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Abstract: Ag+-bridged T-Ag+-T was recently discovered in a Ag+-DNA nanowire crystal, but it was
reported that Ag+ had little to no affinity to T nucleobases and T-rich oligonucleotides in solution.
Therefore, the binding mode for the formation of this type of novel metallo base pair in solution
is elusive. Herein, we demonstrate that Ag+ can interact with polyT oligonucleotides once the
concentration of Ag+ in solution exceeds a threshold value. The threshold value is independent
of the concentration of the polyT oligonucleotide but is inversely proportional to the length of the
polyT oligonucleotide. The polyT oligonucleotides are intramolecularly folded due to their positively
cooperative formation and the stack of T-Ag+-T base pairs, resulting in the 5′- and 3′-ends being in
close proximity to each other. The intramolecular Ag+-folded polyT oligonucleotide has a higher
thermal stability than the duplex and can be reversibly modulated by cysteine.
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1. Introduction

Hydrogen bonds between nucleobases can produce diverse DNA structural motifs
depending on the DNA sequences and certain conditions, including B-DNA, Z-DNA,
A-DNA, H-DNA, hairpin, triplex, G-quadruplex, and i-motif [1,2]. In most cases, the
formation of a particular DNA structure is strongly related with the presence of a specific
metal ion. The interactions between nucleic acids and metal ions have been intensively
studied by biochemical scientists [3–6]. At physiological pH, positively charged alkali,
alkali earth, and some transition metal ions can interact extensively with the negatively
charged phosphate backbone of nucleic acid through electrostatic attraction. However,
it is reported that Ag+, Hg2+, and Pt2+ can specifically interact with natural nucleobases
through coordination to form metallo base pairs [7].

In metallo base pairs, the hydrogen bonds between complementary nucleobases are
formally replaced by coordination bonds to a metal ion between the nucleobases inside the
duplex. It has been proven that some metal ions can mediate natural nucleobases (including
uracil) to form homo- or hetero-metallo base pairs [3,8–16]. From a historical point of view,
the T-Hg2+-T base pair is considered as the first metal-mediated natural base pair [17]. In
order to bring diversity into the field of different metal-modified nucleic acids, a great
number of artificial nucleobases have been developed to be incorporated into DNA over the
last two decades, such as imidazole, triazole, hydroxypyridone, and salen [3,8–16,18–21].
Recently, the focus has changed from discovering new artificial nucleobases and different
metal ions in the DNA duplex to developing the analytical applications for such metal-
modified nucleic acids. A variety of applications have been proposed for nucleic acids
bearing metal-mediated base pairs, such as sensors for metal ions [9,11,22], redox-sensitive
control of DNA structure [23], modulation of polymerase activity [24,25], generation of
noble metal nanoclusters [26,27], improvement in the charge transfer capability of DNA
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duplexes [28], design of metal-responsive DNA machines [29], logic gates [30], DNA
magnets [31], and metallo-DNA nanowires [32,33]. Furthermore, extensive studies of
metal-mediated base pairs formed by natural and artificial bases potentially expand the
genetic alphabet and the design of novel DNA structures and functional DNA molecules [8].

Silver compounds have been used as antibacterial and antifungal agents since ancient
times [34]. Though the mechanism of its bioactivity has not been fully understood, one
possible mechanism is speculated to be the interaction of Ag+ with nucleic acids. Thus,
Ag+-mediated natural base pairs have been one of the intensive research fields among
metal-mediated base pairs, especially the canonical C-Ag+-C base pair [11,35,36]. Since
C-Ag+-C was first reported by the Ono group in 2008 [35], several other Ag+-mediated
natural base pairs have been recently identified and studied through theoretical calculation
and different experimental techniques, namely, C-Ag+-T, C-Ag+-A, G-Ag+-G, T-Ag+-T, and
A-Ag+-A [27,32,37–45]. With regards to T-Ag+-T, the structure of this novel Ag+-mediated
natural homo base pair was well characterized by X-ray crystallography of the crystal of a
silver-DNA hybrid nanowire [32]. However, it is reported that Ag+ has a very low affinity
to the T nucleobase and T-rich/polyT oligonucleotides in solution [41,46–48]. Therefore, it
is unclear whether Ag+ can bridge the T nucleobases of DNA to form T-Ag+-T base pairs in
solution, and what the binding mode is.

Herein, a 16-mer polyT (pT16) oligonucleotide, which could remove the constraints
of Watson–Crick base pairs in DNA, was firstly designed to investigate the formation
mechanism of Ag+-mediated T-Ag+-T base pairs in a neutral pH solution. We studied the
effect of Ag+ on the pT16 oligonucleotide conformation by UV absorption spectroscopy,
circular dichroism (CD) spectroscopy, and fluorescence spectroscopy. Moreover, another
three polyT oligonucleotides (pT4, pT8, pT32) were used to investigate the effect of chain
length on their interaction with Ag+ to form T-Ag+-T. In addition, mass spectrometry (MS)
and fluorescence spectroscopy based on molecular beacons and light-switching probes were
employed to understand the nature of the conformational change in polyT oligonucleotides
induced by the formation of T-Ag+-T base pairs. Thermal denaturation was used to test the
effect of the incorporation of Ag+ ions on the thermal stability of polyT oligonucleotides.
Finally, the reversibility of Ag+-induced folding of polyT oligonucleotides was studied
using the well-known Ag+ chelator L-cysteine.

2. Results and Discussions
2.1. Folding of PolyT Oligonucleotides Induced by Ag+ via Cooperative Formation of T-Ag+-T

The UV absorbance of DNA is usually dependent on its conformation; thus, UV
spectroscopy can be used to elucidate whether the structure of DNA is folded upon its
binding with ligands [23,49]. In order to investigate whether Ag+ can interact with DNA
and induce its conformation change through the formation of novel Ag+-mediated homo
base pairs T-Ag+-T, the effect of AgNO3 on the absorbance of a pT16 oligonucleotide
(Table 1) at pH 7.0 was studied. The pT16 oligonucleotide exists in a random coiled
structure in an aqueous solution at neutral pH. Moreover, the constraints of the Watson–
Crick hydrogen bond can be removed upon formation of Ag+-bridged T-Ag+-T base pairs.
The UV absorption spectra of 5.0 µM pT16 solutions with increasing concentrations of
AgNO3 display an obvious hypochromic effect, accompanied by a bathochromic shift (from
266 to 274 nm) in the wavelength at maximum absorbance (λmax; Figure 1). However,
it is interesting to find that the absorbances of pT16 solutions hardly change until the
concentration of Ag+ reaches 40 µM, above which the absorbances dramatically decrease
until the concentration of Ag+ reaches 160 µM, where the absorbance begins to level off
(Figure 1). The relative absorbance change of pT16 at λmax in the presence of 160 µM
AgNO3 (−23.7%) is close to the relative absorbance change at 260 nm for hybridizing pT16
with equimolar 16-mer polyA (pA16, Table 1) to form duplex DNA (−25.4%; Figure S1) [50].
In addition, we investigated the effect of HgCl2 on the absorbance of 5.0 µM pT16 upon
formation of canonical T-Hg2+-T base pairs. As shown in Figure S2A,B, the absorbance of
pT16 solutions decrease linearly as the concentration of Hg2+ increases to 40 µM (−25.5%,
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T nucleobase: Hg2+ = 2:1), accompanied by a bathochromic shift, and then become flat with
the further increasing concentration of Hg2+. The results suggest that Ag+ can interact with
polyT oligonucleotides in the presence of a high concentration of AgNO3 in solution and
result in T nucleobases that stack well, which may be through the formation of T-Ag+-T
base pairs similar to the formation of T-Hg2+-T between polyT and Hg2+ [51].

Table 1. The names, sequences, and modifications of the DNA oligonucleotides presented in this work.

Name Sequence (from 5′ to 3′)

pT16 TTTTTTTTTTTTTTTT
MB-pT16 TMR-TTTTTTTTTTTTTTTT-BHQ2

5′TMR-pT16 TMR-TTTTTTTTTTTTTTTT
3′BHQ2-pT16 TTTTTTTTTTTTTTTT-BHQ2

DiPy-pT16 Pyrene-TTTTTTTTTTTTTTTT-Pyrene
5′Py-pT16 Pyrene-TTTTTTTTTTTTTTTT
3′Py-pT16 TTTTTTTTTTTTTTTT-Pyrene

pA16 AAAAAAAAAAAAAAAA
pT8 TTTTTTTT
pT4 TTTT

pT32 TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT
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Figure 1. (A) UV absorption spectra of 5.0 μM pT16 in the absence and presence of 2.5, 5.0, 10, 20, 
40, 80, 160, and 320 μM AgNO3. (B) Plots of the relative absorbance change (left, black) and wave-
length (right, blue) at the maximum absorption against the concentration of AgNO3 for pT16 solu-
tions at 1.0 μM (square), 5.0 μM (circle), and 15 μM (uptriangle). The samples were prepared in 10 
mM Tris-HAc buffer pH 7.0. A0 and A are the absorbance at maximum absorption of the oligonu-
cleotide solutions in the absence and presence of AgNO3, respectively. 
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Figure 1. (A) UV absorption spectra of 5.0 µM pT16 in the absence and presence of 2.5, 5.0, 10, 20, 40,
80, 160, and 320 µM AgNO3. (B) Plots of the relative absorbance change (left, black) and wavelength
(right, blue) at the maximum absorption against the concentration of AgNO3 for pT16 solutions
at 1.0 µM (square), 5.0 µM (circle), and 15 µM (uptriangle). The samples were prepared in 10 mM
Tris-HAc buffer pH 7.0. A0 and A are the absorbance at maximum absorption of the oligonucleotide
solutions in the absence and presence of AgNO3, respectively.

We further studied the effect of AgNO3 on the absorbance of pT16 at solution con-
centrations of 1.0 µM (Figure S3A) and 15 µM (Figure S3B). Although the difference in
concentration is more than one order of magnitude, interestingly, the absorbances of
both pT16 solutions remain unchanged until the concentration of Ag+ in solution reaches
40 µM, and then there is an obvious decrease and levelling off with further increasing the
concentration of Ag+ (Figure 1B). This phenomenon is the same as above 5.0 µM pT16
titrated with AgNO3. The results indicate that the interaction between Ag+ and pT16 can
happen when the concentration of Ag+ achieves a threshold value of 40 µM, which is
independent of the concentration of pT16. Furthermore, the sigmoidal Ag+ binding curves
of 1.0 µM and 5.0 µM pT16 fit well with the Hill–Langmuir equation (R2 = 0.999, Figure
S4), which is useful for determining the degree of cooperativity of the ligand binding to
the macromolecules. The obtained Hill coefficients (n) are 4.33 and 3.39 for 1.0 and 5.0 µM
pT16, respectively, indicating the positively cooperative binding (n > 1) of Ag+ to pT16 [52].
Therefore, the results imply that silver(I) ions are incorporated into pT16 to form T-Ag+-T
in a positive cooperativity fashion.
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In order to know whether the cooperative formation of T-Ag+-T is related to the length
of the polyT (pTn) oligonucleotides, we additionally designed two shorter oligonucleotides,
pT4 and pT8, and a longer oligonucleotide, pT32 (Table 1), and investigated the change in
absorbance for these three oligonucleotides titrated with AgNO3 via two approaches. One
method was to fix the strand concentrations of these oligonucleotides at 5.0µM (Figure S5A–C),
and the other was to fix the concentrations of T nucleobase of these oligonucleotides at 80 µM
(i.e., 20 µM pT4, 10 µM pT8, and 2.5 µM pT32; Figure 2A–C). No matter which approach was
used, the changes in the absorbance and wavelength at maximum absorption are similar for
these three pTn oligonucleotides with different length (Figure 2D and Figure S5D). The Ag+

concentration at which the absorbance starts to decrease is inversely proportional to the length
of the oligonucleotides: 320, 160, 40, and 20 µM for pT4, pT8, pT16, and pT32, respectively. The
Hill coefficient (n) is 3.48 for 2.5 µM pT32 (Figure S6). The results suggest that the interaction
threshold value of Ag+ decreases with the increase in the length of polyT oligonucleotides, and
further confirm that the interaction threshold value of Ag+ is independent of the concentration
of polyT oligonucleotides.

Molecules 2022, 27, x FOR PEER REVIEW 4 of 15 
 

 

dependent of the concentration of pT16. Furthermore, the sigmoidal Ag+ binding curves 
of 1.0 μM and 5.0 μM pT16 fit well with the Hill–Langmuir equation (R2 = 0.999, Figure 
S4), which is useful for determining the degree of cooperativity of the ligand binding to 
the macromolecules. The obtained Hill coefficients (n) are 4.33 and 3.39 for 1.0 and 5.0 μM 
pT16, respectively, indicating the positively cooperative binding (n > 1) of Ag+ to pT16 
[52]. Therefore, the results imply that silver(I) ions are incorporated into pT16 to form 
T-Ag+-T in a positive cooperativity fashion. 

In order to know whether the cooperative formation of T-Ag+-T is related to the 
length of the polyT (pTn) oligonucleotides, we additionally designed two shorter oligo-
nucleotides, pT4 and pT8, and a longer oligonucleotide, pT32 (Table 1), and investigated 
the change in absorbance for these three oligonucleotides titrated with AgNO3 via two 
approaches. One method was to fix the strand concentrations of these oligonucleotides at 
5.0 μM (Figure S5A–C), and the other was to fix the concentrations of T nucleobase of 
these oligonucleotides at 80 μM (i.e., 20 μM pT4, 10 μM pT8, and 2.5 μM pT32; Figure 
2A–C). No matter which approach was used, the changes in the absorbance and wave-
length at maximum absorption are similar for these three pTn oligonucleotides with dif-
ferent length (Figures 2D and S5D). The Ag+ concentration at which the absorbance starts 
to decrease is inversely proportional to the length of the oligonucleotides: 320, 160, 40, 
and 20 μM for pT4, pT8, pT16, and pT32, respectively. The Hill coefficient (n) is 3.48 for 
2.5 μM pT32 (Figure S6). The results suggest that the interaction threshold value of Ag+ 
decreases with the increase in the length of polyT oligonucleotides, and further confirm 
that the interaction threshold value of Ag+ is independent of the concentration of polyT 
oligonucleotides. 

  

  
Figure 2. UV absorption spectra of 20 μM T4 (A), 10 μM T8 (B), and 2.5 μM T32 (C) solutions in the 
absence and presence of 2.5, 5.0, 10, 20, 40, 80, 160, and 320 μM AgNO3. (D) Plots of absorbance 
change (left, black) and wavelength (right, blue) at the maximum absorption against the concen-
tration of AgNO3 for 20 μM T4 (star), 10 μM T8 (uptriangle), 5.0 μM T16 (circle), and 2.5 μM T32 
(square). The conditions are the same as those for Figure 1. 

CD spectroscopy is a valuable tool for providing important information about the 
conformational properties of DNA molecules [53]. We employed CD spectrometry to 

200 220 240 260 280 300 320 340
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Blank

A
bs

or
ba

nc
e

Wavelength (nm)

pT4 (20 μM)+Ag+ (μM)
                   0
                   2.5
                   5.0
                   10
                   20
                   40
                   80
                   160
                   320

A pT8 (10 μM)+Ag+ (μM)
                   0
                   2.5
                   5
                   10
                   20
                   40
                   80
                   160
                   320

200 220 240 260 280 300 320 340
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Blank

A
bs

or
ba

nc
e

Wavelength (nm)

B

pT32 (2.5 μM)+Ag+ (μM)
                      0
                      2.5
                      5.0
                      10
                      20
                      40
                      80
                      160
                      320

200 220 240 260 280 300 320 340
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

A
bs

or
ba

nc
e

Wavelength (nm)

C

Blank

0 50 100 150 200 250 300 350
-0.30

-0.24

-0.18

-0.12

-0.06

0.00

0.06

pT8
pT8

pT4

pT4
pT16

pT16
pT32

CAgNO3 (μM)

R
el

at
iv

e 
ab

so
rb

an
ce

 c
ha

ng
e 

(A
-A

0)
/A

0 pT32
D

264

266

268

270

272

274

276

λm
ax (nm

)

Figure 2. UV absorption spectra of 20 µM T4 (A), 10 µM T8 (B), and 2.5 µM T32 (C) solutions in the
absence and presence of 2.5, 5.0, 10, 20, 40, 80, 160, and 320 µM AgNO3. (D) Plots of absorbance
change (left, black) and wavelength (right, blue) at the maximum absorption against the concentration
of AgNO3 for 20 µM T4 (star), 10 µM T8 (uptriangle), 5.0 µM T16 (circle), and 2.5 µM T32 (square).
The conditions are the same as those for Figure 1.

CD spectroscopy is a valuable tool for providing important information about the
conformational properties of DNA molecules [53]. We employed CD spectrometry to
study the effect of AgNO3 on folding the conformation of pT16 oligonucleotide. The
CD spectrum of pT16 has a positive peak at 277 nm and a negative peak at 251 nm in
the absence of Ag+ (Figure 3A), which is consistent with the published literature on T-
rich oligonucleotides of a primarily unfolded conformation [33,51,53]. The CD spectra
of pT16 solutions begin to change until the concentration of Ag+ achieves 40 µM, and
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then remarkably change with further increases in the concentration of Ag+ (Figure 3A),
eventually, presenting a new negative peak at around 277 nm. Moreover, the relative change
in the CD signal at 277 nm due to the increase in the concentration of Ag+ is proportional to
the relative absorbance change in pT16 at 266 nm (Figure 3B). These results are consistent
with those from UV absorbance and confirm that the polyT oligonucleotides are folded by
the positively cooperative formation of T-Ag+-T base pairs.
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2.2. Intramolecular Folding of PolyT Oligonucleotides Induced by Ag+

Molecular beacons (MB) have been used for the development of DNA sensors and for
monitoring DNA–ligand interactions [54]. To fully understand the conformational change
in polyT oligonucleotides induced by the Ag+-mediated formation of T-Ag+-T base pairs,
we designed a molecular beacon of pT16 (MB-pT16; Table 1), labeled with a tetramethyl-
rhodamine (TMR) fluorophore and a Black Hole Quencher 2 (BHQ2) at the 5′- and 3′-ends
of pT16, respectively. The fluorescence intensity of TMR does not change until the concen-
tration of Ag+ is higher than 20 µM for all three MB-pT16 solution concentrations of 100
nM (Figure 4A), 500 nM (Figure S7A), and 2.5 µM MB-pT16 (Figure S7B). The fluorescence
intensity of TMR dramatically decreases at higher Ag+ concentrations and approaches
steady states with the further addition of AgNO3 (Figures 4A,B and S7). The threshold
value of Ag+ obtained by fluorescence (~20 µM) is slightly lower than that obtained by UV
spectroscopy (40 µM), which may be due to the fact that fluorescence is a more sensitive
technique. Otherwise, the results are not only consistent with the UV absorption and CD
results, but also suggest that the 5′- and 3′-termini of polyT oligonucleotides are close to
each other after the cooperative formation of T-Ag+-T.

To determine whether both ends of the MB-pT16 probe are in close proximity via the
formation of either intramolecular or intermolecular T-Ag+-T modes, another two probes
were designed, in which TMR and BHQ2 were individually labeled at the 5′-(5′TMR-pT16)
and 3′-(3′BHQ2-pT16) termini of pT16, respectively (Table 1). When an equimolar mixture of
the two probes was titrated with AgNO3 solution, the fluorescence intensity of 5′TMR-pT16
would be quenched to about half by 3′BHQ2-pT16 if the T-Ag+-T base pairs were formed via
intermolecularly folding pT16. Conversely, the fluorescence intensity of 5′TMR-pT16 would
not change in the event of intramolecular formation of the T-Ag+-T base pairs, whether mixed
with quencher labeled or unlabeled pT16. The fluorescence change in the 50 nM 5′TMR-pT16
solution titrated with AgNO3 is almost the same when it is mixed with equimolar unlabeled
pT16 or with equimolar 3′BHQ2-pT16 (Figure S8A,B), though the relative fluorescence of
TMR at 578 nm slightly decreases in the presence of a high concentration of AgNO3 (~27% at
102.4 µM AgNO3; Figure S8C). Collectively, the results show that polyT oligonucleotides are
intramolecularly folded via cooperative formation of T-Ag+-T.



Molecules 2022, 27, 7842 6 of 14Molecules 2022, 27, x FOR PEER REVIEW 6 of 15 
 

 

MB-pT16(100 nM) + Ag+ (μM)
                              0
                              0.050
                              0.10
                              0.20
                              0.40
                              0.80
                              1.6
                              3.2
                              6.4
                              12.8
                              25.6
                              51.2
                              102.4

560 580 600 620 640

0

1500

3000

4500

6000

7500A

Blank

Fl
uo

re
sc

en
ce

 in
te

ns
ity

Wavelength (nm)  
0.1 1 10 100

-1.0

-0.8

-0.6

-0.4

-0.2

0.0
B

2.5 μM MB-T16
0.50 μM MB-T16

R
el

at
iv

e f
lu

or
es

ce
nc

e c
ha

ng
e 

(F
-F

0)
/F

0

CAgNO3 (μM)

0.10 μM MB-T16

 

350 400 450 500 550 600
0

10

20

30

40

50

102.4
51.2
25.6
12.8
6.4
3.2
1.6
0.80
0.40
0.20
0.10
0.050
0

C

Fl
uo

re
sc

en
ce

 in
te

ns
ity

 (∗
10

-3
 C

PS
)

Wavelength (nm)

 
 
 
 
 
 
 
 
 
 
 
 

DiPy-pT16(100 nM) + Ag+ (μM)

 
350 400 450 500 550 600

0

30

60

90

120

150

180

Fl
uo

re
sc

en
ce

 in
te

ns
ity

 (∗
10

-3
 C

PS
)

Wavelength (nm)

102.4
51.2
25.6
12.8
6.4
3.2
1.6
0.80
0.40
0.20
0.10
0.050
0

D

 
 
 
 
 
 
 
 
 
 
 
 

5'Py-pT16(50 nM)+3'Py-pT16(50 nM) + Ag+ (μM)

 
Figure 4. Fluorescence emission spectra of 100 nM MB-pT16 (A), 100 nM DiPy-pT16 (C), and the 50 
nM equimolar mixture of 5′Py-pT16 with 3′Py-pT16 (D) in the absence and presence of 0.050, 0.10, 
0.20, 0.40, 0.80, 1.6, 3.2, 6.4, 12.8, 25.6, 51.2, and 102.4 μM AgNO3. (B) Plots of the relative fluores-
cence change in TMR at 578 nm against the concentration of AgNO3 for 100 nM (black square), 500 
nm (red circle), 2500 nM (blue uptriangle) MB-pT16. The reaction conditions are the same as those 
for Figure 1. The excitation wavelengths for TMR and pyrene were set at 557 and 347 nm, respec-
tively. The excitation and emission slit bandwidths were both set at 5 nm. F0 and F were the fluo-
rescence intensities of MB-pT16 at 578 nm in the absence and presence of AgNO3, respectively. 

To determine whether both ends of the MB-pT16 probe are in close proximity via the 
formation of either intramolecular or intermolecular T-Ag+-T modes, another two probes 
were designed, in which TMR and BHQ2 were individually labeled at the 
5′-(5′TMR-pT16) and 3′-(3′BHQ2-pT16) termini of pT16, respectively (Table 1). When an 
equimolar mixture of the two probes was titrated with AgNO3 solution, the fluorescence 
intensity of 5′TMR-pT16 would be quenched to about half by 3′BHQ2-pT16 if the T-Ag+-T 
base pairs were formed via intermolecularly folding pT16. Conversely, the fluorescence 
intensity of 5′TMR-pT16 would not change in the event of intramolecular formation of 
the T-Ag+-T base pairs, whether mixed with quencher labeled or unlabeled pT16. The 
fluorescence change in the 50 nM 5′TMR-pT16 solution titrated with AgNO3 is almost the 
same when it is mixed with equimolar unlabeled pT16 or with equimolar 3′BHQ2-pT16 
(Figure S8A,B), though the relative fluorescence of TMR at 578 nm slightly decreases in 
the presence of a high concentration of AgNO3 (~27% at 102.4 μM AgNO3; Figure S8C). 
Collectively, the results show that polyT oligonucleotides are intramolecularly folded via 
cooperative formation of T-Ag+-T. 

It is known that pyrene is a spatially sensitive fluorescent dye, which can form ex-
cimer (excited-state dimer) upon close encounters and emits fluorescence at longer 
wavelengths than monomer [55]. This characteristic of the distance-dependent excimer 
formation of pyrene has been exploited for the DNA single nucleotide polymorphisms 
detection, DNA-binding targets sensing and DNA structure analysis [56–58]. To further 
confirm the cooperative formation of intramolecular T-Ag+-T in polyT oligonucleotide, 
we designed and synthesized another three pT16 oligonucleotide probes having pyrene 
moieties at their 5′- and/or 3′-ends (DiPy-pT16, 5′Py-pT16, and 3′Py-pT16; Table 1). The 

Figure 4. Fluorescence emission spectra of 100 nM MB-pT16 (A), 100 nM DiPy-pT16 (C), and the
50 nM equimolar mixture of 5′Py-pT16 with 3′Py-pT16 (D) in the absence and presence of 0.050, 0.10,
0.20, 0.40, 0.80, 1.6, 3.2, 6.4, 12.8, 25.6, 51.2, and 102.4 µM AgNO3. (B) Plots of the relative fluorescence
change in TMR at 578 nm against the concentration of AgNO3 for 100 nM (black square), 500 nm
(red circle), 2500 nM (blue uptriangle) MB-pT16. The reaction conditions are the same as those for
Figure 1. The excitation wavelengths for TMR and pyrene were set at 557 and 347 nm, respectively.
The excitation and emission slit bandwidths were both set at 5 nm. F0 and F were the fluorescence
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It is known that pyrene is a spatially sensitive fluorescent dye, which can form excimer
(excited-state dimer) upon close encounters and emits fluorescence at longer wavelengths
than monomer [55]. This characteristic of the distance-dependent excimer formation
of pyrene has been exploited for the DNA single nucleotide polymorphisms detection,
DNA-binding targets sensing and DNA structure analysis [56–58]. To further confirm the
cooperative formation of intramolecular T-Ag+-T in polyT oligonucleotide, we designed
and synthesized another three pT16 oligonucleotide probes having pyrene moieties at
their 5′- and/or 3′-ends (DiPy-pT16, 5′Py-pT16, and 3′Py-pT16; Table 1). The effects of
AgNO3 on the fluorescence of 100 nM DiPy-pT16 and the 50 nM equimolar mixture of
5′Py-pT16 and 3′Py-pT16 were investigated in the same manner as that for the above
turn-off molecular beacon. As shown in Figure 4C,D, the monomer emission peaks (at 376
and 397 nm) are observed, which exhibit almost no change when the concentration of Ag+

is lower than the threshold value (40 µM) obtained by UV experiments. However, a new
excimer peak appears at 485 nm for the DiPy-pT16 probe when the concentration of Ag+ is
higher than 40 µM in solution, accompanying a slight increase in monomer fluorescence
intensity. With regards to the equimolar mixture of 5′Py-pT16 and 3′Py-pT16, no excimer
peak is observed, even though the monomer fluorescence intensities increase sharply in
the presence of 51.2 and 102.4 µM AgNO3. The results for this distance-dependent light-
switching probe further confirm that Ag+ ions are cooperatively incorporated into pT16 via
an intramolecular interaction pattern.
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MS is a powerful tool for probing noncovalent interaction between DNA and ligands,
which can provide the ligand binding stoichiometry [59,60]. To further test and verify that
intramolecular T-Ag+-T may be formed, matrix-assisted laser desorption/ionization time-
of-flight mass spectrometry (MALDI-TOF MS) was used to characterize the complex formed
between polyT oligonucleotides and Ag+ in the positive ion mode. As shown in Figure 5A,
sodium-adduct [M+Na]+ and deprotonated sodium–potassium-adduct [M−H+Na+K]+

molecular ions are formed for 100 µM pT16 in the absence of AgNO3. This is a common
phenomenon because nucleic acids are prone to forming sodium and potassium adducts in
MALDI MS [61]. When 100 µM pT16 was mixed with 800 µM AgNO3 (Ag+/base = 0.5),
peaks to the complexes of one pT16-metal adduct with different numbers of Ag+ ions
([M+nAg−nH+Na]+ and [M+nAg−(n+1)H+Na +K]+) are observed with n ranging from
1 to 8 (Figure 5B). There are no signals at the mass/charge ratio (m/z) nearby to 9000
(Figure S9A), which would correspond to the complexes consisting of two pT16 molecules
and a different number of Ag+ ions. For pT8, we similarly observe the peaks to the
complexes of one pT8 molecule and 1−4 Ag+ ions (Figure S9B,C). The results prove that
Ag+ ions interact with polyT oligonucleotides to probably form T-Ag+-T base pairs via an
intramolecular binding fashion.

Based on our above experimental data and discussion, a binding mode of formation
T-Ag+-T base pairs in polyT oligonucleotides induced by Ag+ in solution is conveyed as the
following (Figure 6): Ag+ ions are incorporated into polyT oligonucleotides with significant
difficulty when the concentration of Ag+ is lower than the threshold value. However,
intramolecular T-Ag+-T base pairs would be dramatically formed in a positively cooperative
binding manner once the concentration of Ag+ in solution is higher than the threshold
value, which is independent of the concentration of polyT oligonucleotides. Moreover,
the threshold value is inversely proportional to the length of the polyT oligonucleotides,
which may be due to the flexibility of the polyT oligonucleotides. It is known that the single
strand DNA becomes more flexible as the length of DNA increases [62,63], which probably
make it easier to intramolecularly fold polyT. In addition, the threshold value of Ag+ is
20–320 µM for polyT oligonucleotides with a length ranging from 4 to 32 bases, so it would
be difficult to observe Ag+ binding with T nucleobase and T-rich/polyT oligonucleotides
in solution when the investigated concentration of Ag+ is lower than the threshold value.

2.3. The Stability of the Intramolecular Ag+-Folded PolyT Oligonucleotide

Thermal denaturation methods are widely used to characterize the stability of the
duplex DNA containing natural base pairs or/and metal-mediated base pairs [14,64]. To
determine the thermal stability of the intramolecular polyT-Ag+ complex, we measured
the melting temperature (Tm) of pT16 in the presence of Ag+. Compared with the Tm of
the hybridized duplex between pT16 and complementary pA16 in the presence of 50 mM
Na+ and 10 mM Mg2+ (Tm = 48.1 ◦C), Figure 7 shows that there is an obvious increase
in the melting temperature of pT16 in the presence of 320 µM AgNO3 (Tm = 61.9 ◦C,
∆Tm = 13.8 ◦C). The results demonstrate that Ag+ ions increase the thermal stability of
polyT oligonucleotides once cooperative formation of intramolecular T-Ag+-T base pairs
has occurred.

Though the stability of the intramolecular polyT-Ag+ complex is very high, we are
interested in knowing whether the Ag+-induced folding of polyT is reversible. Cysteine is a
well-known Ag+ chelator and has been used to inhibit the formation of G-Ag+-G base pairs
in DNA [65]. MB-pT16 was repeatedly titrated with AgNO3 and then L-cysteine solutions.
As shown in Figure S10, the fluorescence intensity can be recovered to its initial state
upon the addition of L-cysteine to the Ag+-folded MB-pT16, indicating that the structure is
unfolded. Moreover, multiple cycling is possible by means of investigating the effect of
sequential additions of AgNO3 and L-cysteine on the fluorescence of MB-pT16. The results
suggest that the intramolecular folding of polyT oligonucleotides induced cooperatively by
Ag+ ions can be reversibly modulated by the addition of L-cysteine.
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Figure 7. Thermal denaturation curves of 2.5 µM hybridized pT16-pA16 duplex (black) and 5.0 µM
pT16 in the presence of 320 µM AgNO3 (red). The sample for pT16 under Ag+ was prepared in
10 mM Tris-HAc buffer at pH 7.0, and the hybridized pT16-pA16 duplex in 10 mM Tris-HCl, 50 mM
NaCl, 10 mM MgCl2 pH 7.5.

3. Materials and Methods
3.1. Chemicals and Reagents

The oligonucleotides used in this work were synthesized by Sangon Biotech Co.
Ltd. (Shanghai, China) and purified by ULTRAPAGE or HPLC, some of which were
fluorescently labeled with a fluorophore and/or a quencher at the specified position.
The qualities of all synthesized oligonucleotides were checked by mass spectrometry.
The lyophilized oligonucleotides were initially dissolved in sterilized ultrapure water to
about 100 µM as stock solutions and stored in refrigerator at −20 ◦C. Further dilutions
were carried out in the appropriate buffer. The concentration of the oligonucleotides
was presented as single-strand form unless otherwise specified, which was determined
by the absorbance at 260 nm with Nanodrop 2000 (Thermo Scientific, Wilmington, DE,
USA). Tris(hydroxymethyl)aminomethane (Tris) and acetic acid (HAc) were purchased
from Amresco (Solon, OH, USA) and Fisher Scientific (Pittsburgh, PA, USA), respectively.
AgNO3 and HgCl2 were obtained from National Pharmaceutical Group Chemical Reagent
Co. (Beijing, China). All these chemical reagents were analytical grade and directly used as
received without further purification. Ultrapure water with 18.2 MΩ·cm was obtained from
a Purelab Ultra Elga Lab water system (VWS Ltd., High Wycombe, Bucks, UK) and was
sterilized before using to prepare solution. All work solutions were prepared in Tris-HAc
buffer (10 mM, pH 7.0) unless otherwise specified.

3.2. UV Spectroscopy Measurement

UV spectroscopy experiments were performed on a SHIMADZU UV-1900 UV-Vis
spectrophotometer (Tokyo, Japan) at room temperature. The oligonucleotide samples
(2 mL) were diluted to the indicated concentration in 10 mM Tris-HAc buffer at pH 7.0.
For Ag+ titration experiments, aliquots of AgNO3 were added to the aqueous solution and
mixed to the desired concentration by using the pipettes. Spectra were recorded over a
wavelength range from 350 to 200 nm with scan rate at 200 nm/min and data interval for
1 nm after incubating each sample for 2 min. A 10 mm optical path length quartz cuvette
was used for UV-Vis measurement.
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3.3. CD Spectroscopy Analysis

CD spectra were recorded on a JASCO J-815 spectrophotometer (Tokyo, Japan) at
room temperature. DNA solutions (5.0 µM) were prepared in 10 mM Tris-HAc buffer at
pH 7.0. Aliquots of AgNO3 were added and mixed to the desired concentration in the
aqueous solution by using the pipettes, and then the mixtures were incubated at room
temperature for 2 min before CD measurements. The recorded wavelengths were set at
the range from 220 nm to 350 nm, and the scan rate was set at 100 nm/min. The response
time and bandwidth was 1 s and 0.5 nm bandwidth, respectively. Quartz cuvette with
10 mm × 10 mm path length was used for CD measurement. The spectra were averaged
over 3 successive scans.

3.4. Fluorescence Spectroscopy Assay

The fluorescence measurements were conducted on a JASCO FP-8300 spectrofluorom-
eter (Tokyo, Japan) or a HORIBA Fluoromax-4 spectrofluorometer (Edison, NJ, USA). For
TMR dye, the fluorescence spectra were recorded over wavelength range from 565 to 650 nm
with an excitation wavelength at 557 nm. For pyrene molecule, the fluorescence spectra
were recorded over wavelength range from 357 to 620 nm with an excitation wavelength
at 347 nm. The excitation and emission slit bandwidths were both set at 5 nm for 100 nM
probe, at 5 nm and 2.5 nm, for 500 nM probe, and both at 2.5 nm for 2.50 µM probe, respec-
tively. The scan rate and response time were set at 200 nm/min and 1.0 s, respectively. The
oligonucleotide probe was diluted to the indicated concentration in 10 mM Tris-HAc buffer,
pH 7.0. The oligonucleotide probe solution (2 mL) was titrated by directly adding aliquots
of Ag+ into the quartz cell (10 mm × 10 mm) with micropipette. Fluorescence spectrum
was recorded after fully mixing Ag+ with the probe solution and incubating for 2 min.

3.5. Thermal Melting (Tm) Analysis

Melting temperatures (Tm) were determined from the changes in absorbance at 260 nm
as a function of temperature in a 10 mm path length quartz cuvette on a SHIMADZU UV-
1900 UV-Vis spectrophotometer equipped with a temperature control system. Solutions of
Ag+-folded polyT16 in 10 mM Tris-HAc, pH 7.0 aqueous buffer was firstly equilibrated at
10 ◦C for 5 min, and then slowly ramped to 90 ◦C with 1 ◦C steps at rate of 1 ◦C/min. Tm
values were calculated as the first derivatives of the heating curves.

3.6. Mass Spectroscopy (MS) Detection

Matrix-assisted laser desorption/ionization mass spectrometry (MALDI-TOF-MS)
experiments were performed on a Bruker Autoflex III Smartbeam mass spectrometer
(Bruker Daltonics, Bremen, Germany). The matrix was prepared by dissolving 15 mg
anthranilic acid (AA), 7.5 mg nicotinic acid (NA), and 30 µL 10 mM diammonium hydrogen
citrate (DHC) in 250 µL acetonitrile and 150 µL sterilized ultrapure water. The samples
were pretreated by mixing the pT16 or pT8 (100 µM) without/with AgNO3 (800 or 400 µM)
in 10 mM Tris-HAc buffer at pH 7.0. Then the sample was firstly deposited on a 384
Anchor-Chip MALDI target plate (Bruker Daltonics, Billerica, MA, USA). After the samples
were dried, the same volume of matrix was deposited on the sample for crystallization. The
recorded mass to charge (m/z) was set at the range from 3000 to 10,000 in the linear positive
ion mode, and the laser energy was set at 76%. For each measurement, mass spectrometry
data were obtained by 2000 laser shots.

3.7. Hill–Langmuir Equation

The Hill–Langmuir equation is useful in determining the degree of cooperativity of
the ligand binding to the macromolecule. The obtained Hill coefficient (n) provides a way
to quantify the degree of interaction between ligand binding sites. The receptor (R), polyT
oligonucleotide here, has n potential binding sites for ligand Ag+ to bridge formation
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T-Ag+-T base pairs. The binding of Ag+ to polyT oligonucleotide can be represented by the
chemical equilibrium expression:

R + nL↔ RLn (1)

The apparent dissociation constant Kd is given by:

Kd =
[R]× [L]n

[RLn]
(2)

At the same time, θ, the ratio of the concentration of occupied polyT oligonucleotide
to total concentration of polyT oligonucleotide, is given by:

θ =
[RLn]

[RLn] + [R]
(3)

By using the above expression for the dissociation constant, we can replace [RLn] to
yield a simplified expression for θ:

θ =
[L]n

Kd + [L]n
(4)

4. Conclusions

In summary, we find that Ag+ ions can interact with polyT oligonucleotides when
the concentration of Ag+ in solution is over a threshold value. Ag+ ions are incorporated
into polyT oligonucleotides via a positively cooperative binding mode to form recently
discovered novel T-Ag+-T base pairs, which are well stacked similar to Watson–Crick base
pairs in duplex DNA and T-Hg2+-T in polyT oligonucleotide. Furthermore, fluorescent
probe studies and mass spectrometry analysis prove that polyT oligonucleotides are folded
by forming intramolecular T-Ag+-T base pairs with 5′-and 3′-termini of a single polyT
molecule in close proximity. The threshold value for the cooperative formation of T-
Ag+-T is independent of the concentration of polyT oligonucleotides, but is inversely
proportional to the length of polyT oligonucleotides. The thermal stability of Ag+-folded
polyT oligonucleotides is significantly enhanced once intramolecular T-Ag+-T base pairs
are cooperatively formed. The structure of the random-coiled and Ag+-folded polyT
oligonucleotide is reversibly regulated by L-cysteine. This finding is potentially applicable
to the study of DNA-based silver nanoclusters and DNA nanotechnology.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27227842/s1, Figure S1: UV absorption spectra of
2.5 µM pT16 (red curve), 2.5 µM pA16 (green curve) and hybridized mixture (blue curve) of 2.5 µM
pT16 with equimolar pA16; Figure S2: (A) UV absorption spectra of 5.0 µM pT16 in the absence and
presence of 2.5, 5.0, 10, 20, 40, 80, 160 and 320 µM HgCl2. (B) Plots of the relative absorbance change
(left, black) and wavelength (right, blue) at the maximum absorption against the concentration of
HgCl2 for pT16 solutions at 5.0 µM (square); Figure S3: UV absorption spectra of 1.0 µM (A) and
15 µM (B) pT16 in the absence and presence of 2.5, 5.0, 10, 20, 40, 80, 160 and 320 µM AgNO3; Figure
S4: Plots of the bound fraction against the concentration of AgNO3 for 1.0 µM pT16 (black square) and
5.0 µM pT16 (red circle); Figure S5: UV absorption spectra of 5.0 µM pT4 (A), pT8 (B) and pT32 (C) in
the absence and presence of 2.5, 5.0, 10, 20, 40, 80, 160 and 320 µM AgNO3. (D) Plots of absorbance
change (left, black) and wavelength (right, blue) at the maximum absorption against the concentration
of AgNO3 for 5.0 µM pT4 (star), pT8 (uptriangle), pT16 (circle) and pT32 (square); Figure S6: Plots
of the bound fraction against the concentration of AgNO3 for 2.5 µM pT32; Figure S7: Fluorescence
emission spectra of 500 nM (A) and 2.5 µM (B) MB-pT16 in the absence and presence of 0.5-fold,
1-fold, 2-fold, 4-fold, 8-fold, 16-fold, 32-fold, 64-fold, 128-fold, 256-fold and 512-fold AgNO3; Figure
S8: Fluorescence emission spectra of the mixture of 50 nM 5’TMR-pT16 with equimolar 3’BHQ2-pT16
(A) or unlabeled pT16 (B) in the absence and presence of 0.050, 0.10, 0.20, 0.40, 0.80, 1.6, 3.2, 6.4, 12.8,
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25.6, 51.2 and 102.4 µM AgNO3. (C) Plots of the relative fluorescence change of TMR at 578 nm against
the concentration of AgNO3 for the mixture of 50 nM 5’TMR-pT16 with equimolar 3’BHQ2-pT16
(red circle) or unlabeled pT16 (black square); Figure S9: Positive MALDI-TOF/MS spectra of 100 µM
pT16 in the presence of 800 µM AgNO3 in a wider molecular weight range (A) and 100 µM pT8 in
the absence (B) and presence (C) of 400 µM AgNO.; Figure S10: Cycling of the folding and unfolding
of 100 nM MB-pT16 through monitoring the relative fluorescence of TMR at 578 nm.
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