH,4* — 8H]>~ increased to approx-
imately two-thirds of the abundance of the former ion. The ion
mobilities (arrival times in ms) were determined by taking the
peak of intensity for each ion from the driftscope plot showing
the arrival time distribution (not shown). Table 2 shows the cal-
culated and observed m/z values for ions, their arrival times and
their assignment. The assignment of ions was relatively straight-
forward in the case of Q4 with the appearance of ions from ssDNA
(labelled f and g in Fig. 3(c) and (d)) in 5 mM NH4OAc. The only ion
where the assignment is ambiguous from analysis of the ESI mass
spectrum alone is ion e ([Q4 +4NH4* — 12H]8") in Fig. 3(d) which
could also be assigned as [ssQ4 + NH4* — 3H]%2~ (where ssQ4 refers
to a single strand). The driftscope image (Fig. 3(c)) shows that this
ion is diagonally aligned with the series (ions b-d) correspond-
ing to Q4 with four bound ammonium ions supporting that ion e is
[Q4 +4NH,4* — 12H]8~. There were some ions of very low abundance
(notlabelled) that were consistent with the loss of a guanine base(s)
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most likely from the DNA (e.g., [Q4+4NH4* —2G-9H]>~ at m/z
1949.5). An expanded view of the m/z range 1940-2015 is shown in
the supplementary material (Fig. S1). When Q4 was sprayed from
5mM NH40Ac, 40% in acetonitrile (not shown), the ESI mass spec-
trum and driftscope image was similar to those observed for 5 mM
NH40Ac alone, but the abundance of all ions was greater, most
likely as a result of enhanced desolvation when the solvent was
present.

The ESI mass spectrum of Q1 acquired using the Synapt TWIMS
(trap and transfer at 4 and 2V, respectively) was similar to that
obtained using the Q-TOF Ultima with K* and/or Na* adducts evi-
dent. In order to acquire ion mobility mass spectra the trap energy
was increased as described for Q4 (Table 1). Fig. 4 shows the ESI
mass spectra and driftscope images for Q1 sprayed from 150 and
5mM NH4OAc. Table 3 shows the assignment of all ions in Fig. 4.
The ESI mass spectrum in 150 mM NH4O0Ac (Fig. 4(b)) shows that

Table 2 Table 3
Assignment of ions for ESI-TWIMS of Q4 (Fig. 3). Assignment of ions for ESI-TWIMS of Q1 (Fig. 4).
Label Observed Calculated Arrival Assignment Label Observed Calculated Arrival Assignment
mfz mfz time (ms)? mfz m/z time (ms)?
150 mM NH40Ac, pH 7.0 150 mM NH40Ac, pH 7.0
a 2512.6 2512.8 12.8 [Q4 +4NH** — 8H]*~ a 2216-2300> 2216.8 6.4 [2-Q1-6H]¢~
b 2009.8 2010.0 8.2 [Q4+4NH*" —9H]>~ b 1662.5 1662.3 5.1 [Q1-4H]*~
c 1674.4 1674.8 5.8 [Q4 +4NH* — 10H]6~ c 1330.0 1329.7 3.5 [Q1-5H]°~
5mM NH40Ac, pH 7.0 5mM NH40Ac, pH 7.0
b 2009.8 2010.0 8.2 [Q4 +4NH* — 9H]>~ a 2216-2300> 2216.8 6.4 [2-Q1-6H]6~
c 1674.4 1674.8 5.8 [Q4+4NH** — 10H]%~ b 1662.5 1662.3 5.1 [Q1-4H]*
d 1435.0 1435.4 4.6 [Q4+4NH* — 11H]"~ c 1330.0 1329.7 3.5 [Q1-5H]>~
e 1256.2 1256.4 3.8 [Q4 +4NH* — 12H]8~ d 920-930P 922.6 5.1 Fragments including yg2~
f 1247.3 1247.3 7.7 [ssQ4-2H]*~ e 700-780P 770.5 3.5 Fragments including y4%~
g 831.1 831.2 44 [ssQ4-3H]3- f 1900-1960¢  1900.0 48 [2-Q1-7H]"-
hP 974.1 ND 6.2 ND g 1108.0 1107.9 3.8 [Q1-6H]%~

ND =not determined.

2 The ion mobilities were determined by taking the peak of intensity for each ion
from the driftscope plot showing the arrival time distribution (not shown).

b Thision was observed in 5 mM NH;OAc but is not labelled in Fig. 3. It was present
in higher abundance when acetonitrile was present (supplementary Fig. S2).

2 The ion mobilities were determined by taking the peak of intensity for each ion
from the driftscope plot showing the arrival time distribution (not shown).

b Range given because there were numerous adducts to higher m/z and the ion at
calculated m/z was present in low abundance in the ESI mass spectrum.

¢ Difficult to assign as numerous ions at low abundance are present in this region.
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the abundance of [Q1-5H]°~ (ion ¢) at m/z 1329.7 was increased
(cf. Fig. 1(b)), and very low abundance ions at around m/z 920-930
and 700-780 appeared. In these regions two ions of relatively nar-
row peak width were observed (labelled d and e at m/z 922.1 and
770.4, respectively). A cursory inspection of the driftscope image
(Fig. 4(a)), suggests that ions a-c might be assigned as the [Q1-
3H]?-, [Q1-4H]*" and [Q1-5H]>~ ions. The assignment of ion a will
be revisited below. Based on the driftscope image, the ions d and e
clearly are not in diagonal alignment with a-c, so represent a dif-
ferent structure. These ions do not correspond to any calculated
ion from an intact strand of Q1 and represent fragmentation of the
DNA under the mass spectrometry conditions. The calculated m/z
values for the yg2~ and y42~ ions are 922.6 and 770.5, respectively,
and these are consistent with ions d and e. When Q1 was sprayed
from 5mM NH40Ag, ions f (m/z 1900.0) and g (m/z 1107.9) were
present at low abundance (Fig. 4(c) and (d)). The calculated m/z for
[Q1-6H]% is 1107.9. If ion g were to be assigned on the basis of the
mass spectrum alone, it would appear that Q1 in 5mM NH40Ac
exhibited the [Q1-4H]*~ (ion b), [Q1-5H]>~ (ion ¢) and [Q1-6H]6~
(ion g). This proposal is apparently supported by the CD spectrum
of Q1 (Fig. 2(b)) which was unchanged when the NH40Ac con-
centration was decreased from 150 to 5 mM. This assignment is,
however, unlikely since the ion mobility shows that ion g is not
aligned with ions b and ¢, suggesting that [Q1-6H]%~ (ion g) occurs
when Q1 is unfolded with no defined secondary structure. Since ion
g was not present when Q1 was sprayed from 150 mM NH4OAc but
was present when Q1 was in 5mM NH,40Ac, this suggests that the
unfolding occurred in solution. While this is not evident from the
CD spectra, the mass spectrum (Fig. 4(d)) shows that the unfolded
DNA (ion g) is not very abundant. This observation shows the utility
of ESI-TWIMS in this case for detecting the conditions under which
the gDNA becomes less stable and also supports that TWIMS has
the ability to resolve folded and unfolded Q1.

The position of ion f in the driftscope image (Fig. 4(c)) suggests
that it is from a structure common with ion a. The previous tenta-
tive assignment for iona was [Q1-3H]3~. Another ion with the same
m/z value is [2-Q1-6H]%~ (indicating a dimer of Q1). Previously,
using a much shorter sequence, Balasubramanian and coworkers
showed that d(GGGT) could form qDNA, (dGGGT)4, and an inter-
locked dimer (dGGGT)g. In this dimeric structure “slippage” results
in the overhang of two guanine bases that are not involved in the
gDNA tetrads. Two slipped qDNA molecules dimerise via these free
bases to form an extra G-tetrad stabilising the dimer [34]. The cal-
culated m/z value for [2-Q1-7H]7~ is 1900.0 and this is consistent
with ion f. The presence of two ions consistent with this structure
lends support to, but does not confirm these assignments. Ion f
was present at very low abundance in all ESI mass spectra, but was
readily observable in the driftscope image. Its precise m/z value
was difficult to determine as a consequence of its low abundance
and the presence of associated ions from adducts. It is not possible
to confirm whether the proposed dimer (or other structure) was
present in solution or occurred as a result of the ionisation process
(association of two monomers in a droplet at the final stages of
the ionisation process). The presence of a dimer in solution might
account for the heterogeneity suggested by CD spectra of a similar
qDNA sequence [16].

Ion g has been assigned as [Q1-6H]®~ and is consistent with
unfolded Q1. Support for this suggestion was found when Q1 was
sprayed from 5mM NH40Ac, 40% in acetonitrile (supplementary
material, Fig. S2): an ion h at m/z 949.5 appeared, consistent with
(unfolded) [Q1-7H]7~. In the ESI mass spectrum of this sample, the
most abundant ion was ion g consistent with unfolding of the gDNA
structure as the percentage of organic solvent was increased. In
addition, ions of low abundance were present below m/z 900. These
were not assigned but are likely to represent fragmentation of Q1.
Since these ions appeared as unfolded qDNA became more abun-

Table 4

Assignment of ions for ESI-TWIMS of Q2 (Fig. 5).
Label Observed Calculated Arrival Assignment

mfz m/z time (ms)?

150 mM NH40Ac, pH 7.0
a 1893.0 1893.2 8.4 [Q2-4H]*
b 1515.0 15144 5.6 [Q2-5H]>
c 1262.1 1261.8 5.7 [ssQ2-3H]*-
5mM NH4O0Ac, pH 7.0, 40% in acetonitrile
a 1893.0 1893.2 8.4 [Q2-4H]*
b 1515.0 15144 5.6 [Q2-5H]°~
c 1262.1 1261.8 5.7 [ssQ2-3H]*~
d 1210.8 1211.5 55 [ssQ2-3H-G]*~
e 1262.0 1261.8 4.4 [Q2-6H15~
f 946.0 946.1 3.6 [ssQ2-4H]*~
g 2160-2200° 2163.9 7.4 [2-Q2-7H]"-
h 1890-1950° 1893.2 5.8 [2-Q2-8H[8~
i 850-1000° ND¢ 5.8 Fragments©

ND = not determined.

2 The ion mobilities were determined by taking the peak of intensity for each ion
from the driftscope plot showing the arrival time distribution (not shown).

b Range given because there were numerous adducts to higher m/z and the ion at
calculated m/z was present in low abundance in the ESI mass spectrum.

¢ Difficult to assign as numerous ions at low abundance are present in this region.

dant, this suggests that Q1 was protected against fragmentation
when it was present in its folded form.

Fig. 5 shows the ESI mass spectra and driftscope images of Q2
sprayed from 150 mM NH4OAc and from 5mM NH40Ac, 40% in
acetonitrile (note for Q4 and Q1, the solutions shown were 150 and
5mM NH40Ac). The ESI mass spectrum of Q2 in 150 mM ammo-
nium acetate obtained using the ESI-TWIMS was similar to that
obtained using the Q-TOF Ultima except that an ion at m/z 1261.8
(ion ¢ in Fig. 5(b)) was abundant. In addition, [Q2-4H]*~ (a at m/z
1893.2) and [Q2-5H]>~ (b at m/z 1514.4) were abundant. Associ-
ated ions arising from adducts with bound ammonium ions were
still present, but were less abundant than Q2 alone. This suggests
that under the less gentle conditions required to obtain ion mobil-
ity mass spectra that ammonium ions were lost from the structure.
The ammonium adducts can still be observed in the mass spec-
tra; for example, note the adducts (to higher m/z) associated with
ions a and b in the mass spectra (Fig. 5(b) and (d)). Table 4 shows
the assignment of the ions to lower m/z (no adducts) but does
not include the adducted ions which were of lower abundance
under the conditions used to obtain ion mobility mass spectra than
when ESI mass spectra alone (lower trap and transfer energies)
were acquired. lon ¢ corresponds to a single strand of Q2 carry-
ing three negative charges and will be referred to as [ssQ2-3H]?.
Note that this ion has a narrow peak width and is not associated
with any adducts. The presence of this ion at the same arrival time
as [Q2-5H]>~ supports that some of the bimolecular Q2 gDNA was
unfolded in the mass spectrometer, possibly the result of destabili-
sation through loss of ammonium ions under the conditions in the
ESI-TWIMS.

When Q2 was sprayed from 5 mM NH4O0Ac (not shown), ions d,
e and f appeared. In the presence of 5 mM NH40Ac, 40% in acetoni-
trile (Fig. 5(c)), ions h and i appeared. The ion h occurs at the same
m/z 1893 as ion awhich was assigned as [Q2-4H]*~ but clearly has a
different arrival time. lon h therefore arises from a structure other
than the folded bimolecular qDNA structure proposed for Q2 on
the basis of the similarity of the CD spectra to those observed in
other work and on X-ray crystal structures. Possible candidates are
some other conformation of [Q2-4H]*~ thatis resolvable by TWIMS,
[ssQ2-2H]?~ and [2-Q2-8H]®. [ssQ2-3H]3>~ has already been pro-
posed for ion c. Reference to the driftscope image shows that ions ¢
and h are not diagonally aligned and argues against the identity of h
as [ssQ2-2H]?~. The assignment of ion h will be revisited below. Ion
eatm/z1262.0 corresponds to [Q2-6H]6~ (calculated m/z 1261.8, no
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bound ammonium ions). This is the same m/z calculated for [ssQ2-
3H]3~. The different arrival times of ion e (4.4 ms) and ion ¢ (5.7 ms)
support these assignments. The diagonal alignment with ions a and
b suggests that e corresponds to folded bimolecular Q2 qDNA. It is
possible that ammonium ions were lost in the gas phase but this
structure remains intact. In previous work it was also not possible
to observe ammonium ions bound to Q2 except under very gen-
tle conditions using a Q-TOF2 mass spectrometer [27]. lons d and
€ occur at approximately the same arrival time (see Fig. 5(c)) and
d at m/z 1210.8 is consistent with [ssQ2-3H-G]3~ (calculated m/z
1211.5) arising from dissociation of guanine from ¢ ([ssQ2-3H]?).
This is consistent with unfolded, single-strands of DNA being less
stable to fragmentation of the glycosidic bonds under the mass
spectrometry conditions. Brodbelt and coworkers have previously
observed in ESI-MS/MS experiments that Q2 dissociates primar-
ily via guanine base loss with some strand dissociation [35]. lon f
occurs atm/z946.1 and corresponds to [ssQ2-4H]*~ and its diagonal
alignment with ¢ supports this assignment. Since the single strands
were not present when Q2 was sprayed from 150 mM NH40Ac, this
suggests that the mass spectrometry conditions were sufficiently
gentle under those conditions to maintain the bimolecular gDNA
structure of Q2.

Ion g was present at low abundance when Q2 was sprayed from
150 mM NH4OAc but is not labelled in Fig. 5(a) and was also present
at low abundance when Q2 was in 5 mM ammonium acetate (no
acetonitrile). When Q2 was sprayed from 5mM NH40Ac, 40% in
acetonitrile (Fig. 5(c)), ion g increased in abundance. The arrival
time of ion g suggests that it corresponds to a structure that is
different from the bimolecular Q2 qDNA (cf. arrival times of ions
a and b). Ion g is associated with adducts (m/z 2160-2200) that
are difficult to assign unequivocally as a consequence of their low
abundance, but their presence suggests some kind of secondary
structural elements. The ion [2-Q2-7H]7~ has a calculated m/z value
0f 2163.9. The presence of a dimer would be consistent with the dif-
ferent mobility observed for ion g, with the presence of numerous
adducts and with the tentative assignment of ion h as [2-Q2-8H]8~.
The increase in abundance of ions from the dimer in the presence
of acetonitrile may be the result of enhanced desolvation of this
species. Ion i and other very low abundance ions in this region of
the mass spectrum do not correspond to intact DNA and arise from
fragmentation in the mass spectrometer. Given the observation of
interlocked dimers that occur for (dGGGT),4 discussed above [34],
it is feasible that Q2 (dG4T4G4), could also form dimers if slipped
structures are present. The CD spectra of Q2 revealed that when
the Q2 concentration was increased that the gDNA changed from
a mixture where an anti-parallel strand orientation was predom-
inant to a mixture where Q2 in a parallel strand orientation was
also present. Since oligomers such as dimers would be favoured by
the higher concentrations, it can be speculated that the dimers ten-
tatively assigned in the mass spectrum might be the source of the
parallel qDNA structures suggested by the CD spectra.

4. Conclusions

This is the first report of ESI-TWIMS of qDNA. The ion mobil-
ities observed were related to known structures determined for
these and similar gDNA sequences using NMR and X-ray crys-
tallography. Support for the maintenance of folded qDNA in the
gas phase was obtained by changing the solution conditions to
destabilise qDNA structures, obtaining ion mobility mass spec-
tra and comparing the driftscope images (arrival times of ions)
with those previously obtained. In some cases, ions of the same
m/z but very different arrival times were observed. This enabled
distinction among bimolecular qDNA (Q2) and its single strands
(ions ¢ and e which were assigned as [ssQ2-3H]3>~ and [Q2-6H]6-,
respectively). The presence of the dimer may account for changes

observed in the CD spectra of Q2 at high concentrations. The res-
olution of the ESI-TWIMS was sufficient to be able to distinguish
among folded Q1 (an intramolecular gDNA) and its unfolded form
(ion g proposed as unfolded [Q1-6H]%-), as it appeared only at
lower ionic strength, was abundant when acetonitrile was present
and does not align with ions b and ¢ (proposed as [Q1-4H]|*~ and
[Q1-5H]°-, respectively, from folded Q1). It would not have been
possible to distinguish among the folded and unfolded structures
using ESI-MS alone or by reference to the CD spectrum. Previously,
single-molecule spectroscopy has shown that human telomeric
DNA exists in a number of conformational forms [36].

This study illustrates the utility of ESI-TWIMS for analysis of
gDNA. This is particularly important when ESI-MS is to be used to
screen the binding of ligands to the DNA as false positive or false
negative results might be obtained if the qDNA sample is signifi-
cantly heterogeneous. This work has served as a starting point for
analysis of the binding of berberine derivatives to various qDNA
structures in an extension of our previous work [25]. In these stud-
ies to be reported elsewhere, the solution and gas phase stabilities
of qDNA was enhanced when the ligands were bound.
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