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Hg" Ion Specifically Binds with T:T Mismatched Base Pair in Duplex DNA

Hidetaka Torigoe,*" Akira Ono," and Tetsuo Kozasa'®

Abstract: Metal-mediated base pair
formation, resulting from the interac-
tion between metal ions and artificial
bases in oligonucleotides, has been de-
veloped for its potential application in
nanotechnology. We have recently
found that the T:T mismatched base
pair binds with Hg" ions to generate a
novel metal-mediated base pair in

metal-mediated base pairs involving ar-
tificial bases due to the lack of time-
consuming synthesis. Here, we examine
the specificity and thermodynamic
properties of the binding between Hg"
ions and the T:T mismatched base pair.
Only the melting temperature of the
duplex with T:T and not of the perfect-
ly matched or other mismatched base

pairs was found to specifically increase
in the presence of Hg" ions. Hg" spe-
cifically bound with the T:T mis-
matched base pair at a molar ratio of
1:1 with a binding constant of 10°m~",
which is significantly higher than that
for nonspecific metal ion—-DNA inter-
actions. Furthermore, the higher-order
structure of the duplex was not signifi-

duplex DNA. The thermal stability of
the duplex with the T-Hg-T base pair
was comparable to that of the corre-
sponding T:A or A:T. The novel T-Hg-
T base pair involving the natural base
thymine is more convenient than the

base pair -

Introduction

The interactions between metal ions and nucleic acids have
attracted considerable interest not only for their involve-
ment in biological processes, such as RNA folding!!! and en-
zymatic activity of ribozymes,? but also for their wide varie-
ty of potential applications in nanotechnology including the
design of biomolecular nanomachines and nanodevices."
Metal-mediated base pairs involving interactions between
metal ions and artificial bases in synthetic oligonucleotides
have been extensively developed for their potential applica-
tions in nanotechnology.! Metal ions have been placed be-
tween two artificial bases in duplex oligonucleotides, as
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cantly distorted by the Hg" ion bind-
ing. Our results support the idea that
the T-Hg-T base pair could eventually
lead to progress in potential applica-
tions of metal-mediated base pairs in
nanotechnology.

acids -

shown by structural analyses of such complexes.’) However,
we and other groups have found an alternative method for
generating metal-mediated base pairs in duplex DNA, based
on the binding between a metal ion and natural bases.
Only Hg" ions and no other metal ions have been found to
bind with the thymine-thymine (T:T) mismatch in duplex
DNA to form T-Hg-T (Scheme 1a). The binding of the Hg"
ion stabilizes the duplex with the T:T mismatched base
pair.**! The thermal stability of the duplex DNA with the
T-Hg-T base pair is comparable to that of the corresponding

H,C H;

—N
O/ \ R
(b)

INSF25X: 5’-GCCCTGCCTGTCXCCCAGATCACTG-3'
INSR25Y: 3‘'-CGGGACGGACAGYGGGTCTAGTGAC-5'
(X= A, C, G, T; Y=A, C, G, T)

Scheme 1. a) Structural formula of the T-Hg-T base pair. b) Oligonucleo-
tide sequences of the target duplex INSF25X:INSR25Y.
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T:A or A:T base pair.® Because artificial bases are more
difficult to prepare due to time-consuming organic synthesis,
T-Hg-T base pair formation is more convenient than base
pair formation between metal ions and artificial bases. How-
ever, the mechanistic explanations for Hg" ion-mediated sta-
bilization of duplex DNA with the T:T mismatched base
pair and T-Hg-T formation are not clearly understood.
Therefore, here, we have expanded our previous research to
explore the specificity and thermodynamic properties of the
interaction between the Hg" ion and the T:T mismatched
base pair.

The interaction between Hg" ions and mismatched base
pairs in duplex DNA or the corresponding perfectly
matched DNA was analyzed by UV melting experiments,
isothermal titration calorimetry (ITC),” and circular dichro-
ism (CD) spectroscopy. UV melting analyses indicate that
the Hg" ion is able to significantly stabilize the duplex with
the T:T mismatched base pair, but it is unable to stabilize
duplexes that are perfectly matched or have other mis-
matches. Only the duplex with the T:T mismatch was specif-
ically stabilized by the addition of Hg" ions. In addition,
ITC analyses demonstrate that the Hg" ion specifically
binds with the T:T mismatched base pair at a molar ratio of
1:1 with a binding constant of nearly 10°m~'. The magnitude
of the observed binding constant was significantly larger
than those previously reported for the nonspecific interac-
tion between metal ions and DNA.®! The specific binding
between Hg" and the T:T mismatched base pair was driven
by both a negative enthalpy change and a positive entropy
change. CD spectroscopy showed that the higher-order
structure of the duplex was not significantly distorted by the
binding of Hg" ions. The specific binding between Hg" and
the T:T mismatch would support further research in poten-
tial applications of metal-mediated base pairs in nanotech-
nology.

Results

UV melting analyses of mismatched and perfectly matched
duplex DNA either with or without Hg" ions: The thermal
stability of a series of duplex DNA molecules (1 pum), IN-
SF25T:INSR25T, INSF25T:INSR25A, and INSF25A:
INSR25T (INSF25X:INSR25Y, 5-GCCCTGCCTGTCXCC-
CAGATCACTG-3'/3-CGGGACGGACAGYGGGTCT-

AGTGAC-5'; Scheme 1b), was examined in buffer A (see
the Experimental Section) either with or without Hg(ClO,),
(1 um) by UV melting experiments (Figure 1). Without Hg-
(ClO,),, the T,, values of INSF25T:INSR25A (70.4°C) and
INSF25A:INSR25T (70.1°C) with perfectly matched base
pairs were significantly higher than the 7, value of IN-
SF25T:INSR25T (65.7°C) with the T:T mismatch (Figure 1
and Table 1). The T, of INSF25T:INSR25A (70.7°C) and
INSF25A:INSR25T (70.1°C) with Hg(ClO,), were not sig-
nificantly different to values obtained without Hg(ClO,),
(Figure 1b, 1¢ and Table 1). In contrast, the addition of Hg-
(ClO,), increased the T, of INSF25T:INSR25T by about
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Figure 1. UV melting profiles of: a) the mismatched base pair duplex, IN-
SF25T:INSR25T, and the perfectly matched duplexes b)IN-
SF25T:INSR25A, and c) INSF25A:INSR25T, with or without Hg(ClO,),.
DNA duplexes (1 um) at pH 6.8 in buffer A (see the Experimental Sec-
tion) with or without Hg(ClO,), (1 um) were melted at a scan rate of
0.2°Cmin' with detection at 260 nm. The cell path-length was 1 cm.

4°C (65.7°C—069.8°C; Figure 1a and Table 1). The increase
in the T, of INSF25T:INSR25T in the presence of Hg" was
achieved at a molar ratio of [Hg" ion]/[IN-
SF25T:INSR25T] =1. These results indicate that the thermal
stability of the duplex DNA with the T:T mismatched base
pair was significantly increased by the addition of Hg" ions
at a molar ratio of 1.

To examine the specificity of the stabilization by Hg"
ions, we measured the 7, values of a series of duplexes with
16 different base pairs, INSF25X:INSR25Y (X:Y=A:A,
A:C, A:G, AT, C:A, C.C, C:G, CT, G:A, G:C, GG, GT,
T:A, T:C, T:G, and T:T; Scheme 1b) in buffer A with or
without 1um Hg(ClO4), by UV melting experiments
(Table 1). Without Hg" (T, (—Hg"), the T,, values of the
duplexes with perfectly matched base pairs (X:Y=A:T,
C:G, G:C, and T:A) were significantly higher than those
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Table 1. Melting temperatures of duplexes [1 um; INSF25X:INSR25Y
X:Y=A:A, A:C, A:G, AT, C:A, C:C, C:G, CT, G:A, G:C, GG, G:T,
T:A, T:C, T:G, and T:T)] at pH 6.8 in sodium cacodylate-cacodylic acid
(10 mm) and NaClO, (100 mm) with or without Hg(ClO,), (1 um) ob-
tained from UV melting experiments.

XY T,(—Hg") T.(+Hg") AT,
[l [ql [eC
AA 66.6+0.3 65.8+0.4 —0.8
A:C 67.3+0.1 66.9+0.2 —0.4
A:G 69.6+0.3 69.7+0.3 0.1
AT 70.1+0.3 70.1+0.7 0
C:A 65.5+0.1 64.9+0.1 —0.6
C:C 64.7+0.1 63.9+0.3 —0.8
C:G 72.2+0.2 71.9+0.4 —0.3
C:T 64.1+0.3 64.5+0.2 0.4
G:A 68.2+0.3 68.5+0.3 0.3
G:C 745+03 741+£05 —0.4
G:G 69.6+0.1 68.9+0.2 -0.7
G:T 68.1+0.2 67.8£0.3 -0.3
T:A 70.4+0.4 70.7£0.1 0.3
T:C 65.7+0.2 65.8+0.4 0.1
T:G 68.1+0.2 68.9+0.1 0.8
T:T 65.7+0.2 69.8+£0.3 41

[a] AT, = T,(+Hg")~ T,,(—Hg").

with mismatches (X:Y=A:A, A:C, A:G, C:A, C:C, CT,
G:A, G:G, G:T, T:C, T:G, and T:T). Addition of Hg" (7,,-
(+Hg")) increased the T,, value of the duplex with the T:T
mismatched base pair by about 4°C. The T, values of
duplex DNAs with perfectly matched (X:Y=A:T, C:G,
G:C, and T:A) or with other mismatched base pairs (X:Y =
A:A, A:C, A:G, C:A, CC, CT, G:A, GG, G.T, T:C, and
T:G) did not significantly change by the addition of Hg"
ions. These results indicate that only the duplex DNA with
the T:T mismatched base pair was specifically stabilized by
the addition of Hg" ions.

ITC analyses of the interaction of Hg" ions with mismatched
and perfectly matched duplex DNAs: To explore the mecha-
nism of specific stabilization of the T:T mismatched base
pair by Hg" ions, we examined the thermodynamic proper-
ties of the interaction between Hg(ClO,), and duplexes IN-
SF25T:INSR25T, INSF25T:INSR25A, and IN-
SF25A:INSR25T (Scheme 1b) in buffer A at 25°C and
pH 6.8 by ITC (Figure 2)."" Figure 2a shows a typical ITC
profile of the interaction between Hg(ClO,), and IN-
SF25T:INSR25T at 25°C and pH 6.8. An exothermic heat
pulse was observed after Hg(ClO,), was injected into IN-
SF25T:INSR25T. The magnitude of each peak decreased
gradually with each new injection, and a peak was still ob-
served at a molar ratio of [Hg" ion]/[INSF25T:INSR25T] =
2. The area under each peak was integrated, and the heat of
the dilution of Hg(ClO,), measured in a separate experi-
ment by injecting Hg(ClO,), into the same buffer was sub-
tracted from the integrated values. The corrected heat was
divided by the moles of injected solution, and the resulting
values were plotted as a function of a molar ratio of [Hg"
ion]/[INSF25T:INSR25T] (Figure 2d, @). The resultant titra-
tion plot was sigmoidal and indicates that the Hg" ion spe-

13220 ——

www.chemeurj.org

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

cifically bound with INSF25T:INSR25T. The ITC profile of
the interaction between Hg(ClO,), and INSF25T:INSR25A
at 25°C and pH 6.8 is shown in Figure 2b. Although an exo-
thermic heat pulse was observed after each injection of Hg-
(ClO,), into INSF25T:INSR25A, the magnitude of each
peak did not significantly change with each new injection.
This is in sharp contrast with the ITC profile observed for
the interaction between Hg(ClO,), and INSF25T:INSR25T
(Figure 2a). The interaction between Hg(ClO,), and IN-
SF25A:INSR25T at 25°C and pH 6.8 also shows a similar
ITC profile (Figure 2c). The titration plots (Figure 2d) ob-
tained from Figure2b (m) and Figure 2c (A), which were
obtained in the same way as that obtained from Figure 2a
(@), were not sigmoidal; this indicates that Hg" ions nonspe-
cifically bound with INSF25T:INSR25A and IN-
SF25A:INSR25T.

The nonspecific binding of Hg" ions with INSF25T:INS-
R25A and INSF25A:INSR25T as judged from the ITC titra-
tion plots (Figure 2d) suggests that Hg" might bind with the
phosphate backbone of the perfectly matched duplexes in a
nonspecific manner due to the attraction between the posi-
tive charge of Hg" and the negative charge of the DNA
phosphate backbones. On the other hand, the specific bind-
ing between Hg" and INSF25T:INSR25T as judged from the
ITC titration plot (Figure 2d) suggests that Hg" can specifi-
cally bind with the T:T mismatched base pair of this duplex,
in addition to the nonspecific binding with the phosphate
backbone. Thus, the net heat derived from the specific bind-
ing between the Hg" ion and the T:T mismatch should be
estimated by subtraction of the heat observed for either IN-
SF25T:INSR25A or INSF25A:INSR25T from that observed
for INSF25T:INSR25T. Based on these considerations, in
order to analyze the thermodynamic parameters of the spe-
cific binding between Hg" and T:T, the ITC profile observed
for INSF25T:INSR25A (Figure 2b) was subtracted from
that observed for INSF25T:INSR25T (Figure 2a) to obtain
Figure 2e. Also, the ITC profile observed for IN-
SF25A:INSR25T (Figure 2¢) was subtracted from that ob-
served for INSF25T:INSR25T (Figure 2a) to obtain Fig-
ure 2 f. The area under each peak in Figure 2e was integrat-
ed and the integrated values were divided by the moles of
the injected solution. The resulting values were plotted as a
function of the molar ratio of [Hg" ion]/[duplex DNA] (Fig-
ure 2 g). The resultant titration plot was fitted to a sigmoidal
curve by a nonlinear least-squares method. The stoichiome-
try, n, the binding constant, K,, and the enthalpy change,
AH, for the specific binding between the Hg" ion and the
T:T mismatched base pair were obtained from the fitted
curve. The Gibbs free energy change, AG, and the entropy
change, AS, were calculated from the equation, AG=
—RTInK,=AH-TAS, where R is the gas constant and 7 is
the temperature. The titration plot (Figure 2h) and the ther-
modynamic parameters for the specific binding between
Hg" and the T:T mismatch were also obtained from Fig-
ure 2 f in the same way.

Table 2 summarizes the thermodynamic parameters for
the specific binding between Hg" and T:T, which were ob-
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Figure 2. Thermodynamic analyses of the interaction of Hg" ions with the mismatched duplex INSF25T:INSR25T and perfectly matched duplexes IN-
SF25T:INSR25A and INSF25A:INSR25T. Typical ITC profile of the interaction between Hg(ClO,), and: a) INSF25T:INSR25T, b) INSF25T:INSR25A,
and c) INSF25A:INSR25T at 25°C and pH 6.8 in buffer A (see the Experimental Section). Hg(ClO,), solution (1 mm in buffer A) was injected 20-times
in 5 pL increments into INSF25T:INSR25T, INSF25T:INSR25A, and INSF25A:INSR25T solutions (40 um in buffer A). Injections were administered
over 12's at 5 min intervals. d) Titration plots against the molar ratio of [Hg" ion]/[duplex DNA], obtained from the ITC profiles in a)—c). €) ITC profile
for the specific binding between Hg" ions and the T:T mismatched base pair, obtained by subtracting the ITC profile observed for INSF25T:INSR25A
from that of INSF25T:INSR25T. f) ITC profile for the specific binding between Hg" ions and the T:T mismatch, obtained by subtracting the ITC profile
observed for INSF25A:INSR25T from that of INSF25T:INSR25T. g) Titration plot against the molar ratio of [Hg" ion]/[duplex DNA], obtained from
the ITC profile in (e). h) Titration plot against the molar ratio of [Hg" ion]/[duplex DNA], obtained from the ITC profile in (f). g), h) Data were fitted

by a nonlinear least-squares method.

tained from Figure 2g and 2h. The thermodynamic parame-
ters obtained from Figure 2g and 2h are quite similar in
magnitude. The obtained value of n is nearly 1; this indicates
that the Hg" ion binds with the T:T mismatched base pair at
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a molar ratio of 1:1. Although the sign of AH is negative,
the sign of AS is positive. Because both the observed nega-
tive AH and positive AS are favorable for the specific bind-
ing between the Hg" ion and the T:T mismatched base pair,
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Table 2. Thermodynamic parameters for the specific binding between Hg" ions and the T:T mismatched base
pair at 25°C and pH 6.8 in sodium cacodylate-cacodylic acid (10 mm) and NaClO, (100 mm) obtained from

ITC measurements.

such as Mg", Ca", Mn", Fe"
Fe]]] COH Ni“ CuH ZnH RuHI
Pd", Ag', Cd", and Pb", do not

- -1

Profile n L [AkGl - ﬁ(H mol 1] AS show any notable effect on the

carme canmo [calmol K] thermal stability of duplex

Figure 2¢g 0.89+0.02 (6.34+1.17)x 10° —791+0.12 —4.76+0.13 10.6+0.84 DNA Wth[ﬁtilb]C T:T mismatched

Figure 2h 1.06£0.03 (4.87£1.35)x10° ~7.76£0.19 ~3.85+0.18 13.1£0.65 base pair. Thus, only the
the specific binding between Hg" and T:T is driven by both © &

the negative AH and positive AS. The magnitudes of the ob-
served K, and AG are significantly larger than those previ-
ously reported for the nonspecific interaction between metal
ion and DNA;® this indicates that the Hg" ion specifically
bound with the T:T mismatched base pair.

CD spectroscopy of mismatched and corresponding perfect-
ly matched duplex DNA either with or without Hg": To ex-
amine the effect of Hg" ion binding on the higher-order
structure of duplex DNA, CD spectra of mismatched (IN-
SF25T:INSR25T; Scheme 1b) and perfectly matched duplex
DNAs (INSF25T:INSR25A and INSF25A:INSR25T;
Scheme 1b) were measured in buffer A either with or with-
out Hg(ClO,), at 25°C and pH 6.8 (Figure 3). The CD pro-
files of INSF25T:INSR25T, INSF25T:INSR25A, and IN-
SF25A:INSR25T with Hg(ClO,), were quite similar to that
observed without Hg(ClO,),. This result indicates that there
was no significant change in the higher-order structure of
the duplex DNAs after addition of Hg". The higher-order
structure of the mismatched base pair DNA was not signifi-
cantly distorted by the binding of Hg" ions.

Discussion

UV melting analyses have shown that the addition of Hg"
significantly increases the thermal stability of duplex DNA
with the T:T mismatched base pair (Figure 1 and Table 1).
However, the thermal stability of duplex DNA molecules
with perfectly matched base pairs (X:Y=A:T, C:G, G:C,
and T:A) or with other kinds of mismatches (X:Y=A:A,
A:C, A:G, C:A, C:.C, CT, G:A, G:G, GT, T:C, and T:G)
were not significantly changed by the addition of Hg"
(Table 1). Thus, only the duplex DNA with the T:T mis-
match was specifically stabilized by the addition of Hg"
ions. To examine the effect of Hg" ions on the thermal sta-
bility of duplex DNA with a different base sequence con-
text, we measured the T}, values of another series of duplex-
es, APMF25X:APMR25Y (5-CTCAGATCCTGCXCTT-
CAAAAACAA-3/3-GAGTCTAGGACGYGAAGTTTTT-
GTT-5; X:Y=A:A, A:C, A:G, AT, C:A, CC, C.G, C:T,
G:A, G:C, GG, GT, T:A, T:C, T:G, and T:T) in buffer A
with or without 1 um Hg(ClO,), by UV melting experiments
(Table S1 in the Supporting Information). Similar to IN-
SF25X:INSR25Y, only the duplex DNA with the T:T mis-
match was specifically stabilized by the addition of Hg"
ions. We have previously reported that other metal ions,
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Figure 3. CD spectra of: a) the mismatched duplex INSF25T:INSR25T,
and the perfectly matched duplexes, b) INSF25T:INSR25A, and c) IN-
SF25A:INSR25T, with or without Hg(ClO,),. DNA (1 um) at 25°C and
pH 6.8 in buffer A (see the Experimental Section) with or without Hg-
(ClO,), (1 um) was analyzed at a wavelength of 205-320 nm. The cell
path-length was 1 cm.

Hg" ion was able to specifically increase the thermal stabili-
ty of the duplex DNA with the T:T mismatch. These results
clearly indicate that the stabilization is highly specific for
Hg" ions and the duplex DNA with the T:T base pair.

ITC analyses revealed that Hg" ions specifically bind with
the T:T mismatched base pair in duplex DNA at a molar
ratio of 1:1 (Figure 2 and Table 2). The observed specific sta-
bilization of the duplex DNA with the T:T base pair by Hg"

Chem. Eur. J. 2010, 16, 13218 -13225
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ions (Figure 1 and Table 1) could result from the specific
binding of Hg" with T:T. Hg" ions are known to bind selec-
tively with base moieties rather than with the phosphate or
sugar groups in DNA.Pl In particular, the Hg" ion has a
strong affinity for the N3 position of thymine bases.**& A
covalent and linear N3-Hg-N3 bond was observed in the
crystal structure of a 1:2 complex of Hg" and 1-methylthy-
mine.® In the 1960s, Yamane and Davidson reported that
protons are released when Hg" ions bind with several natu-
ral DNA molecules.”! Katz proposed the possibility of the
formation of a 1:2 complex between Hg" ions and thymine
bases in a double-stranded polynucleotide, d(AT),-d(AT),,
with the release of protons.!l Also, a 1:2 complex of mercu-
ry and thymine was used in nucleoside synthesis procedures,
the so-called “mercury” method, a traditional synthesis
method for coupling glycosyl halides and bases.’) Thus, it is
assumed that Hg" ions can bind with the T:T mismatch in
duplex DNA through a covalent N3-Hg-N3 bond. We have
previously analyzed the 'H NMR spectra of duplex DNA
containing the T:T mismatched base pair in the absence and
presence of Hg'.l®® We found that the imino proton reso-
nances of the T:T mismatched base pair disappeared in the
presence of Hg" ions; this suggests that the imino protons of
the T:T mismatched base pair were substituted with Hg"
ions.” We also previously examined the "N NMR spectra
of the complex between Hg" ions and duplex DNA with the
T:T mismatch labeled with “N at the N3 position."” We
found "N-"N J coupling across the Hg" ion with the cou-
pling constant (}/yy) of 2.4 Hz.'"" This observation clearly
demonstrated the N3-Hg-N3 bond formation in the T-Hg-T
complex. Taken together, we conclude that the Hg" ion spe-
cifically binds with the N3 positions of two thymine bases in
place of the imino protons and bridges two thymine bases to
form the T-Hg-T complex in duplex DNA (Scheme 1a).

The K, and AG for the specific binding between Hg" ions
and the T:T mismatch was nearly 10°vM~' and
—7.8 kcalmol ™', respectively (Table 2). The magnitudes of
the observed K, and AG are significantly larger than those
previously reported for the nonspecific interaction between
metal ions and DNA;® this supports the specific binding be-
tween Hg" ions and T:T. The observed AG resulted from
both the observed negative AH and positive AS (Table 2).
The positive AS for the specific binding between Hg" ions
and the T:T mismatch measured by ITC (Table 2) includes a
major contribution of a positive dehydration entropy change
from the release of structured water molecules surrounding
the Hg" ion and the DNA, and a conformational entropy
change from the conformational change of duplex DNA
upon binding with Hg" ions.'! The CD spectra show that
the higher-order structure of the duplex DNA was not sig-
nificantly distorted by the specific binding of Hg" ions
(Figure 3); this suggests there was no significant contribu-
tion from a conformational entropy change to the observed
positive AS (Table2). Thus, the observed positive AS
(Table 2) could mainly result from the positive dehydration
entropy change from the release of structured water mole-
cules surrounding the Hg" ion and DNA. In fact, a positive

Chem. Eur. J. 2010, 16, 13218 -13225

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

dehydration  entropy change of the Hg" ions
(57 calmol ' K)" is similar in magnitude to the observed
positive AS (Table 2). On the other hand, the negative AH
for the specific binding between Hg" ions and the T:T mis-
matched base pair measured by ITC (Table 2) reflects a
major contribution from a positive dehydration enthalpy
change of Hg" (439 kcalmol™),¥! a positive deprotonation
enthalpy change of the two thymine bases (347 kcalmol =)'l
upon Hg" binding, an accompanying positive protonation
enthalpy change of the cacodylate buffer (0.47 kcalmol ™')™
taking up the two protons released from the two thymine
bases, and a negative binding enthalpy change from the N3-
Hg-N3 bond formation in the T-Hg-T complex. Because
only the sign of the binding enthalpy change upon N3-Hg-
N3 formation was negative and the signs of the enthalpy
changes from the other three contributions were positive,
the observed negative AH (Table 2) might have been mainly
driven by the negative binding enthalpy change from the
N3-Hg-N3 bond formation. Based on this, we propose a pos-
sible scheme for the specific binding between Hg" and T:T
(Scheme 2). The Hg" ion surrounded by structured water

Binding Release
of Hg" of 2H'
H,C 0 l H; H;C I H,

i) Dehydration of Hg" ion

ii) Deprotonation of T bases

iii) Binding of dehydrated Hg' ion
with deprotonated T bases

Scheme 2. Possible scheme for the specific binding between Hg" ions and
the T:T mismatched base pair. The Hg" ion surrounded by structured
water molecules can be dehydrated, and the protons at the N3 position
of the two thymine bases in T:T can be released. The dehydrated Hg"
ion can then bind with the two deprotonated thymine bases to form N3-
Hg-N3.

molecules can be dehydrated with significant contribution of
the positive dehydration entropy change. The protons at the
N3 position of the two thymine bases in the T:T mismatched
base pair can then be released. The dehydrated Hg" ion can
bind with the two deprotonated thymine bases to form the
N3-Hg-N3 bond with significant contribution from the nega-
tive binding enthalpy change. Thymine deprotonation could
be brought about at pH 6.8 in the present experimental con-
ditions, below the pH at which thymine becomes deproton-
ated (the pK, of the proton at N3 position of thymine is 9-
10), because initial Hg" ion binding to O4 and/or O2 posi-
tions of the canonical tautomer of thymine can acidify the
proton at the N3 position.'"! The deprotonation could be
brought about by Hg-OH, which is undoubtedly present at
physiological pH, because [Hg(H,0),]** is a strong Lewis
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acid, followed by metal migration from O4 and/or O2 to N3
and reprotonation of O4 and/or 02.0'%]

Conclusion

The present study has demonstrated that the combination of
Hg" ions and the T:T mismatch is highly specific in this
metal-mediated base-pair formation. This work has also re-
vealed that the binding affinity between the Hg" ion and
T:T mismatched base pair is significantly larger than that for
nonspecific interactions between metal ions and DNA. The
highly selective T-Hg-T formation involving the natural
bases with the large binding affinity is more convenient than
other metal-mediated base pairs with artificial bases due to
the lack of time-consuming synthesis. Taken together, we
conclude that T-Hg-T could be a key structure that could
eventually lead to progress in potential applications of
metal-mediated base pairs in nanotechnology.

Experimental Section

Preparation of oligonucleotides: The 25-mer complementary DNA oligo-
nucleotides, INSF25X: 5-GCCCTGCCTGTCXCCCAGATCACTG-3’
(X=A, C, G, T) and INSR25Y: 5-CAGTGATCTGGGYGACAGG-
CAGGGC-3’ (Y=A, C, G, T; Scheme 1b) were synthesized with a DNA
synthesizer by using the solid-phase cyanoethyl phosphoramidite method.
These were purified with reverse-phase HPLC on a Wakosil DNA
column. The concentration of all oligonucleotides was determined by UV
absorbance. The purified complementary strands INSF25X and
INSR25Y were annealed by being heated to 90°C followed by gradual
cooling to room temperature. The annealed sample was applied to a hy-
droxyapatite column (Biorad, Inc.) to remove unpaired single strands.
The concentration of duplex DNA (INSF25X:INSR25Y) was determined
by UV absorption considering the DNA concentration ratio of 1 OD =
50 ugmL !, with a M,, of 16500.

UV melting experiments: UV melting experiments were carried out on a
DU-640 spectrophotometer (Beckman, Inc.) equipped with a Peltier-type
cell holder; the cell path-length was 1 cm. The UV melting profiles were
measured in buffer A (10 mm sodium cacodylate-cacodylic acid, pH 6.8,
100 mm NaClOy,) either with or without Hg(ClO,), (1 uM) at a scan rate
of 0.2°Cmin~' with detection at 260 nm. The first derivative was calculat-
ed from the UV melting profile. The peak temperatures in the derivative
curve were designated as the melting temperature, T,,. The concentration
of duplex DNA (INSF25X:INSR25Y) used was 1 um.

Isothermal titration calorimetry: ITC experiments were carried out on a
VP ITC system (Microcal Inc., USA).” Duplex DNA (IN-
SF25X:INSR25Y) solutions were prepared by extensive dialysis against
buffer A. Hg(ClO,), was dissolved in the dialysis buffer. The Hg(ClO,),
solution in buffer A was injected 20-times in 5 uL increments at 5 min in-
tervals into the DNA solution without changing the reaction conditions.
The heat for each injection was subtracted by the heat of dilution of the
injectant, which was measured by injecting the Hg(ClO,), solution into
the same buffer. Each corrected heat was divided by the moles of Hg-
(ClO,), injected and analyzed with Microcal Origin software supplied by
the manufacturer.

CD spectroscopy: CD spectra were recorded at 25°C and pH 6.8 in buf-
fer A either with or without Hg(ClO,), (1 um) on a JASCO J-720 spectro-
polarimeter interfaced with a microcomputer. The cell path-length was
1 cm. The concentration of the duplex DNA (INSF25X:INSR25Y) used
was 1 pm.
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