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The binding sites and consecutive binding constants of alkali metal ions, (M� � Na�, K�,
Rb�, and Cs�), to thrombin-binding aptamer (TBA) DNA were studied by Fourier-
transform ion cyclotron resonance spectrometry. TBA–metal complexes were produced by
electrospray ionization (ESI) and the ions of interest were mass-selected for further
characterization. The structural motif of TBA in an ESI solution was checked by circular
dichroism. The metal-binding constants and sites were determined by the titration method
and infrared multiphoton dissociation (IRMPD), respectively. The binding constant of
potassium is 5–8 times greater than those of other alkali metal ions, and the potassium
binding site is different from other metal binding sites. In the 1:1 TBA–metal complex,
potassium is coordinated between the bottom G-quartet and two adjacent TT loops of TBA.
In the 1:2 TBA–metal complex, the second potassium ion binds at the TGT loop of TBA,
which is in line with the antiparallel G-quadruplex structure of TBA. On the other hand,
other alkali metal ions bind at the lateral TGT loop in both 1:1 and 1:2 complexes,
presumably due to the formation of ion-pair adducts. IRMPD studies of the binding sites
in combination with measurements of the consecutive binding constants help elucidate the
binding modes of alkali metal ions on DNA aptamer at the molecular level. (J Am Soc
Mass Spectrom 2010, 21, 1245–1255) © 2010 American Society for Mass Spectrometry

Asingle-stranded DNA containing the 15-nucleotide
sequence d(GGTTGGTGTGGTTGG) binds and in-
hibits thrombin, thus called thrombin-binding

aptamer (TBA) [1]. The active form of TBA adopts a
chair-type intramolecular G-quadruplex (G4), where
the two G-tetrads are interconnected through the lateral
TT and TGT loops in antiparallel conformation [2–6].
Some metal ions induce the structural transition to the
G4 structure upon binding [7–10]. The binding modes
of metal ions on the G4 structure are of fundamental
interest in understanding their specific and/or non-
specific interactions. Various methods have been ap-
plied to the studies of binding modes and structures of
TBA–metal complexes. NMR experiments have shown
that potassium induces the chair-type G-quadruplex
formation, but sodium does not [11]. Circular dichroism
(CD) and UV absorption studies have shown that
potassium, strontium, and barium stabilize the G4
structure in solution [12]. Recently, electrospray ioniza-
tion mass spectrometry (ESI-MS) has confirmed the
unimolecular G4 structure of TBA–metal (metal � po-
tassium, strontium and barium) complexes in the gas

phase by H/D exchange [13]. Here, we studied the
binding modes of alkali metal ions on TBA and deter-
mined the consecutive binding constants to unravel the
specific and/or non-specific interactions between alkali
metal ions and G4 TBA.
Most of the structural studies carried out in solu-

tion deal with an ensemble of dynamic structures
present under ambient conditions. To more firmly
establish the binding mode, we need to employ a
molecular probe that is selective toward the specific
ions of interest. ESI-MS offers a mass-specific means
to bring the complex ions present in solution into the
gas-phase [14, 15] for the studies of noncovalent
ligand–nucleic acid interactions. Moreover, ESI-MS
has been successfully used in validating the G4
structure of TBA [13], sequencing oligonucleotides
[16, 17], and obtaining the IR spectra of G4 DNA [18].
In this report, we generated the 1:1 and 1:2 TBA–
alkali metal (sodium, potassium, rubidium, and ce-
sium) complex ions by ESI, determined the consecu-
tive binding constants, and carried out sequencing by
infrared multiphoton dissociation (IRMPD). To check
the structure of TBA in ESI solvent in the presence or
absence of alkali metal ions, we performed CD anal-
ysis. For the binding constant measurement [15, 19–
24], we used the titration method [21, 23, 24]. The
relative abundances of metal-bound and unbound
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TBA in the ESI mass spectra were used to calculate
the consecutive binding constants. To determine the
metal binding sites, we applied IRMPD [16, 25]. As
the efficient absorption of IR photons at 10.6 �m by
phosphate groups induces phosphodiester backbone
cleavage [26–29], the binding sites of metal ions can
be directly determined from the fragmentation pat-
tern and the fragment charge distribution. By taking
both the consecutive binding constants and the bind-
ing sites into consideration, we suggest a specific
interaction between alkali metal ions and G4 TBA
formed in ESI solvent.

Experimental

Sample Preparation

TBA purified by C18-column was purchased from
Bioneer (Daejeon, Korea) and used without further
purification. Sodium chloride (99.999%), potassium
chloride (99.999%), rubidium chloride (99�%), cesium
chloride (99.999�%), and other chemicals were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). A
stock solution of TBA (100 �m) was prepared by dis-
solving dry powder in ammonium acetate buffer
(150 mm, pH 7.0), immersing a sample tube containing
TBA in a 95 °C oil bath for 10 min, and then cooling it to
room temperature. ESI samples were prepared by di-
luting the stock solution to a 1:10 ratio in a 1:1 (vol/vol)
water/isopropanol solution. Both TBA and alkali metal
chloride stock solutions were mixed in water and then
mixed with isopropanol for ESI. The final solute con-
centration was 10 �m for TBA, 100 �m for metal
chloride, and 15 mm for ammonium acetate.

Mass Spectrometry

A 12-Tesla Fourier-transform ion cyclotron reso-
nance (FT-ICR) spectrometer (Varian, Lake Forrest,
CA, USA) was used for both titration and IRMPD
experiments. This instrument was equipped with a
Nanomate-100 chip (Advion, Ithaca, NY, USA) for
ESI and a Synrad 48–2 CO2 laser (Mukilteo, WA,
USA) for IRMPD as previously described in detail
[30]. The ESI mass spectra were taken in negative
mode under Nanomate conditions of 1.6-kV applied
voltage and 0.2-p.s.i. nitrogen pressure. The ion of
interest was mass-selected by ejecting all unwanted
ions using stored waveform inverse Fourier trans-
form (SWIFT). Remaining ions in the ICR cell were
irradiated with 10.6 �m CO2 laser for 300 ms by
increasing the laser fluence from 0.56 to 1.25 J cm–2.
The IR laser beam passed through a BaF2 vacuum
window and crossed a cylindrical ICR cell once. ICR
transients were acquired in broadband mode with
1.024 M data points at the sampling rate of 2 MHz in
the mass range of m/z � 190–2500 Th. The time-

domain transient signal was processed with a Black-
man window.

Binding Constant Measurement

Sample solutions containing TBA (10 �m) mixed with
metal chlorides (10–400 �m) were prepared and the ESI
mass spectra of TBA were taken in negative mode as a
function of metal ion concentration. Relative abun-
dances of TBA, 1:1 and 1:2 TBA–metal (TBA–M�)
complex ions were used to derive the binding constants.
The metal ion forms complexes with TBA by consecu-
tive equilibria as given in eqs 1 and 2.

TBA	M	^ �TBA	M	�; K1�
�TBA	M	�
�TBA��M	�f

, (1)

�TBA	M	� 	M	^ �TBA	 2M	�;

K2�
�TBA	 2M	�

�TBA	M	��M	�f
, (2)

where K1 and K2 are the equilibrium constants for the
first and second alkali metal binding, respectively.
[TBA], [TBA � M�], and [TBA � 2M�] represent the
concentration of TBA, (TBA � M�), and (TBA � 2M�)
ions, respectively. [M�]f is the concentration of free
metal ion, which is the difference between the initial
concentration [M�]0 and the concentration of com-
plexed metal ions [M�]c. [TBA � nM�] (n � 0–2) is
calculated from the intensities of TBA, (TBA�M�) and
(TBA � 2M�) ions in the mass spectra, as presented in
eq 3.

�TBA	 nM	� � �TBA�0

�
I�TBA	 nM	�

� I�TBA�	� I�TBA	M	� 	 � I�TBA	 2M	�
,

(3)

where [TBA]0 is the initial concentration of TBA,
I(TBA), I(TBA � M�), and I(TBA � 2M�) are the
intensity of TBA, (TBA � M�), and (TBA � 2M�)
ions, respectively, and the summation on the denom-
inator is over all possible charge states. Likewise,
[M�]c is calculated from the fraction of the metal-
containing complex ions, as expressed in eq 4, and
[M�]f is derived therefrom.

�M	�c� �TBA�0

�
� I�TBA	M	� 	 � 2 · I�TBA	 2M	�

� I�TBA�	� I�TBA	M	� 	 � I�TBA	 2M	�
,

(4)
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�M	�f� �M	�0� �M	�c. (5)

Eqs 1 and 2 are rearranged to eqs 6 and 7 as a function
of [M�]f.

�TBA	M	�
�TBA�

� K1�M	�f, (6)

�TBA	 2M	�
�TBA	M	�

� K2�M	�f. (7)

Both the [TBA � M�]/[TBA] and [TBA � 2M�]/[TBA �
M�] ratios vary linearly with [M�]f and the slope repre-
sents the equilibrium constants K1 and K2, respectively.

Circular Dichroism l(CD)

The CD spectra were recorded in the 200–340 nm
wavelength range at a rate of 100 nm min–1 with a
JASCO J-810 spectropolarimeter (Easton, MD, USA).
A 1.0-cm path quartz cuvette was used to take the CD
spectra while flushing a sample chamber with dry
nitrogen. The CD spectra were taken in water as well
as in ESI solvent. The solute concentration was 3 �m
for TBA and 100 �m for alkali metal chloride.

Results and Discussion

ESI Mass and CD Spectra of TBA

The ESI mass spectra of TBA in the absence and
presence of alkali metal ions are shown in Figure 1. TBA
and TBA–M� complex ions (M� � Na�, K�, Rb�, and
Cs�) were observed in 3�, 4�, and 5� charge states.
No TBA–ammonium complex ions were detected. Of
the three charge states, the most abundant 4� charge
state was further characterized by IRMPD. When ions
present in solution are transferred into the gas phase by
ESI [14, 15], both the ionization efficiency and response
factor may vary if the metal binding changes the
structure of TBA in solution [15, 19–24]. Any changes in
ionization efficiency and response factor should appear
in charge-state distributions of TBA and TBA–M� com-
plex ions [20, 24]. The relative abundances of TBA and
TBA–M� complex ions are plotted in Figure 1f as a
function of charge state. The charge-state distributions
are almost identical, regardless of the presence or
absence of alkali metal ions, indicating that the metal
binding to TBA hardly alters the structure of TBA in ESI
solvent.
To further examine the structure of TBA in solution,

we obtained the CD spectra in 1:1 water/isopropanol in
the absence and presence of alkali metal chloride and
ammonium acetate (see Supplementary Material, Fig-
ure S1 which can be found in the electronic version of
this article). In water, only TBA–potassium and TBA–

ammonium mixtures show the characteristic feature of
antiparallel G4 structure, a positive band at 295 nm and
a negative band at 265 nm [12]. Other alkali metal ions
do not show the G4 feature in water. On the other hand,
all samples, whether or not the metal is present, display
spectral characteristic of antiparallel G4 structures in
water/isopropanol with/without ammonium acetate.
Apparently, isopropanol induces the formation of G4-
TBA [31, 32], independent of the presence or absence of
potassium or ammonium ion. In ESI solvent containing
ammonium acetate, potassium further stabilizes G4-

Figure 1. ESI mass spectra of (a) TBA (10 �m), (b) TBA (10 �m)
plus sodium chloride (100 �m), (c) potassium chloride (100 �m),
(d) rubidium chloride (100 �m), (e) cesium chloride (100 �m), and
(f) relative abundances of ions as a function of charge state.
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TBA but other metals hardly change the CD spectra of
TBA, indicating a difference in binding mode between
potassium and other alkali metals.
Because the metal binding to TBA does not change

the structure of TBA in ESI solvent [33, 34] and the
effects of metal binding on the ionization efficiency and
response factors are identical for all TBA and TBA–M�

complexes, we use the stoichiometry and relative abun-
dances of TBA and TBA–M� complex ions in the ESI
mass spectra to determine the metal-binding constants.

Determination of Binding Constants in
TBA–Alkali Metal Ion Complexes

The [TBA � nM�]/[TBA � (n–1)M�] (n � 1–2) ratios
are shown in Figure 2 as a function of [M�]f. The first
and second binding constants K1 and K2 are derived
from the slopes corresponding to n � 1 and 2, respec-
tively, and listed in Table 1. K1 of 8.4 	 103 M–1 for
potassium is 4–5 times greater than K1 for other alkali

metals in the range of (1.8–2.4)	 103 m�1. Interestingly,
K2 of 1.8 	 103 m�1 for potassium is comparable to K1
for other metals. Sodium, rubidium, and cesium exhibit
similar values of K2 in the range of (1.0–1.2) 	 103 m�1.
The product of K1 and K2 for potassium is 5–8 times
greater than the K1K2 values for other metals. In com-
parison, fluorescence spectroscopy has shown that the
binding constant of potassium (Ka � 13 	 106 m�1) is 24
times greater than that of sodium (Ka � 0.55 	 106 m�1)
in 10 mm Tris–HCl buffer [35]. The binding constant Ka
obtained in solution is inherently different from the
consecutive binding constants K1 and K2 determined by
mass spectrometry because fluorescence spectroscopy
does not distinguish the structures of 1:1 and 1:2 TBA–
metal complexes in solution. Although direct compari-
son cannot be made between the two different measure-
ments, sodium appears to bind more strongly to TBA in
ESI solvent than to TBA in Tris-HCl buffer. This dis-
crepancy is attributed to dissimilar structures of TBA in
two different solvent systems. In ESI solvent, our CD
results show that TBA always folds into the antiparallel
G4 structure (see Figure S1). In Tris-HCl buffer, how-
ever, CD results by Tsumoto and coworkers have
shown that potassium induces the formation of G4-TBA
but sodium does not [36]. Similarly to CD results, NMR
and molecular dynamics (MD) studies have also shown
that the G4 structure of TBA is induced by potassium in
Tris buffer (20 mm Tris, 140 mm NaCl, pH 7.0) but not
by sodium [37]. Our CD and MS data suggest that
sodium binds more tightly to G4 than other structures
of TBA available in the Tris-HCl buffer.
Meanwhile, the dissociation constant (Kd) of 5000 nm

has been reported for the TBA–potassium complex [23],
which is 24 times smaller than K1

–1 of 119 �m but 76
times greater than (K1K2)

–1 of 66 nm. This discrepancy
may be due to the dissimilar solvent system used for
ESI and the effect of pH at equilibrium [38]. In the
present experiment, the 1:1 water/isopropanol solvent
system was used for ESI without any pH adjustment. In
this solvent system, the 4– charge state ion appears
predominantly by either turbospray or nanospray ion-
ization using a hybrid quadrupole time-of-flight mass
spectrometer (QSTAR-Pulsar i; Applied Biosystems,
Concord, Canada). In comparison, the other experiment
was carried out in water containing 25% methanol and

Figure 2. Plots of [TBA � nM�]/[TBA � (n–1)M�] as a function
of (a) [Na�]f, (b) [K

�]f, (c) [Rb
�]f, and (d) [Cs

�]f. [M
�]f is the

concentration of free metal ion. The ratio is derived from the
relative abundances of TBA, 1:1 and 1:2 TBA–metal complex ions
in the ESI mass spectra.

Table 1. Binding constants of TBA–M� complexes (M� � Na�, K�, Rb�, and Cs�)

Metal

Binding constanta

K1 (103 M–1) K2 (103 M–1) K1K2(106 M–2) Ka (106 M–1) in solutionb,c

Na� 2.2 � 0.05 1.2 � 0.04 2.6 � 0.11 0.55 � 0.03
K� 8.4 � 0.16 1.8 � 0.04 15.1 � 0.44 13 � 1
Rb� 1.8 � 0.02 1.0 � 0.02 1.8 � 0.04
Cs� 2.4 � 0.05 1.2 � 0.04 2.9 � 0.11

aAn error is from the least-squares fit.

bKa �
�TBA	M	�	�TBA	2M	�

�TBA�f�M	�f
� K1�1 	 K2 �M	�f�.

cThe binding constants in solution are taken from reference [35].
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0.50% NH4OH (vol/vol) using an ion-trap mass spec-
trometer (LCQ Classic; ThermoFinnigan, San Jose, CA,
USA).

IRMPD Spectra of [TBA – 4H]4�

The IRMPD mass spectra of [TBA – 4H]4� obtained at
the laser fluence of 0.90 J cm–2 are shown in Figure 3a
and the fragmentation patterns as well as the charge
and intensity distributions of fragment ions are pre-
sented in Figure 3b. The nomenclature is taken from
McLuckey et al. [39]. Four possible sites of cleavage
along the nth phosphodiester backbone in (n � m) base
DNA result in an–dn fragments containing 5=-ends and
wm–zm fragments containing 3=-ends. The efficient ab-
sorption of IR photons at 10.6 �m by phosphate groups
induces cleavage at the phosphodiester backbone [25–
29]. [TBA – 4H]4� yields [an – GH] (n � 2, 4–6, 8, 10, 11)
and wm (m � 1, 4, 5, 7, 9, 10, 13, 14) ions. The charge
distribution of fragment ions indicates that four nega-
tively-charged phosphate groups are located at the
G1–G2, T4–G5 or G5–G6, G10–G11 or G11–T12, and G14–G15

mid points. Both the [a2 – GH]
� and w14

4� ions provide
evidence for the negatively-charged phosphate group at
the G1–G2 mid point and the w1

� ion for that at the
G14–G15 mid point. Other alternative locations of the
phosphate anions (marked grey) are assigned from
the [a5 – GH] and w4 ions having both 1� and 2�
charge-states as well as [a6 – GH]

2� and w5
2� ions. As a

result, [TBA – 4H]4� takes charges at both ends as well
as 3–4 bases away from each terminal charge.

Power Dependence of IRMPD

The IRMPD spectra of the TBA–sodium and TBA–
potassium complex ions are obtained at three different
laser fluence of 0.56, 0.90, and 1.25 J cm–2, as displayed
in Figures 4 and 5, respectively. At 0.56 J cm–2, loss of
neutral bases occurs sequentially without backbone
cleavage. Moreover, the abundance of the parent ion
relative to the total ions is 60%–64% for TBA–sodium
complexes and 37%–60% for TBA–potassium com-
plexes. The relative abundance of internal ions is 14%–
20% for both metal complexes. Backbone cleavage takes
place at higher IR fluence [25, 29]. However, as the laser
fluence increases to 1.25 J cm�2, the relative abundance
of the parent ion decreases to 0.5%–14%, but that of
internal ions increases to 37%–80%. Although the yield
of primary fragmentation increases at high laser flu-
ence, that of secondary fragmentation also increases
concomitantly. For example, the longest primary frag-
ment ions, such as w14 and [a14 – GH], further disso-
ciate to shorter fragments, such as w1, [a2 – GH], and
other internal ions. For the determination of the
metal-binding sites in TBA–metal complexes, there-
fore, we carried out IRMPD experiments at the inter-
mediate laser fluence, 0.90 J cm–2.

Sodium-Binding Sites of TBA–nNa� Complexes
(n � 1–2)

The IRMPD mass spectra of 1:1 and 1:2 TBA–sodium
complexes shown in Figures 4a and b, respectively,
provide the fragmentation patterns as well as the
charge and intensity distributions of fragment ions, as
presented in Figures 4c and d, respectively. Since IR
absorption imparts no collisional impact on the ion, we
expect that the cation is sequestered by the nearby
phosphate anion during fragmentation. Thus the bind-
ing site of metal ion can be determined from the
combination of fragmentation pattern and fragment
charge distribution.
[TBA � Na� – 5H]4� yields a series of [a – GH] and

w ions indicating G8–T9 cleavage at the central TGT
region. The fragment charge distribution indicates that
the five negatively-charged phosphates are located at
the G1–G2, T4–G5 or G5–G6, T7–G8 or G8–T9, G10–G11 or
G11–T12, and G14–G15 mid points. The locations of
negatively-charged phosphates are identical to those for
the [TBA – 4H]4� ion except for the T7–G8–T9 region.
Sodium is present in [an – GH] (n � 8, 10, 11) and wm

(m � 7, 9, 14) ions, but absent in [an – GH] (n � 2, 4–6)
and wm (m � 1, 4, 5) ions, bracketing the location of
sodium between T7 and T9. This T7–G8–T9 region is
where both the negative-charged phosphate group and
sodium are found together. Since the cation is seques-
tered by the nearby phosphate anion during fragmen-
tation, the positional overlap between phosphate and
sodium identifies the T7–G8 or G8–T9 mid point as the
binding site of sodium. The two complementary ions,
[a8 – GH � Na]2� and w7

2�, and the other two comple-

Figure 3. (a) IRMPD spectra of [TBA – 4H]4� at 0.90 J cm–2. Open
diamond (�) represents loss of guanine from the parent ion and
sharp symbol (#) refers to internal ions; (b) fragmentation pattern,
charge distribution, and fragment ion intensity distribution from
IRMPD of [TBA – 4H]4�. The charge state is given next to
arrowhead. The location of phosphate anion is marked by minus
sign in circle. Open circle denotes the fixed location and grey circle
refers to other alternatives.
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mentary ions, [a8 – GH]
2� and [w7 � Na]2�, provide

evidence of the T7–G8 and G8–T9 mid points for the
sodium-binding site, respectively. Since only the metal-
containing fragments canprovide information on themetal-
binding sites, their relative abundances are used to calculate
the occupancy of metal ion at each binding site. The occu-
pancies of 0.55 at T7–G8 and 0.45 at G8–T7 are determined
from the relative intensities of the [a8 – GH � Na]2� and
[w7 � Na]2� ions (see Supplementary Material).
With two sodiums, [TBA � 2Na� – 6H]4� yields a

fragmentation pattern almost identical to that of [TBA �
Na� – 5H]4�. The six phosphate anions are located at the
G1–G2, T4–G5 or G5–G6, G6–T7 and/or T7–G8, G8–T9

and/or T9–G10, G10–G11 or G11–T12, and G14–G15 mid

points. Two sodium ions are found in [an – GH] (n � 8,
10, 11) and wm (m � 7, 9, 10, 13, 14) ions, only one
sodium in [an – GH] (n � 8) and wm (m � 7) ions, and
no sodium in [an – GH] (n � 2, 4–6) and wm (m � 1, 4,
5) ions. Thus, the location of two sodium ions is
bracketed between G6 and G10. The occupancy of so-
dium is not determined because of the absence of [an –
GH] (n � 7, 9) and wm (m � 6, 8) ions containing
sodium. Nonetheless, the fragmentation pattern indi-
cates that the two sodium ions are bound at the
G6TGTG10 loop region of TBA. The two complementary
ions, [a8 – GH � nNa]2� and [w7 � nNa]2� (n � 0–2),
provide evidence of the G6TGTG10 region for the so-
dium binding sites. Apparently, the two sodium ions

Figure 4. IRMPD spectra of (a) [TBA � Na� – 5H]4� and (b) [TBA � 2Na� – 6H]4� obtained by
varying IR fluence from 0.56, 0.90, to 1.25 J cm–2. Asterisk (*) indicates fragment ions containing metal
ion and the number of asterisks equals to the number of metal ions bound to fragment ions. Dagger
(†) and double dagger (‡) refer to internal ions with one and two metal ions, respectively;
fragmentation pattern, charge distribution and fragment ion intensity distribution from IRMPD of (c)
[TBA�Na� – 5H]4� and (d) [TBA� 2Na� – 6H]4�. Black circle represents the possible metal-binding
site.
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form adducts with phosphate anions in the G6TGTG10

loop region of TBA.

Potassium-Binding Sites of TBA–nK� Complexes
(n � 1–2)

The IRMPD mass spectra of 1:1 and 1:2 TBA–potassium
complexes are shown in Figures 5a and b, respectively,
and their fragmentation patterns and charge and inten-
sity distributions of fragment ions are presented in
Figures 5c and d, respectively. [TBA � K� – 5H]4�

results in a fragmentation pattern similar to that of
[TBA � Na� – 5H]4� but with a different metal ion
distribution. Potassium appears in [an – GH] (n � 5, 8,
11) and wm (m � 4, 5, 7, 9, 14) ions, suggesting the
location of potassium between T4 and T12. The five
phosphate anions are located at the same positions as
[TBA � Na� – 5H]4�. Overlapping positions of phos-

phate and potassium indicate three possible binding sites
for potassium, T4–G5, T7–G8 or G8–T9, and G11–T12 mid
points, as evidently shown by [a5 – GH�K]�, [a8 – GH�
K]2�, [w7 � K]2�, and [w4 � K]� ions, respectively. The
occupancy of potassium is estimated to be 0.425 at T4–G5,
0.075 at T7–G8–T9, and 0.5 at G11–T12 (see Supplementary
Material).
With two potassium ions, [TBA � 2K� – 6H]4� yields

a fragmentation pattern almost identical to that of [TBA�
K� – 5H]4�. The six phosphate anions are located at the
G1–G2, T4–G5 and/or G5–G6, T7–G8 or G8–T9, G10–G11

and/or G11–T12, and G14–G15 mid points. Two potas-
sium ions are found in [an – GH] (n � 10, 11) and wm

(m � 7, 9, 14) ions, only one potassium in [an – GH]
(n � 5, 6, 8) and wm (m � 4, 5, 7) ions, and no potassium
in [an – GH] (n � 2–6) and wm (m � 1, 2, 4, 5) ions. Thus,
the location of potassium is bracketed between T4 and
T12. Overlap of phosphates with potassium identifies

Figure 5. IRMPD spectra of (a) [TBA � K� – 5H]4� and (b) [TBA � 2K� – 6H]4� at 0.56, 0.90, and
1.25 J cm–2; fragmentation pattern, charge distribution and fragment ion intensity distribution from
IRMPD of (c) [TBA � K� – 5H]4� and (d) [TBA � 2K� – 6H]4�.
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two separate binding sites for potassium, the T4–G5 or
G11–T12 mid point for one and the T7–G8–T9 region for
another. The evidence for another potassium occupying
at the T7–G8–T9 region comes from the difference in
the number of potassium between [a8 – GH � K]2� and
[a10 – GH � 2K]2� as well as between [w7 � K]2� and
[w9 � 2K]2�. The occupancy of potassium is estimated
to be 0.42 at T4–G5 and 0.58 at G11–T12, and 0.45 at T7–G8

and 0.55 at G8–T9 (see Supplementary Material).
Potassium binds at the T4–G5, T7–G8 or G8–T9, and

G11–T12 mid points in the 1:1 complex. However, the
occupancy of potassium indicates that the probability of
potassium coordination by T4, G5, G11, and T12 is �12
times higher than that of adduct formation at the TGT
region. In the case of 1:2 TBA–potassium complex, one
potassium binds at the T4–G5 or G11–T12 mid point and
the second one at the T7–G8 or G8–T9 mid point,
indicating that one potassium is coordinated between
the bottom G-tetrad and two TT loops and another one
binds at the T7GT9 region. This is consistent with the G4
structure determined by NMR and MD studies [11, 38].

Rubidium- and Cesium-Binding Sites of
TBA–nM� Complexes (n � 1–2, M� � Rb� and Cs�)

The IRMPD spectra, fragmentation patterns and charge
distributions of the 1:1 and 1:2 TBA–rubidium and
TBA–cesium complex ions are presented in Figure 6.
The fragmentation patterns and the charge distributions
of TBA complexes with rubidium and cesium are al-
most identical to those of the TBA–Na� complexes.
In the 1:1 complexes, the charge distribution of

fragment ions indicates that the five negatively-charged
phosphates are located at the G1–G2, T4–G5 or G5–G6,
T7–G8 or G8–T9, G10–G11 or G11–T12, and G14–G15 mid
points. Rubidium is present in [an – GH] (n � 8, 10, 11,
14) and wm (m � 7, 9, 10, 13, 14) ions but absent in
[an – GH] (n � 2, 3, 5, 6, 8) and wm (m � 1, 2, 4, 5, 7) ions,
suggesting the presence of rubidium between T7 and T9.
Cesium is present in [an – GH] (n � 8, 11) and wm (m �
7, 9, 10, 13, 14) ions but absent in [an – GH] (n � 2, 3, 5,
6, 8) and wm (m � 1, 4, 5, 7) ions. Thus, the location of
cesium is also bracketed between T7 and T9. The spatial
overlap between phosphates and metal ions identifies
the T7–G8 and G8–T9 mid points as the binding site for
both rubidium and cesium. The occupancy of rubidium
at the T7–G8 and G8–T9 mid points is estimated to be
0.49 and 0.51, respectively and that of cesium is 0.39 and
0.61, respectively (see Supplementary Material).
In the 1:2 complexes, the charge distributions of

fragment ions are identical to that of [TBA � 2Na� –
6H]4�. With two rubidium ions, [TBA � 2Rb� – 6H]4�

yields the fragmentation pattern not much different
from that of [TBA � Rb� – 5H]4�. Two rubidium ions
are found in [an – GH] (n � 10, 11) and wm (m � 9, 14)
ions, only one rubidium in [an – GH] (n � 8) and wm

(m � 7) ions, and no rubidium in [an – GH] (n � 2–6)
and wm (m � 1–5) ions. Also, [TBA � 2Cs� – 6H]4�

dissociates to [an – GH] (n � 10, 11) and wm (m � 9, 13,
14) ions with two cesiums, [an – GH] (n � 8) and wm

(m � 7) ions with only one cesium, and [an – GH] (n �
2, 3, 5, 6) and wm (m � 1–5) ions without cesium. These
results indicate that two rubidium or two cesium ions
are located in the same region bracketed between G6

and G10. Evidently, both rubidium and cesium ions
form adducts with phosphate anions in the G6TGTG10

loop region of TBA.

Structures of TBA–M� Complexes (M� � Na�,
K�, Rb�, and Cs�)

The fragmentation pattern and charge distribution of
sodium, rubidium, and cesium are almost identical to
one another, but those of potassium are not. Based on
the fragmentation patterns and occupancies, the struc-
tures of TBA–M� complexes are proposed in Scheme 1.
In the case of the TBA–K� complexes, the first potas-
sium ion is coordinated between the bottom G-quartet
and two adjacent TT loops and the second one is bound
at the TGT loop of TBA. This structure is consistent
with that reported by NMR and MD simulations [11,
38]. On the other hand, other alkali metal ions, Na�,
Rb�, and Cs�, bind at the G6TGTG10 loop region of
TBA, presumably by forming adducts with nega-
tively charged phosphates in that loop region. Nota-
bly, the fragment charge distributions suggest that
four phosphate groups in the G2–T3–T4 and T12–T13–
G14 regions always carry protons in the presence or
absence of alkali metal ions, even though all other
phosphate groups can take negative charges. This
indicates that the four phosphate groups in two TT
loops are not easily ionized by solvent and may be
protected by thymine through intramolecular hydro-
gen bonding. This interpretation is in line with an
NMR finding that the TT loops are not easily acces-
sible by the solvent [40].
Although the metal-binding sites for Na�, Rb�,

and Cs� do not provide information about the struc-
ture of TBA, the G-quadruplex structure of TBA is
adopted in Scheme 1 for the following reasons.
Firstly, the charge-state distribution in the ESI mass
spectra of TBA is identical regardless of the presence
or absence of alkali metal ions. Secondly, the CD
spectra of TBA in ESI solvent display the character-
istic feature of the G4 structure in the presence or
absence of any alkali metal ion; even though only
potassium induces such a feature in water (see Figure
S1). Apparently, the ESI solvent having a much lower
dielectric constant than water induces the formation
of the G4 structure [31, 32]. Lastly, the second potas-
sium binding constant is almost identical to the first
alkali metal binding constants for Na�, Rb�, and Cs�,
indicating the structure of TBA to which alkali metal
ions bind is similar to the G-quadruplex structure
stabilized by potassium.
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Conclusions
The consecutive alkali metal binding constants on TBA
are uniquely determined by ESI mass spectrometry. In
addition, the binding sites of alkali metal ions on TBA
are identified by IRMPD. The first potassium ion is
coordinated between the bottom G-quartet and two
adjacent TT loops of the G-quadruplex structure of
TBA, while the second one is bound at the TGT loop. On
the other hand, both the first and second alkali metal

ions are bound at the GTGTG loop of TBA in the cases
of sodium, rubidium, and cesium. The product of
binding constants K1 and K2 for potassium is 5–8 times
greater than those for other alkali metal ions. The
adduct formation between the TGT loop and sodium,
rubidium, cesium, or the second potassium ion is con-
sidered to be due to electrostatic interactions. Mean-
while, the first potassium ion appears to form a coor-
dination complex between the two TT loops of TBA as

Figure 6. IRMPD spectra of (a) [TBA � Rb� – 5H]4� and (b) [TBA � 2Rb� – 6H]4� at 0.90 J cm–2;
fragmentation pattern, charge distribution and fragment ion intensity distribution from IRMPD of (c)
[TBA � Rb� – 5H]4� and (d) [TBA � 2Rb� – 6H]4�; IRMPD spectra of (e) [TBA � Cs� – 5H]4� and
(f) [TBA � 2Cs� – 6H]4� at 0.90 J cm–2; fragmentation pattern, charge distribution and fragment ion
intensity distribution from IRMPD of (g) [TBA � Cs� – 5H]4� and (h) [TBA � 2Cs� – 6H]4�.
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the fragment charge distribution suggests that four
phosphate groups in the G2–T3–T4 and T12–T13–G14

regions are not ionized.
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