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We have used electrospray ionization mass spectrometry (ESI-MS) and fluorescence and
circular dichroism (CD) spectroscopy to explore the binding of ethidium bromide (EthBr)
to non-self-complementary polythymine (polyT) strands in the absence and presence of
Hg”" ions. In the gas phase, ESI-MS revealed that Hg>" ions have greater affinity, through
T-Hg?*-T coordination, toward polyT strands than do other metal ions. These findings
are consistent with our fluorescence and CD results obtained in solution; they revealed that
more T,;-EthBr-Hg?* complexes existed upon increasing the concentrations of Hg*" ions
(from 0 to 50 pM). Surprisingly, the ESI-MS data indicated that the Hg** concentration
dependence of the interaction between T35 and EthBr is biphasic. Our ESI-MS data revealed
that the T;;~EthBr-Hg®" complexes formed with various stoichiometries depending on
their relative concentrations of the components and the length of the DNA strand. When
the concentrations of Ts;/EthBr/Hg>" were 5/5/2.5 uM and 5/10/7.5 uM, 1:1:1 and
1:1:2 T53-EthBr-Hg?* complexes were predominantly formed, respectively. Thus, Hg>*-
induced DNA conformational changes clearly affect the interactions between DNA and

EthBr.
Spectrometry
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DNA are interesting because they affect many

different areas of the brain and their associated
functions, resulting in symptoms such as vision prob-
lems, deafness, and loss of muscle coordination [1]. It
has long been known that Hg** ions interact strongly
with DNA strands through thymine (T)-Hg>*~T coor-
dination [2]; indeed, taking advantage of such compl-
exation allows the detection of Hg>" ions through
Hg”*"-induced conformational changes of DNA [3-5].
Recently, we presented a simple and rapid fluorescence
assay, using the double-stranded DNA binding dye
TOTO-3 and the polythymine oligonucleotide Ts;, for
the highly selective and sensitive detection of Hg?" in
aqueous solution [6]. In the presence of Hg>" ions, Ta;
changes its conformation from a random coil to a
hairpin-like structure, leading to increased fluores-
cence. The formation of T-Hg**~T complexes has been
confirmed indirectly using fluorescence polarization
spectroscopy, capillary electrophoresis (CE), circular
dichroism (CD) spectroscopy, and melting temperature

f ;tudies of the interactions between HgZJr ions and
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measurements [3—6]. At this time, no direct evidence of
such interactions exist.

Electrospray ionization mass spectrometry (ESI-MS)
has been used to investigate the interactions of small
analytes with various types of DNA structures, includ-
ing G-quadruplexes [7-11] and DNA duplexes [12-16].
For example, ESI-MS has provided evidence for the
existence of interactions between perylene diimides and
G-quadruplex DNA [17], ethidium bromide (EthBr) and
DNA duplexes [18], and metal ions and single-/double-
stranded DNA [19-22]. ESI-MS allows the transfer of
noncovalently bound complexes in solution to the gas
phase without disruption of the complexes [23]. Thus,
ESI-MS techniques are powerful for obtaining biomo-
lecular structures and for determining the concentra-
tions of all species of interest.

In this study, we used fluorescence and CD spectros-
copy and ESI-MS to investigate the interactions be-
tween polyT strands and Hg”" ions in the absence and
presence of EthBr. EthBr has been used widely in
CE-based analyses of DNA [24-26]. In addition, it has
been established that EthBr interacts with DNA tri-
plexes and G-quadruplexes [9]. In this study, we inves-
tigated the roles played by the concentrations of Hg"
and EthBr, the length of DNA, and the DNA:Hg*":
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EthBr molar ratio in determining the interactions
among DNA, Hg”?*, and EthBr.

Experimental
Chemicals

Ammonium acetate (NH,OAc), metal ions (all nitrate
salts), and other reagents were purchased from Aldrich
(Milwaukee, WI, USA). EthBr was obtained from Phar-
macia Biotech (Uppsala, Sweden). PolyTs (T, T;5, Tss,
and Ts,) were purchased from Integrated DNA Tech-
nology (Coralville, IA, USA).

ESI-MS

A Bruker esquire HCT mass spectrometer (Bremen,
Germany) was operated in the negative mode with a
capillary voltage of 2.5 kV; the dry gas flow rate was
controlled at 3.0 L/min; the nebulizer was controlled at
13.0 psi, and dry temperature was set to 250 °C. Full
scan MS spectra were recorded in the m/z range 250—
1500 with 50 acquisitions per spectrum. To obtain stable
electrospray signals, 20% MeOH was added to each of
the injected solutions before ESI-MS measurement. Ali-
quots (10 uL) of metal ion solutions (10-500 uM) were
added separately to NH,OAc solutions (5 mM, pH 7.0,
0.1 mL), each containing one of the polyT oligonucleo-
tides (5 uM) and EthBr (0-20 uM). The mixtures were
equilibrated at ambient temperature for 30 min. The
DNA samples were infused directly at 3 uL/min into
the mass spectrometer.

We calculated the fraction of Ts;~Hg®" complexes
using eq 1 according to a reported method [17]

Fraction of Ty3-Hg”" complexes

I(l:l) + 1(1:2) + 1(1:3) + ...
In, + Inay + Inoy + Iy + ...

+ I(l:n)
+ i

(1)

where Ir;3 and I, represent the intensity of T3; and
Ts—nHg? " complex, respectively, n is integral.

CD Spectroscopy

Samples (1.0 mL) containing Ts; (1 uM), Hg>" (0-5
uM), EthBr (0-5 uM), and NH,OAc (5 mM, pH 7.0) in
the presence of 20% MeOH were equilibrated at room
temperature for 30 min before CD measurements. CD
spectra of these mixtures were recorded in the wave-
length range 240-320 nm using a J-815 CD spectropo-
larimeter (JASCO, Easton, MD, USA). A quartz cell
(ChromTech GmbH, Idstein, Germany) having a path
length of 1 cm was used as the sample vial to obtain the
CD spectra, recorded from 240 to 320 nm at 0.1 nm
intervals.
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Fluorescence Spectroscopy

A Cary Eclipse fluorescence spectrophotometer (Varian,
Palo Alto, CA, USA) was used to record the fluores-
cence spectra of mixtures similar to those used for the
CD spectroscopy measurements. The fluorescence in-
tensities of mixtures containing T3; (1 uM) and EthBr (1
M) in the absence and presence of Hg>" (0-50 uM) at
610 nm were recorded when excited at 530 nm. The Job
method of continuous variation was used to determine
the stoichiometries of the T;;~EthBr-Hg>" complexes in
the presence of Hg*>" (0-50 uM). To determine the
stoichiometries of the complexes, the molar fraction of
EthBr (Xgup,) was varied, while the total concentration
of EthBr and T,; was maintained at 1 uM.

Results and Discussion

Figure 1a displays the mass spectrum of a solution of
T35 (5 uM) in the presence of 20% MeOH. We assign the
signals at m/z 906.0, 830.4, 766.4, 711.6, 664.1, and 622.5
to the ions [Ts; — 11HY™, [Ty — 12H' 27, [Tas —
13H']"7, [T — 14H* 1™, [Ts5 - 15H] 7, and [Ts; -
16H*]'*", respectively. The broadness of most of these
peaks results mainly from the counterion condensation
of Ty during droplet evaporation and the formation of
Na™ and/or K" adducts of Ts; [7, 27]. Upon increasing
the NH,OAc concentration to 5 mM (Figure 1b), the
most abundant signals were those of the [Tz -
13H '], with good mass spectra sensitivity. The in-
terfering peaks at m/z 556.1, 680.6, and 980.0 are
assigned to the [/NH,OAc + H,O-H"]", [17NH,OAc +
3H,0 - 2H*]*7, and [25NH,OAc + 2H,0O - 2H"]*",
respectively. Upon further increasing NH,OAc concen-
tration (Figure 1c; 50 mM NH,OACc), the analyte ioniza-
tion was suppressed. Thus, the optimal concentration of
NH,OAc was chosen at 5 mM for further ESI-MS
measurements.

Interactions Between T55 and Metal lons

Figure 2a displays the ESI-MS spectrum of T3 (5.0 uM)
recorded in the presence of 1 uM Hg>" ions; we assign
the peak appearing at m/z 781.7 to the [T5; + Hg*" -
15H*]"*" jon. Upon increasing the concentration of
Hg”", the intensity of this peak increased. For example,
Using eq 1, we calculated the fraction of the intensity of
the signal for the [T5; + Hg?* - 15H"]"*~ ion to the total
intensity of the signals for Ts; species (ie., [Tz —
13H']®" + [Ts + Hg?* - 15H"]""). The fraction
increased from 11% to 20% upon increasing the concen-
tration of Hg>" from 1.0 to 5.0 uM (Figure 2b). Figure 2c
reveals that increasing the concentration of Hg** ions to
10.0 uM caused the fractional intensity of the signal for
the [Ty + Hg>" — 15H*]"" ions to increase to 23%. In
addition, a peak representing the [T,; + 2 Hg>* -
17H"]™" ion appeared (fractional intensity: 8%). At
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Figure 1.

ESI-MS spectra of (a) T3 (5 uM) in a solution containing 20% MeOH and (b), (c) T3 (5 uM)

in solutions containing 20% MeOH and (b) 5 mM and (c) 50 mM NH,OAc (pH 7.0). The mass spectral
intensities are plotted in arbitrary units (a.u.). The asterisks at m/z 556.1, 680.1, and 980.0 denote blank
peaks that are also present in the spectrum of 50 mM NH,OAc containing 20% MeOH.

50.0 uM Hg** ions, we obtained the maximum number
of five Hg>" ions bound onto T, i.e., the [T + 5 Hg*" -
23H"]1"" ion (Figure 2d). The mass resolution and peak
intensity both decreased when the concentration of
Hg”" ions was greater than 50.0 uM.

Interaction Between T55 and Other Metal Ions

Electrostatic interactions between the DNA phosphate
backbone and metal ions can alter the conformation and
ionization efficiency of DNA [19]. We conducted
ESI-MS measurements to investigate the interactions
between T3; and various other metal ions, including
Pb**, Ag*, Fe**, Cr**, Ni*", Cu**, Co**, Zn*", and
Cd**, at concentrations ranging from 5 to 50 uM. Figure
3 reveals that the fraction of Ts; toward Hg*" ions is
higher than those of the other metal ions. In a previous
study using fluorescence spectroscopy, we found that
the fluorescence intensity of the TOTO-3 - T35 complex
was enhanced 265-fold for Hg** over those of the other
metal ions [6]. We note that different buffers (Tris-HCl
and NH,;OAc/MeOH) and phases (liquid and gas) were

used in the two cases, leading to different selectivity
values.

Effects of polyT Lengths in the Presence of Various
Hg*" or EthBr Concentrations

We investigated the impact of the length of the polyT on
the interactions of DNA with Hg*" ions and with EthBr
molecules by using T,, T;5, and Ts, as additional DNA
strands, respectively. To maintain the same number of T
bases as that of T5; (5 M), we set the concentrations of
T,, T1s5, and Ty, at 23.5, 11, and 3.3 uM, respectively. As
expected, the interactions of DNA with Hg*" increased
upon increasing the length of the polyT strand (Fig. S1,
which can be found in the electronic version of this
article). Similar to the behavior of Ty;, the binding of
the other three polyTs all exhibited a dependence on the
Hg** concentration. Of the four tested polyTs, the
interactions of T, with Hger ions were the weakest,
mainly due to its difficulty of forming a hairpin-like
structure and its lower number of T units [6]. Figure 52
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Figure 2. ESI-MS spectra of solutions containing Ts; (5 M), 20% MeOH, 5 mM NH,OAc, and Hg**
ions at concentrations of (a) 1, (b) 5, (¢) 10, and (d) 50 uM. Other conditions were the same as those

described in Figure 1.

reveals that the strengths of the interactions of the four
polyT strands with EthBr increased upon increasing EthBr
concentration (020 uM); the interaction strengths de-
creased in the order T5, > Tay > Ty5 > T

Interactions Among PolyT Strands, Hg* ™" Ions,
and EthBr

In the solutions composed of polyTs, EtBr (5.0 uM), and
various Hg”" concentrations (0-20.0 uM), several com-
plexes were formed, including [T5; + nEthidium - (13 +
nH]"*", [Ty + mHg>" — (13 + 2m)H*]"", and [Ta; +
nEthidium + mHg*>" - (13 + 2m + n) H*]"®~, where m
and n are integral, respectively). Upon increasing the
Hg”" concentration, the fraction of the polyT-EthBr
complexes decreased, whereas those for the polyT-
Hg”>" complexes increased (Figure 4.) PolyT-EthBr-
Hg”* complexes having binding stoichiometries of 1:1:1
occurred for the Tys5, Ts, and Ts, systems at Hg*
concentrations of 2.5 uM; for the T,-containing system,
however, the 1:1:1 complexes occurred only at 20.0 uM
Hg>". At this concentration of Hg*" ions, 1:1:2 polyT-

EthBr-Hg®* complexes formed for the Ts; and Ts,
systems. Figure S3 displays peaks at m/z 805.8 and 821.0
for the [T5; + Hg>" + Ethidium - 16H*]**" and [Ts; +
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Figure 3. Fractions of Ts;-metal jon complexes in solutions
containing T35 (5 uM) and metal ions (5-50 uM). Other conditions
were the same as those described in Figure 1.
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Figure 4. Fractions of (a) Ts5~EthBr and (b) Ts;—Hg?" complexes in solutions containing polyT
strands, EthBr (5 uM), and Hg?" ions (0-20 uM), determined using ESI-MS. [filled square]: T, (23.5
uM); [filled circle]: Ti5 (11 uM); [filled triangle]: Ts5 (5 uM); [inverted filled triangle]: Tso (3.3 uM).
Other conditions were the same as those described in Figure 1.

2Hg** + Ethidium - 18H"]"*7, respectively, showing
the existence of Ta;~EthBr-Hg®" complexes. These
peaks signals increased upon increasing Hg>* concen-
tration (2.5-5.0 uM). Table 1 summarizes the effects of
the Hg*" and EthBr concentrations on the formation of
the Tayy-EthBr, Ts;-Hg®", and Ta;-EthBr-Hg®" com-
plexes. Greater concentrations of Hg”" ions were re-
quired to form Ts-EthBr-Hg”" complexes at higher
EthBr concentrations. These results suggest that electro-
static interactions, but not intercalations, were the major
forces between the EthBr molecules and the polyT
strands. Upon increasing the concentration of Hg*" ions
in the polyT-EthBr-Hg>" systems, the negative charge
density of the DNA strands decreased, leading to their
decreased interactions with EthBr.

Next, we examined the interactions of T5; with EthBr
and Hg”?" ions in aqueous solution using fluorescence
and CD spectroscopy. To minimize their consumption,
we maintained the concentrations of both T;; and EthBr
at 1.0 uM. Figure 5a displays the values of (Iz — Iry)/Igg
for the T;3-EthBr and Ts;-EthBr-Hg?* complexes at
Hg** concentrations ranging from 0 to 50.0 uM, where
Igo and I represent the fluorescence intensities of the
T55-EthBr and T,;-EthBr-Hg”?* complexes, respec-

tively. The fluorescence intensity of the solutions in-
creased upon increasing the Hg?* concentration in the
range of 0-10.0 uM, while decreased in the range of
10.0-20.0 uM. At the low Hg2+ concentration, the
fluorescence increase arose mainly from (1) the greater
number of EthBr molecules intercalated with Ts; as a
result of the formation of a hairpin-like Ts; structures,
and (2) the increase in the quantum yield of the Ts5-
EthBr complexes when their structure became more
rigid. In contrast, electrostatic repulsion disrupted the
interactions between T, and EthBr at high Hg>" con-
centrations. Figure S4 displays that the fluorescence
intensities of the solution composed of Ts;, EthBr, and
Hg?* without/with conducting an annealing process
were almost the same, showing that the temperature
impact on the formation of the T;;~EthBr-Hg>* com-
plexes could be neglected Figure 5b presents Job plots
derived from solutions containing constant total con-
centrations of T3 and EthBr and various Hg** concen-
trations, suggesting that the Tz;-EthBr complexes had
approximate stoichiometries (Tas;:EthBr) of 1:4, 1:2, and
2:1 at 1.0, 10.0, and 20.0 pM Hg?", respectively. These
trends agree with our ESI-MS data (Table 1): upon
increasing the Hg®" ion concentrations, fewer EthBr

Table 1. Fractions of individual species in mixtures of T3, EthBr, and Hg“, determined using ESI-MS?

[Hg®*1 (uM)
Species 0 1 5 10 20
[Tss + EthBr]® 0.50 (+ 0.03)¢ 0.40 (= 0.01) 0.25 (= 0.01) 0.16 (= 0.01) 0.09 (= 0.007)
[Tas + Hg?' 1P N.D.® 0.01 (= 0.001) 0.05 (= 0.01) 0.11 (%= 0.01) 0.18 (= 0.01)
[Ta3 + EthBr + Hg?*]? N.D. N.D. 0.06 (= 0.01) 0.07 (+ 0.003) 0.07 (£ 0.004)
[Ts3 + EthBr + 2Hg2*]° N.D. N.D. 0.02 (+ 0.002) 0.02 (= 0.001) 0.02 (= 0.001)
[Ts3 + EthBr]°© 1.00 (+ 0.04) 0.87 (= 0.03) 0.62 (= 0.03) 0.40 (*= 0.03) 0.18 (= 0.02)
[Ta3 + Hg?'I° N.D. N.D. 0.02 (* 0.001) 0.03 (+ 0.002) 0.05 (*= 0.02)
[Ta3 + EthBr + Hg?*° N.D. N.D. N.D. 0.06 (+ 0.003) 0.06 (= 0.004)
[Ta3 + EthBr + 2Hg2*]° N.D. N.D. N.D. 0.02 (*+ 0.001) 0.02 (*+ 0.002)

2All T3z (5 wM) samples were prepared in solutions containing 5 mM NH;OAc and 20% MeOH (vol/vol).

P[EthBr] = 5 uM.

°[EthBr] = 10 uM.

9Value is in five replicate measurements.
°N.D. = not detected in the mass spectrum.



J Am Soc Mass Spectrom 2009, 20, 1834-1840

5.0
-
5 .
';‘-_-._’.:‘ -
Fast
I L
h‘!;; L]
o -
0 1 i L 1 .I
0 10 20 30 40 50 60
(@) [Hg] (M)
1.0f A E »
" ,
“a ."- 4
—~ 0.8F “a o
3 N e
D . .- -
R ‘ S
= 0.6F . o ~
E i) A ) y \‘\ .__.
£ 04f VAR .
o i 'y ..
02t /& A\
4 R
f \-.
[y = L 1 1 1 :
0 0.2 0.4 0.6 0.8 1.0
(b) EthBr
4
-?gn ] | : . X i -
- A
5 - A L ]
2:«. A
5>
e -
m
-8 1 i 1 1
0 1 2 3 4 5
(c) [Heg™] (12 M)
Figure 5. (a) Values of relative fluorescence [(Iz — Igo)/Igo] of

solutions containing Ts; (1 uM), EthBr (1 uM), and Hg>" ions
(0-50 uM). The samples were prepared in 5 mM NH,OAc (pH 7.0)
containing 20% MeOH; excitation wavelength: 530 nm. The fluo-
rescence intensities (Iz) at 610 nm are plotted in arbitrary units
(a.u.). (b) Job plot for EthBr binding to Ts3 ([EthBr] + [T55] = 1 uM)
in the presence of Hg*" ([filled square]: 1 uM; [filled circle]: 5 uM;
[filled triangle]: 20 uM). (c) Ellipticity at 280 nm of CD spectra for
T35 (1 uM) in solutions containing 5 mM NH,;OAc and 20% MeOH
and [filled square]) Hg?* (0—4 uM) or [filled triangle] 1 uM EthBr
and Hg®" (0-4 pM). Other conditions were the same as those
described in Figure 1.

molecules bonded to each T;; strand. We obtained
similar results using CD spectroscopy (Figure 5c). The
values of the ellipticity of the solutions containing Ts;
(1.0 uM) and EthBr (1.0 uM) at 280 nm decreased upon
increasing the Hg?* concentration from 0 to 4.0 uM,
mainly as a result of the formation of a hairpin-like
DNA structures.
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Conclusions

We have used ESI-MS and fluorescence and CD spec-
troscopy to explore the interactions among polyT
strands, EthBr, and Hg*". Those results reveal that the
formation of T;;~EthBr-Hg>* complexes is dependent
on the concentrations of Hg”* and EthBr. The results
also reveal that Hg>" ions have greater affinity toward
polyT strands than do other metal ions. Our results
provide useful information for developing DNA-based
sensors for the detection of heavy metal ions. For
instance, the sensitivity of DNA-conjugated gold nano-
particles for the detection of Hg>" may be enhanced in
the presence of intercalators that can further stabilize
the DNA structures [28, 29]. Our approach also opens
an avenue for studying the interactions of DNA with
drugs in the presence and absence of metal ions, which
may provide some potentially useful information for
understanding drug activity and the role of metal ions
on the biological function of DNA.
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