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Metal-mediated base pairs by the interaction between metal ions and artiﬁcial bases in
oligonucleotides has been widely used in DNA nanotechnology and biosensing technique.
Using isothermal titration calorimetry, circular dichroism spectroscopy and ﬂuorescence spectroscopy, the folding process of T-C-rich oligonucleotides (TCO) induced by Hg2+ and Ag+
with the synthetic sequence d(T6C6T6C6T6C6T6) was studied and analyzed. Although
thermodynamic data predict that TCO should initially fold into a relatively stable hairpin
through two possible pathways of conformational transitions whether Hg2+ or Ag+ were
added at ﬁrst, the mechanisms and ﬁnal products between the two are entirely diﬀerent
from isothermal titration calorimetry outcomes. When Hg2+ were added ﬁrst, the haipin
was formed through T-Hg-T structure with further stabilization by C-Ag-C after Ag+ addition. However, it is proposed that an unusual metal-base pair for Ag+ binding is generated
instead classical C-Ag-C when Ag+ was injected ﬁrst. Moreover, further conﬁrmation of this
unconventional metal-base pair T-Ag-C was veriﬁed by circular dichroism and ﬂuorescence
spectroscopy.
Key words: Metal-mediated base pairs, Hg2+ and Ag+ , T-C-rich oligonucleotides, Folding
mechanisms, T-Ag-C base pair

unique chemical and physical properties. It has been
reported that many metal ions, such as Hg2+ , Ag+ ,
Cu2+ , Ni2+ and Zn2+ , can speciﬁcally interact with
nucleoside bases to form metal-ion-mediated base pairs
[11−17]. For example, it is well-known that thyminethymine (T-T) and cytosine-cytosine (C-C) mispairs selectively captured Hg2+ and Ag+ respectively [12, 18,
19]. Moreover, a T-C pair could be moderately stabilized by either Hg2+ or Ag+ [20, 21]. Other forms
of metal-base pairs were gradually discovered [21−23].
As metal-base pairs are highly selective and sensitive for
speciﬁc metal ions, extremely wide range of applications
such as DNA sensor for detecting metal ions [24−28]
DNA detection triggered by metal ions [29], construction of DNA nanomachine and nano-device [30−33] and
fabrication of molecular-scale logic gate [34−36], have
been widely developed.

I. INTRODUCTION

The speciﬁc hydrogen bonding of DNA base pairs
provides the chemical foundation for genetics. This
powerful molecular recognition system and DNA possessing appealing features such as its minuscule size,
short structural repeat and rigidity on nanoscale, can
be used in nanotechnology to direct the assembly of
highly structured materials with speciﬁc nanoscale features [1−4]. Their applicability can be extended even
further by the introduction of functional groups such as
metal ions [5, 6]. One recently established method for
the site-speciﬁc functionalization of nucleic acids with
metal ions is based on the use of metal-mediated base
pairs. Such base pairs are formed by coordinative bonds
between metal ions and nucleobases instead of normal
hydrogen bonding [7−10]. Compared with other types
of unnatural base pairs based upon rearrangement of
the hydrogen-bonding pattern or shape complementarity, metal-mediated base pairs have the advantage of
incorporation of diﬀerent metal ions which can endow

Recently, research interests gradually turned to foundational theories research [37, 38]. Wells and Hirao
carried out theoretical calculation and simulation on
structural and electronic properties of metal-mediated
base pair [39, 40]. Muller and Ono reported solution
structure and crystal structure of DNA double helix
with metal-mediated base pairs by NMR spectroscopy
and X-ray respectively [41−43]. Some groups has also
reported the conformational transition of oligonucleotides from random-coil single strand to hairpin-like con-
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formation [24, 44]. However, the kinetics and mechanisms of such process, which contained the possible
pathway of oligonucleotides folding as well as the folding
intermediates and ﬁnal state, were rarely investigated.
Moreover, the behavior of oligonucleo-tides induced by
diﬀerent ions was also rarely studied.
To further understand the characteristic of the interaction between metal ions and oligonucleotides, isothermal titration calorimetry (ITC), circular dichroism
(CD), and ﬂuorescence spectroscopy were utilized to
explore the behavior of oligonucleotides with Hg2+ and
Ag+ and the diﬀerences of oligonucleotides behavior by
changing the adding order of such two ions in this work.
We design a special sequence of T-C-rich oligonucleotide
(TCO) (5′ -TTTTTT CCCCCC TTTTTT CCCCCC
TTTTTT CCCCCC TTTTTT-3′ ) which contains two
kinds of repetitive functional segments, i.e., six consecutive thymine bases and cytosine bases separated from
each other. The sequence contains only C and T bases
to avoid secondary structure and nonspeciﬁc binding.
As expected, the oligonucleotides immediately started
to form a relatively stable hairpin structure through
the formation of T-Hg2+ -T pairs upon the increase of
Hg2+ concentration, and was further stabilized by the
formation of C-Ag+ -C pairs. However, the experimental result was amazing when the feeding sequence was
changed. Unexpectedly, through careful speculation,
it is found that TCO would also form a stable hairpin through the formation of an unconventional metalbase pair T-Ag-C when Ag+ was ﬁrst added. We have
expanded research to discover the behavior of oligonucleotides induced by Hg2+ and Ag+ as well as the differences of hairpin-like structure and reaction pathway
of T-C-rich oligonucleotides folding induced by varying
the addition order of Hg2+ and Ag+ .

II. EXPERIMENTS
A. Chemicals and reagent

The oligonucleotide TCO and labeled TCO (TET5′ -TTTTTT CCCCCC TTTTTT CCCCCC TTTTTT
CCCCCC TTTTTT-3′ -BHQ-1) were synthesized and
puriﬁed by HPLC from Shanghai Sangon Biotechnology Co., Ltd.
(Shanghai, China).
The labeled TCO was modiﬁed at the 5′ -end with a
tetrachloride ﬂuorescein (TET) dye and at the
3′ -end with a black hole quencher-1 (BHQ-1).
Tris(hydroxymethyl)aminomethane (Tris), sodium acetate anhydrous (NaOAc), magnesium acetate tetrahydrate (Mg(OAc)2 ), potassium nitrate (KNO3 ), and silver nitrate (AgNO3 ) were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). Mercury(II) nitrate (Hg(NO3 )2 ) was obtained from Wanshan Mineral Products Company (Tongren, Guizhou,
China). All salts were of analytical grade and used without further puriﬁcation. The oligomer samples were
DOI:10.1063/1674-0068/28/cjcp1503051
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dissolved in buﬀer A consisting of 50 mmol/L TrisHOAc, 100 mmol/L NaOAc, 0.005 mol/L Mg(OAc)2 ,
and 0.03 mol/L KNO3 at pH=7.4. The oligomer solutions were then heated in a dry bath at 95 ◦ C (ABSON,
USA), equilibrated for 15 min at this temperature, and
slowly cooled to room temperature. The concentration
of oligonucleotide was measured by a UV-Vis spectrophotometer.
B. Isothermal titration calorimetry

The most widely available isothermal titration
calorimetry (ITC) used for micro-calorimetry of biological samples are based on the power-compensation
principle. The temperature of each cell is monitored
and maintained at a constant temperature through an
electronic feedback loop that controls thermoelectric
heaters located adjacent to each cell. When the titrant
is added into the sample cell, the feedback loop will respond accordingly and record the heat change whether
the reaction is exothermic or endothermic. Our ITC experiments were performed on a Microcal ITC200 (GE
Healthcare) with the sample cell (0.199 mL) containing 10 µmol/L oligonucleotide. The ﬁrst experiment
involved two steps, the Hg2+ step followed by the Ag+
step. Typically, the Hg(NO3 )2 solution was serially injected at 120 s intervals with continuous stirring of the
solution at 1000 r/min in the sample cell till equilibrium. Then, AgNO3 solution was added into the sample
cell. Raw calorimetric data were corrected for the heat
of dilution of Hg2+ and oligonucleotide by subtracting
the heat from the corresponding blank titrations. The
comparison experiment was in reverse order, the Ag+
step followed by the Hg2+ step. Other condition and
procedure were the same. Data analysis was performed
using the MicroCal ORINGIN software.
C. Circular dichroism

Circular dichroism (CD) spectra were measured using a JASCO J-810 spectropolarimeter at 25 ◦ C. The
oligomer concen-tration used was 10 µmol/L. Each kind
of metal ion was serially injected till equilibrium before
another kind of metal was added. Each measurement
was recorded from 235 nm to 330 nm at a scan rate of
100 nm/min using a sealed 1 mm path-length quartz cuvette. The spectra were collected with a response time
of 0.1 s and data intervals of 0.2 nm. The ﬁnal spectra
were the averages of two measurements. The scan of
the buﬀer alone under the same conditions was used as
the blank, and was subtracted from the average scan
for each sample.
D. Fluorescence measurements

Fluorescence spectra were performed on a ﬂuorolog-3
spectroﬂuorophotometer (Jobin Yvon SAS, France).
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FIG. 1 Thermodynamic analyses of the interaction of Hg2+ and Ag+ with the oligonucleotide TCO (10 µmol/L). (a) Typical
ITC proﬁle of the interaction between Hg(NO3 )2 and TCO at 25 ◦ C and pH=7.4 in buﬀer A. The curve shows the heat
rate during the titration. (b) Thermogram of the integrated peak intensities plotted against the molar ratio of Hg(NO3 )2
to TCO. The ﬁt shown as a solid line is for the “two sets of site model”. (c) Typical ITC proﬁle of the interaction between
AgNO3 and TCO-Hg complex. (d) Thermogram of the integrated peak intensities plotted against the molar ratio of AgNO3
to TCO-Hg complex. The ﬁt shown as a solid line is for the “one sets of site model”.

Both the excitation and emission slit widths were set
at 2.0 nm. TET was excited λex =522 nm, and its ﬂuorescence emission was followed at λem =539 nm. The
initial oligomer concentrations were 200 nmol/L. After
each 1 µL addition of 80 µmol/L Hg(NO3 )2 or AgNO3
in comparison experiment, the ﬂuorescence was measured with excitation at 522 nm.

III. RESULTS AND DISCUSSION
A. Isothermal titration calorimetry

Kinetic and thermodynamic information can be obtained from ITC which is a powerful and versatile
method to study the physical basis of molecular interactions. To explore the folding process of TCO induced
by two metal ions, the thermodynamic properties of the
interaction between TCO and two metal ions in buﬀer
A at 25 ◦ C and pH=7.4 were examined by ITC.
The ITC proﬁles of the sequential titration of
Hg(NO3 )2 and AgNO3 to TCO are shown in Fig.1. As
shown in Fig.1(a), each injection of Hg(NO3 )2 into TCO
produced a sharp negative peak indicating an exothermic interaction. The released heat kept steady at a large
level with the ﬁrst eight injections and then decreased
DOI:10.1063/1674-0068/28/cjcp1503051

until the reaction reached equilibrium. Figure 1(b)
shows the integrated heats of binding obtained from
the heat rate normalized to the moles of Hg2+ titrated,
prior to subtracting the blank by injecting Hg(NO3 )2
into the same buﬀer. The value of ordinate began to
decrease and then increased till equilibrium, which indicated the binding reaction had two diﬀerent steps.
Thus, the titration plot was a sigmoid curve using the
“two sets of site model” (ITC data analysis in origin)
ﬁtting.
Table I summarizes the thermodynamic parameters
of TCO binding Hg2+ and Ag+ successively which were
obtained from Fig.1(b). The stoichiometry n, binding
constant K, enthalpy change ∆H and entropy change
∆S for the speciﬁc binding between Hg2+ and TCO
were obtained from the ﬁtted curve, which were very
helpful to understand and analyze the process of the
titration reaction.
T-Hg-T structure is the most familiar and stable
metal-base pair for Hg2+ . We suppose that the TCO
prefers to adopt hairpin structure which will be explained later. Four T6 segments in TCO can form two
sets of T6-(Hg)6-T6, that is, Hg2+ can interact with
TCO at two diﬀerent locations which agrees with the
ITC ﬁtting model. According to previous research [45,
46], it is supposed that TCO initially generated two
c
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TABLE I ITC-derived thermodynamic parameters for the TCO oligonucleotide construct binding Hg2+ in and TCO-Hg
complex binding Ag+ in buﬀer A. The units are as follows: K1 in 106 L/mol, K2 in 105 L/mol, ∆H1 and ∆H2 in kcal/mol,
∆S1 and ∆S2 in mol−1 K−1 .
TCO-Hg
TCO-Hg-Ag

n1
6.02±0.60

K1
4.37±1.94

∆H1
−9.24±0.29

kinds of intermediates induced by Hg2+ , in which Hg2+
preferentially bound closely to one end of hairpin loop
and the opposite end of such loop, respectively. These
two diﬀerent pathways ﬁnally generated identical ﬁnal
product. The sum of binding number n1 and n2 for
Hg2+ was 12, indicating the Hg2+ bound with the T:T
mispair at a molar ratio of 1:1. Entropy represented
the degree of freedom [47]. Therefore, the two negative ∆S of two pathways indicated the processes with
reduced entropy, which indicated a more ordered structure, i.e., TCO changed from random coil to regular,
stable hairpin when Hg2+ were added. The lower ∆S1
showed that pathway 1 only was required to overcome
small change of conformational entropy, indicating that
the binding-site of Hg2+ was close to one end of the
hairpin loop. Conversely, the binding-site of pathway 2
located at the opposite end of hairpin loop, in which remarkable conformational transition from a random coil
to a hairpin occurred.
After the binding of Hg2+ reached equilibrium, further reaction with Ag+ addition was studied. Figure
1(c) shows a ITC proﬁle of the interaction between
AgNO3 and TCO-Hg complex, indicating that Ag+
could further enhance and stabilize the TCO-Hg complex through the formation of C-Ag-C structure. Figure 1(d) shows the thermogram of the integrated peak
intensities plotted against the molar ratio of AgNO3
to TCO-Hg complex. The value of ordinate simply increased till equilibrium, which indicated that Ag+ could
bind to such complex by only one pathway. The titration plot was ﬁtted by using the “one set of site model”.
As revealed in Table I, the binding number of Ag+ was
7 which indicated that six consecutive C:C mispairs in
the middle of T6 segment and another loop base pair
adjacent to the T-Hg-T pair took part in the binding.
The Gibbs free energy change, ∆G=∆H−T ∆S. Thus,
the observed negative ∆H and positive ∆S were favorable for the speciﬁc binding between Ag+ and C:C
mismatched base pairs. If TCO began to form a duplex with Hg2+ addition, the average binding number
for Ag+ of each TCO would be 9 because of no loop
in duplex. Therefore, this result indicated that TCO
ﬁnally adopted regular hairpin formation rather than
duplex.
If we changed the feeding order of metal ions, i.e.
Hg2+ followed by Ag+ , whether the result would still
be the same as we expected that the two symmetric
cytosine bases chain segment of TCO initially folded
into metastable hairpin by Ag+ , and then Hg2+ perDOI:10.1063/1674-0068/28/cjcp1503051

∆S1
−0.617

n2
5.50±0.66
7.10±0.06

K2
7.47±0.62
1.58±0.08

∆H2
−13.35±0.86
−5.05±0.07

∆S2
−17.9
6.85

fected the hairpin. However the experiment result was
unexpected as below. The ITC proﬁles of the sequential titration of AgNO3 and Hg(NO3 )2 to TCO are
shown in Fig.2. As shown in Fig.2(a), each injection
of AgNO3 into TCO complex produced a sharper negative peak indicating an exothermic interaction. The
heat released increased slowly with the ﬁve injections
and then gradually decreased, the binding reaction did
not reach equilibrium under the same experiment condition as we set previously. This phenomenon was different from Fig.1(c), indicating that no C-Ag-C generated. Figure 2(b) shows the integrated heats of binding
obtained from the heat rate normalized to the moles of
Hg2+ titrated. The value of ordinate also decreased ﬁrst
and then increased till equilibrium, which indicated the
binding reaction also had two diﬀerent steps. Thus, the
titration plot was a sigmoid curve using the “two sets
of site model” ﬁtting.
Table II summarizes the thermodynamic parameters
for TCO binding Ag+ and Hg2+ successively. The sum
of binding number n1 and n2 for Ag+ was 16 which
was much larger than the total number of C:C mispairs
which is generally supposed to speciﬁcally capture Ag+ ,
indicating that not only cytosine bases but also other
bases participated in the binding reaction of Ag+ . The
two ∆S with distinct diﬀerence showed that there were
also two diﬀerent pathways for Ag+ binding which was
similar to Hg2+ . But the rate constant of Ag+ binding was lower than that of Hg2+ which signiﬁed that
the T-Hg-T structure was more stable. Moreover, the
much higher ∆S1 and larger n1 may indicate that pathway 1 dominated the TCO folding. The positive ∆S2
value may be attributed to the Ag+ dehydration according to recent research [43, 48]. Figure 2(c) shows
a ITC proﬁle of the interaction between Hg(NO3 )2 and
TCO-Ag complex. The interaction between TCO-Ag
complex and Hg2+ was very weak and reached terminal soon. The negative ∆S in Table II also indicated a
more ordered structure (hairpin or duplex). The binding number of Hg2+ is only 3 which is much smaller
than previous result, suggesting only six T bases remained for Hg2+ binding in TCO-Ag complex. It thus
triggers us to think where the left T bases are. Moreover, T:T mispair cannot bind Ag+ as we investigated
and reported [49]. Based on the above discussion, it
can only be surmised that many T bases were involved
in the binding of Ag+ , i.e., an unusual metal-base pair
containing T base for Ag+ was obtained.
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FIG. 2 Thermodynamic analyses of the interaction of Ag+ and Hg2+ with the oligonucleotide TCO (10 µmol/L). (a) Typical
ITC proﬁle of the interaction between AgNO3 and TCO at 25 ◦ C and pH=7.4 in buﬀer A. The curve shows the heat rate
during the titration. (b) Thermogram of the integrated peak intensities plotted against the molar ratio of AgNO3 to TCO.
The ﬁt shown as a solid line is for the “two sets of site model”. (c) Typical ITC proﬁle of the interaction between Hg(NO3 )2
and TCO-Ag complex. (d) Thermogram of the integrated peak intensities plotted against the molar ratio of Hg(NO3 )2 to
TCO-Ag complex. The solid line is for the ﬁtting result of the “one sets of site model”.

TABLE II ITC-derived thermodynamic parameters for the TCO oligonucleotide construct binding Ag+ ions and TCO-Ag
complex binding Hg2+ in buﬀer A. The units are as follows: K1 in 106 L/mol, K2 in 105 L/mol, ∆H1 and ∆H2 in kcal/mol,
∆S1 and ∆S2 in mol−1 K−1 .
TCO-Ag
TCO-Ag-Hg

n1
14.12±0.54

K1
1.26±0.15

∆H1
17.57±1.03

B. Circular dichroism

CD is a general technique to sensitively monitor the
conformation transition of anisotropic molecules and
chiral super assemblies, has been used extensively in
the study of nucleic acids especially secondary structures such as hairpin, G-quadruplex and so on. To
further study TCO binding characteristic with metal
ions, CD was performed to analyse the change of secondary structure. The “TCO-Hg-n1 ” and “TCO-HgAg-n2 ” represented n1 injections of Hg2+ into TCO,
and n2 injections of Ag+ into TCO-Hg complex, other
descriptions were similar as in Fig.3. As revealed in
Fig.3(a), the positive peak at 280 nm reduced rapidly
and the negative peak at 270 nm started to appear
with the ﬁrst addition of Hg2+ , interpreting the gradual
transition of TCO from random coiled single chain to
ordered hairpin structure. Along with the increase of
Hg2+ , the change decreased until two adjacent curves
DOI:10.1063/1674-0068/28/cjcp1503051

∆S1
−35.6

n2
2.47±0.39
3.26±0.05

K2
7.54±4.72
1.00±0.04

∆H2
−7.69±3.63
−7.62±0.14

∆S2
1.09
−2.69

were nearly overlapped, signiﬁed the equilibrium of the
binding reaction with Hg2+ . Thus, a relatively stable
hairpin structure was formed by Hg2+ . The system was
activated by Ag+ after the end point of reaction with
Hg2+ . The negative peak represented hairpin structure
increased sharply till equilibrium, indicating that the
TCO-Hg complex formed a more ordered and perfect
hairpin conﬁguration by Ag+ . Next we changed the order of such two ions addition. As shown in Fig.3(b),
the peak of single chain disappeared more rapidly and
the peak of hairpin arose meanwhile along with the addition of Ag+ , which revealed that TCO formed hairpin structure more easily by Ag+ . The conformational
change stopped till large amount of Ag+ addition which
is in accordance with big binding-site number from ITC
data. It appeared that there was no signiﬁcant conformational change of TCO-Ag complex by Hg2+ which
indicated that Hg2+ was not in the form of hairpin.
Besides, it was observed that the depth and the posic
⃝2015
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FIG. 4 Fluorescence spectra of DL-TCO folding driven by
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presence of increasing Hg(NO3 )2 and AgNO3 concentrations
at 25 ◦ C and pH=7.4 in buﬀer A. (a) AgNO3 followed by
Hg(NO3 )2 . (b) Hg(NO3 )2 followed by AgNO3 .

tion of the peak represented diﬀerent hairpin structures.
In conclusion, CD data revealed that the folding process of TCO driven by metal ions was diﬀerent by the
modulation of metal ions addition sequence.

C. Fluorescence measurements

The folding processes of TCO driven by Hg2+ and
Ag+ respectively were also monitored and analyzed by
ﬂuorescence spectra. Double-labeled TCO (DL-TCO)
was modiﬁed by tetrachloride ﬂuorescein (TET) at 5′ terminal and black hold quencher-1 (BHQ-1) at 3′ terminal of TCO. The ﬂuorescence intensity will be
strong when TET separated from BHQ-1, otherwise
it is weak. Therefore, the variation of ﬂuorescence intensity was indirectly utilized to reﬂect the formation
of hairpin structure. As shown in Fig.4, the emission
intensity was extremely strong when DL-TCO existed
solely without any ions, indicating that DL-TCO was
in form of random-coil single chain. Whether Hg2+ or
Ag+ were added, the ﬂuorescence intensity reduced signiﬁcantly with increase of ions concentration, revealing
that both ends of DL-TCO were gradually close to each
other, i.e., DL-TCO was folded into hairpin structure
DOI:10.1063/1674-0068/28/cjcp1503051

with either ions. Moreover, the ﬂuorescence intensity
of Ag+ was much higher than that of Hg2+ at low concentration, suggesting that the TCO folding was dominated by pathway 1 with Ag+ intercalation, and was a
little higher at high concentration, indicating that TCO
formed similar stable hairpin structure induced by two
ions and both ends of DL-TCO-Ag complex slightly separated from each other. The ﬂuorescence spectral veriﬁed that hairpin structure formed with the addition of
ions and the two ﬁnal hairpin structures induced by altering the adding order of two ions were diﬀerent, which
was in agreement with CD data.

D. The mechanism of TCO oligonucleotide folding driven
by Hg2+ and Ag+

Through three characterization methods as described
above: ITC, CD, and ﬂuorescence spectrum, thorough study of TCO oligonucleotide folding mechanisms
driven by two ions was performed. The diﬀerences between two ions feeding sequences were discussed individually. First, for the condition of the addion of Ag+
followed by Hg2+ to TCO, all the T bases of TCO
ﬁrstly formed T-Hg-T structure by Hg2+ to generate
a hairpin conﬁguration through two diﬀerent pathways
(Scheme 1). It is supposed that TCO initially produced
two kinds of intermediates induced by Hg2+ , in which
Hg2+ preferentially bound closely to the end of hairpin loop and the opposite end of such loop, respectively. These two diﬀerent pathways ﬁnally generated
identical ﬁnal product. After the binding with Hg2+
reached equilibrium, the remaining C bases except the
ones in the four-membered loop of hairpin formed C-AgC structure by Ag+ to produce a more stabilized and
perfect hairpin through only one pathway. The mechanism as proposed in Scheme 1 is in good agreement
with all experimental data.
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Next more attention was paid to speculating the
mechanism of TCO folding driven by Ag+ and Hg2+
successively. The TCO oligonucleotide can only form
three kinds of base pair as follows: C-C, T-T, and
T-C due to the existence of only two kinds of bases.
The binding-site number 16 for Ag+ was much larger
than the maximum number 9 of possible C-C base pairs
which were generally supposed to speciﬁcally bind Ag+ .
Moreover, further addition of Hg2+ has little eﬀect on
hairpin and only three binding-sites for Hg2+ , representing that the remaining six T bases may exist at
one side of TCO in the form of six consecutive thymine
chain segment rather than further form more stable
hairpin. Then other thymine bases have two purposes
at the most that one part possibly constitute the loop of
hairpin and another may take part in the formation of
metal-base pair (T-T or T-C) for Ag+ . However, T-T
mispair cannot bind Ag+ according to our previous research [49]. Then, Ag+ can only exist in two structures:
C-Ag+ -C and T-Ag+ -C. Hairpin with four-membered
loop was relatively stable because of the combined impact of the ring tension and metal-base pair force. We
supposed that four T bases formed the loop. There were
six T bases for Hg2+ binding. Therefore, at least 14 T
bases formed a new metal-base pair: T-Ag-C. The number of C-Ag-C structure was at most two. No matter
there was one or two C-Ag-C, the TCO was unable to
form a stable hairpin. Thus, we inferred that during the
ﬁrst addition of Ag+ into the TCO, no C-Ag-C existed,
that is, the new metal-base pair T-Ag-C was the only
form for Ag+ binding. This metal-base pair T-Ag-C,
which has been reported by Hidehito Urata and Ono,
has roughly comparable thermal stability to the C-Ag-C
base pair [20, 21, 50], indicating that the free energy of
generating one T-Ag-C structure is roughly equivalent
to that of generating one C-Ag-C structure. Moreover,
beginning to generate the C-Ag-C structure needed to
overcome more conformational entropy change. Besides
the number of T-C base pair is much larger than that
of C-C base pair, the TCO oligonucleotide will prefer
to form more stable structure in free energy including
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Scheme 2 Binding directions of Ag+ and Hg2+ to the
TCO oligonucleotides. The blue lines represent the
spacing sequences of cytosine bases, whereas the orange
lines indicate the sequences of thymine bases.

T-Ag-C base pair when ﬁrst adding Ag+ . In addition,
those sixteen T-Ag-C metal-base pair should be consecutive without mispair in hairpin because the TCO-Ag
hairpin is also stable enough and is unable to be further
stabilized by Hg2+ . Among all twenty-four T bases,
sixteen forming T-Ag-C base pairs and six for further
interaction with Hg2+ , there are two remaining T bases
constituting the loop of hairpin with two remaining C
bases.
In conclusion, it is inferred that the mechanism of
TCO folding is driven by Ag+ and Hg2+ successively, as
shown in Scheme 2. The formation of T-Ag-C structure
consumed large amount of T bases, sharply reducing
the binding ability with Hg2+ subsequently. Based on
ITC and CD data, it is proposed that TCO-Ag complex
can dimerize through the overhang T6 chain segment
crosslinked by Hg2+ . The dimerization which have little eﬀect on hairpin structure provides six binding-site,
so the average binding-site number n2 for Hg2+ is three
for each TCO-Ag molecule. Both ends of TCO-Ag complex slightly separate from each other, thereby, presenting a higher ﬂuorescence intensity when DL-TCO binding with Ag+ than that of Hg2+ at the same concentration. Therefore, the proposed mechanism of TCO
folding driven by Ag+ and Hg2+ successively is also
in very good agreement with all experiment data. At
last, we turned back to the explanation of the mechanism of TCO folding by Hg2+ and Ag+ successively.
Why didn’t the TCO form T-Hg-C structure with ﬁrst
adding Hg2+ ? According to the investigation by Ono
group, T-Hg-T was more thermally stable than T-HgC [20]. If the TCO was folded similarly as Scheme 2,
TCO-Hg complex was unable to be further stabilized
by Ag+ which did not agree with ITC and CD data.
Therefore, it is veriﬁed that the mechanism proposed
in Scheme 1 is correct.

IV. CONCLUSION

This study further extended our understanding of
metal-DNA complex characteristics. Utilizing three
c
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characterization methods of ITC, CD, and ﬂuorescence
spectrum, the mechanism and secondary structural
change of TCO driven by metal ions were investigated.
The diﬀerences of the mechanism and conformational
change of TCO oligonucleotides driven by diﬀerent orders of Hg2+ and Ag+ addition were mainly discussed.
The mechanism of TCO driven by Hg2+ and Ag+ successively was that all the T bases of TCO ﬁrstly formed
T-Hg-T structure by Hg2+ through two diﬀerent pathways and then the remaining C bases except which
in the four-membered loop of hairpin formed C-Ag-C
structure by Ag+ through only one pathway. However,
the mechanism and folding process were distinctly different by only varying the feeding order of two ions.
A new experimental evidence of an unusual metal-base
pair T-Ag-C was obtained by carefully deducing with
ﬁrst addition of Ag+ . Then the TCO-Ag complex was
dimerized by Hg2+ . In summary, we discovered an
interesting phenomenon that the behavior of oligonucleotide was remarkably diﬀerent by just varying the order of metal ions addition. This work provides a promising strategy for the investigation of the mechanism and
structural transformation of oligonucleotides inﬂuenced
by diﬀerent metal ions and diﬀerent orders of metal ions
addition, which can eventually lead to progress in constructing metal-triggered DNA machines, DNA molecular logic operation and metal-containing DNA nanotechnology. Moreover, previous metal-base pairs are
mostly discovered by analyzing thermal stability of nucleic acids. Therefore, this study will provides a new
strategy to explore and discover new metal-base pair.
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