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Abstract
The interaction of metal ions with nucleic acids was studied by determining the initial binding sites of Ag+ ions at unmodi-
fied B-DNA by NMR spectroscopy. In particular, NMR spectra were recorded of the Dickerson-Drew dodecamer sequence 
in the presence of different ratios of Ag+ ions to DNA. The data indicate that the coordination of the first three Ag+ ions per 
duplex preferentially takes place inside the B-DNA helix rather than at other possible binding sites such as the negatively 
charged phosphate backbone and/or the endocyclic N7 position of purine residues. Larger DNA aggregates are formed in 
the presence of excess Ag+ ions, as indicated by the formation of a precipitate and by significant changes in the circular 
dichroism spectra. As shown by a titration with chloride ions, the Ag+ ions are only loosely bound to the nucleic acids and 
can be released by precipitation of AgCl.

Graphical Abstract

Keywords  CD spectroscopy · NMR spectroscopy · Silver · B-DNA · Metal-mediated base pairs

Introduction

Nucleic acids provide various positions that can interact 
with metal ions in different ways: the negatively charged 
sugar-phosphate backbone is able to coordinate cations 

via electrostatic interactions, making them primary bind-
ing sites for hard cations such as alkaline earth ions [1, 
2]. The nucleobases in turn contain endocyclic nitrogen 
atoms, which can coordinate softer cations. The coordina-
tion via the purine N7 position needs to be emphasized at 
this point. The purine N7 atom has a high electron density, 
is – except for Hoogsteen base pairing – not involved in 
hydrogen bonding, and is easily accessible in the duplex 
via the major groove. These properties make the N7 atom 
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an ideal donor atom for transition metals and hence a likely 
binding site [3]. Probably the most prominent example  
of a DNA-binding metal complex is the antitumor drug 
cisplatin (cis-diamminedichloridoplatinum(II)). It binds to 
the N7 position of purines, preferentially of guanine resi-
dues, initiating a variety of cellular responses that eventu-
ally lead to apoptotic cell death [4–6]. The coordination 
of transition metal cations inside the duplex, i.e., along 
the helical axis, requires the formation of so-called metal-
mediated or metal-modified base pairs [7]. In these base 
pairs, the metal ions are located between two (canonical 
or artificial) nucleobases of complementary DNA strands 
[8, 9]. One prominent example involving canonical nucle-
obases, the Hg2+-mediated thymine:thymine pair, was 
reported already in 1962 (Fig. 1a) [10]. Around the same 
time, research into the interaction of Ag+ ions with nucleic 
acids was also initiated [11–15]. This work culminated in 
the discovery of several Ag+-mediated base pairs within 
DNA and RNA duplexes, involving cytosine, guanine, thy-
mine, and for modified DNA also deazapurine residues as 
ligands (Fig. 1) [16–20].

Interestingly, Ag+-mediated base pairs are highly versatile. 
In the solid state, essentially all canonical nucleobases except 
for adenine are established as components of Ag+-mediated 
base pairs, namely C–Ag+–C, G–Ag+–G, T–Ag+–T, and 
G–Ag+–C [18, 19]. In solution, A–Ag+–C pairs involving 
adenine were additionally reported [22, 23]. The fact that 
both homo and hetero base pairs can be mediated by Ag+ 
ions impedes a straightforward design of the oligonucleotide 
sequence. For example, a sequence designed to contain ten 
canonical Watson-Crick pairs and two C–Ag+–C pairs crys-
tallized as an extended metallo-DNA nanowire of contigu-
ous Ag+-mediated base pairs and bulged-out adenine residues 
[18]. A subsequent study correlated the formation of such 
duplexes containing contiguous Ag+-mediated base pairs 

with a characteristic pattern in the CD spectrum with entirely 
negative ellipticity, except for a small positive Cotton effect 
at ca. 310 nm [19]. Very similar CD spectra were reported 
for duplexes composed of continuous Ag+-mediated homo 
base pairs of the canonical nucleobases [24–26]. It, therefore, 
appears obvious that a DNA duplex of any sequence may rear-
range into a duplex of contiguous Ag+-mediated base pairs, 
provided that sufficient Ag+ ions are available. This poses 
a challenge for the development of new Ag+-mediated base 
pairs composed of artificial nucleobases with an increased 
Ag+-binding affinity, as these are typically applied as individ-
ual pairs embedded into longer stretches of canonical Watson-
Crick pairs. In fact, the addition of excess Ag+ to duplexes 
containing such high-affinity binding sites in some cases also 
leads to the formation of nucleic acids with CD spectra similar 
to the ones mentioned above [27]. Hence, it is important to 
investigate the transformation of a regular B-DNA duplex to 
a duplex with contiguous Ag+-mediated base pairs. Towards 
this end, it is imperative to identify the initial Ag+-binding 
sites on a regular B-DNA duplex. This information will help 
to understand how B-DNA rearranges into a duplex with con-
tiguous Ag+-mediated base pairs.

Early reports from the 1960s on the complexing of DNA 
by Ag+ ions classify three types of binding, based on spec-
trophotometric and potentiometric experiments: at a low 
Ag+ to nucleobase ratio r of < 0.2, a high binding affin-
ity is reported (type I binding). As no protons are released 
from the DNA at this stage, a binding to the purine N3 or 
N7 atoms or the formation of a π complex with Ag+ being 
sandwiched between neighbouring nucleobases was sug-
gested [14, 28] and a binding to the phosphate groups was 
deemed unlikely [11]. With increasing ratio (0.2 < r < 0.5), 
additional binding sites with lower affinity are occupied, 
accompanied by the release of protons (type II binding). This 
points towards the formation of metal-modified base pairs. 

Fig. 1   Structural representation 
of various crystallographically 
established metal-modified 
and metal-mediated base pairs: 
A T–Hg2+–T [21]; B C–Ag+–C 
[17]; C G–Ag+–C with Ag+ 
binding via the Watson-Crick 
edge [18]; D G–Ag+–C with 
Ag+ binding via the Hoogsteen 
edge [19]
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Finally, at ratios >0.5, more complex adducts are formed 
(type III binding) [11, 14]. Depending on the pH, type I and 
type II binding may occur consecutively (acidic conditions) 
or simultaneously (slightly alkaline conditions) [14]. Appar-
ently, DNA rich in G:C pairs is affected to a larger extent by 
Ag+-binding than A:T-rich DNA [15].

The present study investigates for the first time the bind-
ing of Ag+ ions to a short synthetic DNA oligonucleotide 
duplex. Due to its self-complementarity and because its 
structure is well established, the Dickerson-Drew dode-
camer d(CGC​GAA​TTC​GCG​) (DD12) was chosen [29]. 
It contains more G:C than A:T pairs, so according to the 
reports from the 1960s it should be affected by the presence 
of Ag+ ions. However, it is important to note that conclu-
sions based on the investigation of polymeric DNA cannot 
necessarily be transferred to short oligonucleotides, as the 
latter have a larger share of terminal base pairs which tend to 
fray [30, 31], leading to different accessibility for metal ions. 
Nevertheless, as most current studies on the metal-binding 
properties of DNA make use of short oligonucleotides, their 
investigation in this respect is highly relevant.

Materials and methods

General

The Dickerson-Drew dodecamer DD12 [29] and the MOPS-
d15 buffer were purchased from Eurogentec and EQ Labo-
ratories GmbH, respectively, and used without any further 
purification.

CD spectroscopy

CD spectra were recorded at a J-815 CD-spectrometer 
(Jasco) at 20 °C with a scan rate of 200 nm/min and a data 
interval of 0.1 nm with a five-fold accumulation. A base-
line correction was applied by subtracting a blank measure-
ment (buffer and NaClO4 solution only) from the measured 
values. During Ag+ titration, AgNO3 was added from an 
aqueous stock solution (1.25 mM) to the sample containing 
5 mM MOPS (pH 6.8), 150 mM NaClO4, 2.5 µM dsDNA. 
CD spectra were analysed using OriginPro 2024 0.1.0.170 
(OriginLab Corporation).

NMR spectroscopy

NMR spectra were recorded on a Bruker AVANCE NEO 
600 MHz spectrometer at 298.0 K, using a QCI cryo probe. 
Excitation sculpting for water suppression was used in 1D 
1H and 2D-[1H,1H] NOESY NMR spectra (90% H2O/10 % 
D2O). 1D 1H NMR spectra were recorded with a relaxation 
delay of 2 s, 65536 points, and 128 scans using zgesgp or zg 

pulse programs. 1D 31P NMR spectra were recorded with 
composite pulse decoupling, using a 30° pulse, 2 s relaxation 
delay, 16384 points, and 1024 scans using the zgpg30 pulse 
program. 2D [1H,1H]-NOESY NMR spectra were recorded 
with a mixing time τm of 250 ms, 2 s relaxation delay and 
4096×256 complex points.

[1H,1H]-TOCSY spectra necessary for the assignment 
of the resonance were recorded with a mixing time of 80 
ms, 2 s relaxation delay, and 4096×256 complex points. 
[1H,1H]-DQF-COSY spectra necessary for the assignment 
of the resonance were recorded with a relaxation delay of 1.5 
s, and 8192×256 complex points. 1H NMR chemical shifts 
were referenced externally to 0.5 mM 3-trimethylsilylpro-
pane sulfonic acid (DSS) in water (δH = 0 ppm), and 31P 
NMR chemical shifts are reported relative to 85 % H3PO4 
in water. NMR samples were prepared in H2O/D2O (10%) 
or D2O (100%) depending on the experiment with following 
concentrations: 0.5 mM dsDNA, 100 mM MOPS-d15 (pH 
6.8), 150 mM NaClO4; 1.0 mM dsDNA, 100 mM MOPS-d15 
(pH 6.8), 150 mM NaClO4; 2 mM dsDNA, 200 mM MOPS-
d15 (pH 6.8), 150 mM NaClO4. Stock solutions of AgNO3 
(50 mM) and NaCl (25 mM or 3.24 M) were prepared in 
D2O and added to the samples for titration. NMR spectra 
were processed and analysed using MestReNova 15.0.0 
(Mestrelab Research) and Sparky (UCSF) software. The 1H 
NMR resonances of the DD12 duplex in the absence of Ag+ 
ions were assigned completely. The assignment is in agree-
ment with that reported in the literature [32–34].

Results and discussion

A strong influence of excess Ag+ ions on the structure of 
DNA oligonucleotides was reported by several groups, 
irrespective of whether DNA duplexes with canonical base 
pairs [19], homo-base DNA oligonucleotides without the 
ability to form hydrogen-bond mediated base pairs [12, 24], 
DNA duplexes with a defined number of mismatches [26], 
or even DNA quadruplexes were investigated [35]. The bind-
ing of significant amounts of Ag+ ions to B-DNA results in 
the formation of a species with an increased melting tem-
perature [36] and a characteristic CD-spectroscopic pattern 
(vide infra) [19, 25, 26]. This phenomenon is also observed 
for the DD12 examined here. With increasing equivalents 
of Ag+ ions, a drastic change is observed in the CD spec-
trum (Fig. 2). Such a change can only be due to a signifi-
cant structural rearrangement of the DNA double helix. 
While the minimum at ca. 255 nm evolves into a maximum 
with increasing amounts of Ag+ (indicated by an ellipse in 
Fig. 2), the global minimum at ca. 270 nm and the global 
maximum at ca. 285 nm both shift to higher wavelengths 
(to ca. 280 nm and ca. 305 nm, respectively) and decrease 
in intensity (indicated by arrows). After the addition of 120 
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Ag+ ions per duplex, the CD spectrum shows only negative 
molar ellipticities above 220 nm, which is in good agree-
ment with earlier studies (vide supra). This change in the 
oligonucleotide structure does not correlate linearly with 
the amount of Ag+ ions. Instead, only minor changes are 
observed in the CD spectrum up to the addition of 4 Ag+ 
ions per duplex. From 4 Ag+ ions per duplex onwards, the 
structural change per added Ag+ ion is more significant until 
approximately 12 Ag+ ions per duplex are added. This obser-
vation leads to the conclusion that a B-DNA-type duplex is 
still predominant for up to 4 Ag+ ions per duplex. Then, a 
significant structural change takes place upon the addition of 
further Ag+ ions until 12 Ag+ ions per duplex (i.e., one Ag+ 
per base pair) are present. Excess Ag+ only leads to gradual 
additional changes.

While the interaction of DNA oligonucleotides (with or 
without artificial chemically modified building blocks) with 
Ag+ ions has been widely studied [13, 19, 20], we still lack 
detailed knowledge of the initial binding sites of unmodified 
DNA duplexes towards Ag+ ions. Therefore, the question 
arises which building blocks of a DNA duplex are involved 
in the initial interaction between B-DNA and Ag+ ions or, 
to put it differently, which are the initial binding sites of a 
DNA duplex interacting with Ag+ ions. In addition to being 
relevant from a fundamental chemistry point of view, this 
knowledge is also important when it comes to the design 
of nucleic acids with Ag+-mediated base pairs involving 
artificial nucleobases [27], because once all pre-designed 
Ag+-binding sites are saturated, additional Ag+ will start 
interacting with the remaining parts of the DNA duplex. 
To answer this question, we chose NMR spectroscopy as 
a well-established powerful method to gain information 

on structures in solution, as widely applied including in 
bioinorganic contexts [37–39]. Hence, the interaction of the 
Dickerson-Drew dodecamer, which adopts a B-DNA duplex 
topology in solution [40, 41], with Ag+ ions was investi-
gated by NMR spectroscopy. This work provides informa-
tion about the interaction of Ag+ ions with nucleic acids and 
contributes to the general understanding of the interaction 
of nucleic acids with metal ions.

1D- and 2D-NMR experiments were performed at differ-
ent ratios of Ag+:DNA. Most data were collected in the pres-
ence of three Ag+ ions per duplex because the CD spectra 
indicate very minor structural changes at this ratio (Fig. 2). 
The 1H NMR signals of the DD12 sequence in the absence 
of Ag+ ions were assigned completely and are in agreement 
with previous literature reports [32–34], and provide a fun-
dament for assigning the changes upon the addition of Ag+ 
ions.

Due to the self-complementarity of the DD12 sequence, a 
symmetric structure is adopted and the number of NMR sig-
nals is reduced. The numbering scheme of the nucleobases 
(Fig. 3) used in this work includes the number of the respec-
tive nucleobase, indication of its location in the sequence, 
followed by the number of the proton based on the IUPAC 
numbering scheme for purine and pyrimidine bases [43].

General coordination and release of Ag+ ions

As can be seen from the 1H NMR spectra of DD12, the 
signal intensity decreases drastically with increasing 
amounts of Ag+ ions (Fig. 4A). This results in an almost 
complete disappearance of 1H NMR signals for 12 Ag+ ions 
per duplex, i.e., one metal ion per base pair. Additionally, 
the signals are subject to line broadening which leads to a 
decrease in resolution and to a more difficult and less clear 
assignment. A qualitative comparison of the different spectra 
shows that three Ag+ ions per duplex represent the high-
est amount of Ag+ for which the NMR spectra still can be 
reasonably analysed. In the presence of more than 12 Ag+ 
ions per duplex, the oligonucleotides start to aggregate into 
larger structures, as can be deduced from the starting turbid-
ity of the solution. In the presence of a larger excess of Ag+ 
ions, the larger oligonucleotide structures precipitate from 
the solution (Fig. 4B). Similar observations of precipitating 
DNA aggregates in the presence of Ag+ ions were published 
recently by Kondo et al. [19]. They identified the precipitate 
as Ag+-DNA rods interconnected via Ag+-mediated base 
pairs.

Due to the poor solubility of AgCl in water (solubility 
product of 1.8 · 10–10 mol2 L–2 [44]), the Ag+ ions bound 
to the DNA can be removed under the millimolar con-
centration conditions used in the NMR experiments via 
the addition of chloride ions, leading to an instantaneous 
precipitation of AgCl (Fig. 5). This indicates a rather loose 

Fig. 2   Set of CD spectra of the DD12 duplex with different amounts 
of Ag+ ions. The arrows point to the maxima and minima that change 
significantly with the addition of Ag+ ions and indicate the direction 
of the changes. The ellipse indicates the change from a local mini-
mum to a local maximum. Experimental conditions: 5.0 µM dsDNA, 
5 mM MOPS (pH 6.8), 150 mM NaClO4, AgNO3
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binding of Ag+ ions to the DNA. In a similar way, chlo-
ride ions had been used to remove Ag+ ions from artificial 
imidazole–Ag+–imidazole base pairs within a DNA duplex 
[45]. The Ag+ ions can be removed stepwise, depending on 
the amount of chloride added to the solution. Even large 

amounts of Ag+ ions can be removed almost quantitatively 
from the DNA, and the DNA duplex signals in the 1H 
NMR spectrum are restored. This is not a general phenom-
enon: chloride ions are not necessarily able to remove Ag+ 
ions from silver-mediated base pairs. Seela et al. described 

Fig. 3   The numbering scheme 
is used for the nucleobase 
protons. A Proton 5 of cytosine 
1 and B the Dickerson-Drew 
dodecamer sequence and its 
structure in solution. The figure 
was generated from PDB entry 
2DAU [33] by using the pro-
gram UCSF Chimera [42]

Fig. 4   A 1H NMR spectra of DD12 in the presence of different 
amounts of Ag+ ions and B precipitation of DNA aggregates in the 
Shigemi NMR tube upon the addition of 84 Ag+ ions per duplex. 
Experimental conditions: H2O/10% D2O, 150  mM NaClO4, 0 – 12 

Ag+ per duplex: 100 mM MOPS-d15 (pH 6.8), 0.5 mM dsDNA (A); 
84 Ag+ per duplex: 200 mM MOPS-d15 (pH 6.8), 2 mM dsDNA (A, 
B)
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for their investigated artificial metallo base pair (a homo 
base pair of the 8-aza-7-deazaadenine N8-2’-deoxyribo-
nucleoside) that only iodide was able to remove the Ag+ 
ions completely. In contrast, chloride showed no effect on 
the Ag+-mediated base pair [36]. However, those experi-
ments were performed at micromolar concentrations, so 
that precipitation was not expected based on the solubility 
product.

Possible initial binding sites

In principle, nucleic acids provide various possibilities for 
an interaction with metal ions:

	 I.	 electrostatic interactions with the negatively charged 
sugar-phosphate backbone

	 II.	 coordination to the N7 position of purine bases
	 III.	 formation of metal-mediated base pairs via the Wat-

son-Crick edge
	 IV.	 formation of metal-mediated base pairs via the Hoog-

steen edge

Since the binding of Ag+ ions to B-DNA is based on sev-
eral dynamic processes running in parallel, binding sites that 
are in principle known for Ag+ ions but occur less frequently 
and are therefore less relevant are not considered further. 
These include the coordination of Ag+ ions by keto groups 
or amino groups of cytosine and thymine, as described for 
a series of homo base pairs in the solid state [46]. In the 

Fig. 5   A Precipitated AgCl 
clearly visible by the naked eye 
and stacked 1H NMR spectra 
of DD12 before the addition 
of Ag+ ions, with 84 Ag+ ions 
per duplex, and the restored 
DD12 signals after the addition 
of Cl–. B Stepwise release of 
the Ag+ ions depending on the 
amount of added Cl– and step-
wise recovery of the original 
DD12 signals (marked by blue 
boxes). Only the chemical shift 
range of the imino protons is 
shown. Experimental condi-
tions: H2O/10% D2O, 150 mM 
NaClO4, A 200 mM MOPS-d15 
(pH 6.8), 2 mM dsDNA, B 100 
mM MOPS-d15 (pH 6.8), 0.5 
mM dsDNA
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following, we consider the four binding modes relevant to 
the solution as mentioned above and analyse the NMR spec-
troscopic data obtained from the titration of DD12 with Ag+ 
ions.

Electrostatic and non‑specific binding to the phosphate 
groups of the nucleic acid backbone

Electrostatic binding of the Ag+ ions to the phosphate groups 
is expected to have a strong influence on the 31P NMR reso-
nances (– 0.7 to – 1.9 ppm) and, to a lesser extent, on the 1H 
NMR resonances due to the deoxyribose hydrogen atoms. 
The binding of metal ions should withdraw electron density 
and thus cause a downfield shift of the resonances. Since 
the phosphate backbone extends over the entire strand and 
all phosphate residues should be equally accessible, non-
specific binding of the Ag+ ions would be expected. Given 
the presence of only three Ag+ ions per DD12 duplex, this 
translates into a statistical distribution over the backbone 
and therefore all affected signals should be shifted to a 
similar extent. The 1H NMR resonances associated with the 
nucleobases should only be marginally influenced.

As can be seen from Fig. 6, the 31P NMR resonances 
of the DNA are not influenced significantly by the addi-
tion of Ag+ ions. When compared to the spectrum in the 
absence of Ag+ ions, no significant change in the chemical 
shifts or dominant appearance of a second set of signals at 
different chemical shift is observed. This is not surprising, 
as the binding of soft metal cations such as Ag+ by soft 
donor atoms, such as nitrogen, is favoured [13]. However, 

a decreasing signal intensity and line broadening should be 
noted. As a result, only a single broad signal is detected upon 
the addition of 12 Ag+ ions per duplex. This observation is 
consistent with the general trend of line broadening and loss 
of signal intensity in the presence of Ag+ ions. Nevertheless, 
a low and broad signal set centring around –1.8 ppm appears 
upon the addition of Ag+ ions with very low but increasing 
intensity with increasing amounts of Ag+ ions. As will be 
shown in the following, the binding of Ag+ ions to DD12 
is subject to several subprocesses running in parallel and 
contributes to the overall binding process to varying degrees. 
Due to the high complexity, this work will focus on major 
contributions only.

Further evidence against the hypothesis of electrostatic 
binding of Ag+ ions to the phosphate backbone is provided 
by the significant changes observed for the 1H NMR signals 
of the nucleobases upon the addition of Ag+. These changes 
include disappearance of signals, the shift of signals, and the 
appearance of a second set of signals. Figure 7 compares the 
[1H,1H] NOESY NMR spectra of DD12 in the absence (grey) 
and the presence of three Ag+ ions per duplex (blue gradient). 
It visualises that the nucleobase proton resonances undergo 
significant changes in chemical shift, while those of the sugar 
protons are less affected. The most intense effect of the addi-
tion of Ag+ on the resonances is observed for the sugar protons 
H2’ and H2’’, some of them show the appearance of additional 
cross peaks with the aromatic protons of the nucleobases in 
the presence of three Ag+ ions per duplex, which unfortunately 
cannot be assigned unequivocally to particular nucleobases 
due to broad and overlapping signals. Marginal changes in the 

Fig. 6   A Stacked 31P NMR spectra of DD12 in the presence of 
increasing amounts of Ag+ ions and B detail of a selected region (red 
box) of the 31P NMR spectra. Experimental conditions: H2O/10% 

D2O for 1 – 12 Ag+ per duplex; D2O for 0 Ag+ per duplex, 150 mM 
NaClO4, 100 mM MOPS-d15 (pH 6.8), dsDNA: 1 mM for 0 – 3 Ag+ 
per duplex; 0.5 mM for 12 Ag+ per duplex
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sugar pucker, which might be induced by the larger steric bulk 
of an Ag+ ion compared to a proton, might be responsible for 
these new signals. Hence, the appearance of additional signals 
for a few nucleobases does not necessarily indicate the direct 
coordination of Ag+ ions by the sugar-phosphate backbone but 
might result from an altered sugar pucker due to the coordina-
tion of Ag+ ions to nearby binding sites (vide infra).

Taking into consideration the HSAB concept, it is quite 
unlikely that soft cations such as Ag+ ions are electrostati-
cally bound by the negatively charged phosphate backbone 
as the endocyclic heteroatoms of the nucleobases represent 
softer and readily available coordination sites. According 
to literature reports, Ag+ ions do not interact with either 
the phosphate backbone or the sugar residues. Coordination 
occurs exclusively through the nucleobases [47].

Non‑specific binding to sterically accessible nucleobase 
donor atoms, typically purine N7 in the major groove

Other possible initial binding sites are the sterically acces-
sible donor atoms of the nucleobases. Coordination of Ag+ 
ions by the N7 nitrogen atom of purine bases has been 

reported in the literature for both artificial and natural 
nucleobases in model complexes [47]. A coordination by 
the N7 atom, typically accessible via the major groove, 
is expected to result in a statistical contribution over all 
purines of the duplex and hence should lead to similar 
chemical shift changes for the H8 protons of all purine 
residues (per single strand are 4 × guanine and 2 × adenine 
present). As Ag+ ions coordination is labile and hence is a 
dynamic process, the binding of Ag+ ions to the N7 donor 
atoms should result in an overall slight change of chemical 
shift of the 1H NMR resonances. Interestingly, a compari-
son of the [1H,1H] NOESY NMR spectra at 0 and 3 Ag+ 
ions per duplex shows that the H8 protons of guanine and 
adenine residues are hardly affected by the addition of Ag+ 
ions (Fig. 8, red and purple box). However, the signals 
assigned to the protons H5 and H6 of cytosine moieties 
are broadened and slightly shifted downfield, meaning that 
these protons other than purine H8 are clearly influenced 
(Fig. 8, cyan blue box). The fact that the chemical shifts 
of the H1’ and H3’ protons do not change significantly 
indicates that the Ag+ ions are located closer to the nucle-
obases than to the deoxyribose moieties (Fig. 8).

Fig. 7   Overlay of [1H, 1H] NOESY NMR spectra of 0 (grey) and 3 
Ag+ ions per duplex (blue gradient). More significant changes are 
observed in the regions of cross-peaks involving nucleobase protons 

(red box) than in the regions of cross-peaks involving sugar protons 
only (blue box). Experimental conditions: H2O/10% D2O, 100 mM 
MOPS-d15 (pH 6.8), 150 mM NaClO4, 1 mM dsDNA
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From a geometric perspective, Ag+ ions prefer the coor-
dination by two ligands in a linear fashion. Taking into con-
sideration that coordination of Ag+ ions by nitrogen donor 
atoms is expected instead of by oxygen atoms of the keto 
groups, a linear coordination environment is not supported in 
the major groove without significant conformational changes 
of the helical duplex structure. Such a change would become 
manifest in the CD spectrum, which is not the case upon the 
addition of three Ag+ ions per duplex (Fig. 2). Hence, while 
a binding of the Ag+ ions to the nucleobases from the major 
groove cannot be excluded entirely, it is unlikely to be the 
relevant binding mode.

Formation of Ag+‑modified base pairs by replacing a proton 
within a Watson‑Crick pair

Nucleobases are able to form so-called metal-modified base 
pairs by formally substituting a hydrogen bond in a Watson-
Crick base pair by coordinate bonds to a metal ion [7]. These 
are known for various combinations of nucleobases and 
metal cations, including a Ag+-modified guanine cytosine 
base pair (G–Ag+–C) [19].

At the onset of the titration of DD12 with Ag+ ions, 
only minor changes are observed in the CD spectrum. The 
changes become significant in the presence of more than 
three Ag+ ions per duplex. In the case of the formation of 

metal-modified base pairs upon coordination of Ag+ ions, 
large changes in the CD spectrum are not expected as the 
structure of the double helix should essentially be preserved 
[47]. The absence of large changes in the CD spectrum is 
not an unequivocal indication for the formation of metal-
modified base pairs, as this phenomenon is also expected 
for non-specifically bound Ag+ ions, potentially interacting 
with bound Ag+ ions, either by phosphate groups or donor 
atoms exposed in the major group. However, these two bind-
ing modes were deemed to be insignificant based on the 
NMR data to be the dominating processes (vide supra). In 
the following, we will take a closer look at the resonances of 
various protons of the nucleobases and their changes upon 
the addition of Ag+ ions.

The H1 imino proton of the terminal guanine residue G12 
and the H41 amino proton of its complementary cytosine 
nucleobase C1, both of which are involved in the forma-
tion of one hydrogen bond each, are not observed by NMR 
spectroscopy due to the fraying of the double helix and 
concomitant breaking of the hydrogen bonds, resulting in a 
rapid exchange with the solvent protons. Hence, only three 
of the four G:C base pairs can be observed by 1H NMR 
spectroscopy, namely, G2:C11, C3:G10 and G4:C9. A more 
detailed examination of the imino proton region of the 1H 
NMR spectra (14.0 – 12.0 ppm) reveals that the signals of 
the nucleobases thymine and guanine are already affected 

Fig. 8   Overlay of [1H, 1H] NOESY NMR spectra of 0 (grey) and 3 
Ag+ ions per duplex (blue gradient). H8 protons of adenine (red box) 
and guanine (purple box) residues do not show significant changes. 
In contrast, cytosine residues H5 and H6 (cyan-coloured box) with 

significant changes and thymine residues H6 (orange box) with pre-
served original signals. Experimental conditions: H2O/10% D2O, 100 
mM MOPS-d15 (pH 6.8), 150 mM NaClO4 and 1 mM dsDNA
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by the presence of 0.5 Ag+ ions per duplex (Fig. 9). Never-
theless, the signals change to a different extent, e.g., G2 H1 
(12.99 ppm, red box in Fig. 8) exhibits the most sensitive 
behaviour towards silver ion addition.

As the formation of a G–Ag+–C metal-modified base pair 
(Fig. 1C) involves the replacement of the H1 proton by an 
Ag+ ion, the disappearance of its 1H NMR resonance could 
serve as an indicator for the formation. This is observed for 
G2 H1. In the presence of three Ag+ ions per duplex, its 
signal at 12.99 ppm disappears. Likewise, the guanine bases 
G10 and G4 are strongly affected by one Ag+ ion per duplex 
and beyond, as reflected in a decrease in the H1 signal inten-
sity as well as a slight shift of the G10 H1 resonance from 
12.83 ppm to 12.86 ppm and the appearance of a new signal 
for the G4 H1 proton at 12.72 ppm. A further new signal at 
12.94 ppm (only visible in the 1D 1H NMR spectra, possi-
bly due to sufficient intensity only in the 1D NMR spectra), 
cannot be assigned.

In contrast, the resonances of the imino protons of the 
thymine bases T7 and T8 undergo a comparatively minor 
change (Fig. 9). It should be emphasized that here two new 
broad signals emerge at 13.61 and 13.43 ppm. In contrast 
to the signal at 13.61 ppm, for which no cross-peaks can 
be identified in the [1H,1H] NOESY spectrum, the more 
pronounced signal at 13.43 ppm shows cross peaks to the 
original signals of T7 H3 and T8 H3, indicating an equilib-
rium between two structures. Given the high sensitivity of 

exchangeable protons to structural modifications and varia-
tions in solution conditions, it is not surprising that new sig-
nals corresponding to thymine imino protons are observed, 
even though their non-exchangeable proton signals remain 
largely unaltered. As a result of Ag+ ions coordination to the 
terminal base pairs, a change in the solvent accessibility of 
inner base pairs is anticipated, even if the overall conforma-
tion at these internal positions remains unchanged.

By breaking the hydrogen bonds of a G:C base pair, the 
cytosine amino protons H41 and H42 are no longer chemi-
cally distinguishable and consequently lead to a single signal 
in the NMR spectrum, which should have a chemical shift 
similar to that of the original proton H42 (around 6.8 – 6.3 
ppm) not involved in the hydrogen bond. For the G2-com-
plementary nucleobase C11, the G2 H1/C11 H41 and C11 
H41/C11 H42 cross peaks disappear in the presence of three 
Ag+ ions per duplex (Fig. 10), which indicates the breaking 
of the hydrogen bonding.

The cytosine amino protons C3 H41 (8.31 ppm shifting 
to 8.34 ppm) and C3 H42 (6.35 ppm shifting to 6.39 ppm) 
show fewer cross peaks in the presence of three Ag+ ions 
per duplex (Fig. 11). These cross peaks of C3 amino pro-
tons are slightly shifted to a lower field and are less intense 
than the original signals, e.g., C3 H42-C3 H41. In contrast 
to the other cytosine residues, the amino protons C9 H41 
and C9 H42 remain intense signals at their respective origi-
nal chemical shifts also in the presence of three Ag+ ions 
per duplex. Here, only a broadening of the cross peaks is 
observed. This shows that C3, which is closer to the strand’s 
end, is significantly more influenced by the added Ag+ ions 
than C9 which is consistent with the observations on the 
imino proton NMR signals of the guanines described above.

The aforementioned changes of the signals of the guanine 
imino protons and the cytosine amino protons indicate that 
G2 H1 was substituted and that the hydrogen bonds of the 
G2:C11 pair were broken, suggesting a possible formation 
of an Ag+-modified base pair via the Watson-Crick edge at 
this position upon the addition of three Ag+ ions per duplex.

Ag+‑mediated base pair formation via the Hoogsteen edge

Assuming that Ag+-mediated base pairs may also be formed 
via the Hoogsteen edge, structural changes of the double 
helix would be expected as reorientation of the purine bases 
around the N-glycosidic bond would be required (Fig. 12A). 
Such changes should lead to changes in the CD spectrum 
compared to canonical B-DNA. With regard to the identifi-
cation of the initial binding sites, at small amounts of Ag+ 
ions (three Ag+ ions per duplex) the CD spectrum shows 
only minor changes (Fig. 12B), allowing us to conclude that 
a coordination via the Hoogsteen edge would contribute only 
marginally to the overall binding of Ag+ ions. For more than 
three Ag+ ions per duplex, significant structural changes are 

Fig. 9   Imino proton region of 1H NMR spectrum of DD12 in the 
presence of different amounts of Ag+ ions. The signal of G2 H1 dis-
appears (red box) with increasing amounts of Ag+ ions while new 
signals appear (blue arrows). Experimental conditions: H2O/10% 
D2O, 100 mM MOPS-d15 (pH 6.8), 150 mM NaClO4 and 0.5 mM 
dsDNA
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confirmed CD spectroscopy, indeed suggesting that a struc-
tural reorientation becomes a relevant process in the pres-
ence of larger amounts of Ag+ ions (Fig. 2).

Moreover, the formation of one (or a few) Ag+-mediated 
base pair(s) without any site-specificity would result in the 
generation of a range of different DNA species, which would 
in turn yield a complex NMR spectrum with low-intensity 
signals. Accordingly, the addition of more than one Ag+ 
ion per base pair leads to the formation of various different 
species, as confirmed by the complex NMR spectra which 
cannot be clearly assigned. The formation of larger DNA 

aggregates is evident from precipitation starting in the pres-
ence of 12 Ag+ ions per duplex.

From this, we can conclude that the formation of non-
Watson-Crick-type metal-mediated base becomes more 
relevant at larger amounts of Ag+ ions, i.e., for more than 
three Ag+ ions per duplex. This is in good agreement with 
the formation of an Ag+-DNA rod of a very similar DNA 
sequence comprising non-canonical Ag+-mediated base 
pairs, as observed in the solid state and in solution [19]. 
These Ag+-DNA rods show a CD spectrum very similar to 
the one observed for DD12 in the presence of excess Ag+ 

Fig. 10   Overlay of [1H,1H] NOESY NMR spectra of 0 (grey) and 3 
Ag+ ions per duplex (blue gradient). A Diagonal of imino protons T 
H3 and G H1 and B cross peaks of imino protons G H1 with amino 

protons C H41 involved in hydrogen bonding. Experimental condi-
tions: H2O/10% D2O, 100 mM MOPS-d15 (pH 6.8), 150 mM NaClO4, 
1 mM dsDNA

Fig. 11   Overlay of [1H,1H] 
NOESY NMR spectra of 0 
(grey) and 3 Ag+ ions per 
duplex (blue gradient) showing 
the cytosine amino protons A 
H41 involved in a hydrogen 
bond and B H42 not involved in 
a hydrogen bond. Experimental 
conditions: H2O/10% D2O, 100 
mM MOPS-d15 (pH 6.8), 150 
mM NaClO4, 1 mM dsDNA
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ions. Additionally, their NMR signals become broad and 
of low intensity with increasing amounts of Ag+ ions [19].

Localisation of Ag+ ions along the double‑helical 
B‑DNA

After concluding that the formation of Ag+-modified 
G–Ag+–C base pairs represent the most likely initial mode 
of Ag+ binding, the localisation of the Ag+ ions along the 
B-DNA duplex is of interest as well. In principle, the Ag+ 
ions could use different pathways to enter the duplex, namely 
from the termini, from the major groove, or a combination 
of both. For the latter two options, a slight change of several 
resonances would be expected.

Upon inspection of the [1H, 1H] NOESY NMR spectra of 
DD12 in the presence of 0 and 3 Ag+ ions per duplex, respec-
tively, significant changes in the NMR signals of guanine proton 
H8 and cytosine protons H5 and H6, including line broadening 
and shifted signals, lead to the assumption that guanine and cyto-
sine residues are more affected by the Ag+ binding than thymine 
and adenine residues (Fig. 8). The latter show significantly less 
chemical shift perturbation. It is, therefore, anticipated that coor-
dinated Ag+ ions will be predominantly located in the vicinity 
of the G:C base pairs. When comparing the 1H NMR spectra for 
different ratios of DD12:Ag+, the signals of the guanine imino 
protons are affected to a varying degree (Fig. 9). Already upon 
addition of less than three Ag+ ions per duplex, the resonance of 
the G2 H1 imino proton at 12.99 ppm is affected significantly, 
resulting in a decreasing signal intensity upon Ag+ ions addi-
tion and a complete disappearance of the signal at three Ag+ 
ions per duplex. Furthermore, the resonances of the cytosine 

protons H41 and H42 amino protons are influenced to a varying 
degree (Fig. 11), with the change decreasing from C11 via C3 
to C9, i.e., from the outer to the inner residues. While the cross 
peaks involving C11 disappear almost completely, the original 
signals are still visible with high intensity for C9. This observa-
tion supports the hypothesis that Ag+ ions initially enter from the 
termini into the interior of the double helix, where they become 
coordinated within the helix. The fact that the resonances are 
influenced to a different extent eliminates the possibility of Ag+ 
ions preferentially localizing in the major groove or entering 
the duplex via the major groove. The entry from the termini 
into the duplex is feasible, given that the outermost base pairs 
are the more accessible and flexible regions of the helix, less 
constrained by the rigidity of the duplex and thus providing 
sufficient space to accommodate slight distortions required for 
metal ion coordination. At higher concentrations of Ag+ ions, 
when binding within the internal nucleobases of the DNA strand 
becomes necessary, the structure is likely to undergo refolding, 
resulting in the altered patterns observed in CD spectra.

Taking into consideration the more significant changes for 
for outer G:C base pairs, it can be concluded that the Ag+ 
ions are initially preferentially bound by the outer nucle-
obases, guanine and cytosine, within the helix (Fig. 13). 
However, it needs to be kept in mind that different coordi-
nation processes may take place in parallel with different 
contributions to the overall binding.

The determination of a specific binding site, in the sense of 
an explicit donor atom, of the Ag+ ions would be an overin-
terpretation of the present NMR data. It would require further 
experiments, such as using isotopically labelled nucleobases, 
chemically modified deazapurine variants or variations in the 

Fig. 12   A Structural rearrangement around the N-glycosidic bond 
to allow Hoogsteen-type base pairing of guanine and cytosine and  
B only minor structural changes in the CD spectrum of DD12 for  

0 – 3 Ag+ ions per duplex. Experimental conditions: 5  mM MOPS 
(pH 6.8), 150 mM NaClO4, 5.0 µM dsDNA
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sequence. Nevertheless, it needs to be emphasized that the 
NMR and CD data indicate the specific coordination by the 
nucleobases between the two single strands as the dominating 
initial binding process, with the Ag+ ions entering from the ter-
mini into the duplex. Hence, the formation of Ag+-modified 
G–Ag+–C base pairs via the Watson-Crick edge is the most 
likely process.

Conclusions

Based on a series of NMR spectra of the DD12 duplex in the 
presence of different amounts of Ag+ ions, four conclusions can 
be drawn with respect to the objective to determine the initial 
Ag+ ion binding sites of unmodified B-DNA oligonucleotide 
duplexes. First, the NMR data indicate that Ag+ ions are bound 
by the nucleobases. Several processes appear to occur in paral-
lel. According to only minor changes in the CD spectrum and 
based on the loss (or shift) of signals of the guanine G2 and 
G10 imino protons, the formation of Ag+-modified G–Ag+–C 
Watson-Crick base pairs should be the dominating process at 
sub stochiometric amounts of three Ag+ ions per duplex. Sec-
ond, coordination takes place within the duplex via the terminal 
nucleobases, as concluded from the more significant changes of 
the NMR signals for the outer G:C base pairs compared to the 
inner ones. Third, the bound Ag+ ions can be released easily by 
the addition of chloride anions, demonstrating the loose coordi-
nation of Ag+ ions by an unmodified DNA duplex. Fourth, the 
addition of almost stoichiometric amounts of Ag+ ions results in 
the formation of larger DNA structures which start to precipitate 
from the solution and show significant changes in CD spectra.

These conclusions in part deviate from those drawn in 
the 1960s based on spectrophotometric and potentiometric 

studies but do not necessarily contradict them, as different 
experimental conditions and, more importantly, different 
DNA sequences were used. Importantly, the formation of 
metal-modified base pairs via the formal substitution of a 
proton within a hydrogen bond by an Ag+ ion was proposed 
in the 1960s [14] and is reinforced with the present study.

To elucidate the specific donor atoms involved in the 
coordination and the binding processes in more detail, it 
will be essential to label individual nucleobases with NMR-
active isotopes such as 15N or apply deazapurine deriva-
tives. Another aspect to be investigated next are the sequence 
dependence and the interaction with other (diamagnetic) 
metal cations, such as Cu+ and Hg2+, which are able to form 
metal-mediated base pairs as well [48, 49].

In summary, we could show that initially Ag+ ions prefer 
the bind inside the B-DNA duplex, entering the helix from 
the fraying ends and potentially forming G–Ag+–C base pairs. 
Moreover, we could exclude other possible binding sites, such 
as the phosphate backbone [11], contributing to the general 
understanding of the interaction of nucleic acids with metal 
ions. Once a certain amount of Ag+ ions is present, entirely 
new structures are adopted, likely to involve Ag+-mediated base 
pairs also via the purine N7 positions [19].

Author contribution  T.L.: Investigation, Data Curation, Writing - Original 
Draft; U.J.: Investigation; M.H.: Conceptualization; Supervision; Funding 
acquisition; J.P.: Resources, Supervision; J.M.: Conceptualization; Writ-
ing - Review & Editing, Supervision. All authors reviewed the manuscript.

Funding  Open Access funding enabled and organized by Projekt DEAL. 
The authors acknowledge the CERIC-ERIC consortium for the access to 
experimental facilities and financial support and the Santander Mobility 
Fund of the University of Münster for a travel grant to TL. UJ and JP wish to 

Fig. 13   Coordination of Ag+ 
ions by B-DNA includes several 
dynamic processes in parallel 
with different contributions to 
the overall phenomenon. The 
NMR resonances of the outer 
G:C base pairs are significantly 
influenced in the presence of 
Ag+ ions while the original 
signals of the A:T base pairs 
in the interior of the helix are 
preserved. The outer G:C base 
pairs are influenced to a larger 
extent than the inner ones. The 
figure was generated from PDB 
entry 2DAU [33] using the pro-
gram UCSF Chimera [42]



394	 JBIC Journal of Biological Inorganic Chemistry (2025) 30:381–395

acknowledge financial support from the Slovenian Research and Innovation 
Agency [ARIS, grants P1-0242 and J1-60019].

Data availability  Data is provided within the manuscript.

Declarations 

Conflict of interest  The authors declare that they have no conflict of 
interest.

Ethical approval  Not applicable.

Consent to participation  Not applicable.

Consent for publication  Not applicable.

Open Access  This article is licensed under a Creative Commons Attribu-
tion 4.0 International License, which permits use, sharing, adaptation, dis-
tribution and reproduction in any medium or format, as long as you give 
appropriate credit to the original author(s) and the source, provide a link 
to the Creative Commons licence, and indicate if changes were made. The 
images or other third party material in this article are included in the arti-
cle’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons 
licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creativecom-
mons.org/licenses/by/4.0/.

References

	 1.	 Müller J (2010) Functional metal ions in nucleic acids. Metal-
lomics 2:318–327. https://​doi.​org/​10.​1039/​c0004​29d

	 2.	 Freisinger E, Sigel RKO (2007) From nucleotides to ribozymes – 
a comparison of their metal ion binding properties. Coord Chem 
Rev 251:1834–1851. https://​doi.​org/​10.​1016/j.​ccr.​2007.​03.​008

	 3.	 Lippert B (2000) Multiplicity of metal ion binding patterns to 
nucleobases. Coord Chem Rev 200–202:487–516. https://​doi.​org/​
10.​1016/​S0010-​8545(00)​00260-5

	 4.	 Lippert B (1999) Cisplatin - chemistry and biochemistry of a lead-
ing anticancer drug. Wiley-VCH Verlag Helvetica Chimica Acta. 
https://​doi.​org/​10.​1002/​97839​06390​420

	 5.	 Cohen SM, Lippard SJ (2001) Cisplatin: from DNA damage to 
cancer chemotherapy. Prog Nucleic Acid Res Mol Biol 67:93–
130. https://​doi.​org/​10.​1016/​s0079-​6603(01)​67026-0

	 6.	 Damsma GE, Alt A, Brueckner F, Carell T, Cramer P (2007) Mechanism 
of transcriptional stalling at cisplatin-damaged DNA. Nat Struct Mol 
Biol 14:1127–1133. https://​doi.​org/​10.​1038/​nsmb1​314

	 7.	 Lippert B (2022) “Metal-modified base pairs” vs. “metal-medi-
ated pairs of bases”: not just a semantic issue! J Biol Inorg Chem 
27:215–219. https://​doi.​org/​10.​1007/​s00775-​022-​01926-7

	 8.	 Hebenbrock M, Müller J (2023) Metal-mediated base pairs in 
nucleic acid duplexes. In: Poeppelmeier K, Reedijk J (eds) Com-
prehensive inorganic chemistry III. Elsevier, pp 664–713. https://​
doi.​org/​10.​1016/​B978-0-​12-​823144-​9.​00033-9

	 9.	 Takezawa Y, Müller J, Shionoya M (2017) Artificial DNA base 
pairing mediated by diverse metal ions. Chem Lett 46:622–633. 
https://​doi.​org/​10.​1246/​cl.​160985

	10.	 Katz S (1962) Mechanism of the reaction of polynucleotides and 
HgII. Nature 194:569. https://​doi.​org/​10.​1038/​19456​9a0

	11.	 Yamane T, Davidson N (1962) On the complexing of deoxyri-
bonucleic acid by silver(I). Biochim Biophys Acta 55:609–621. 
https://​doi.​org/​10.​1016/​0006-​3002(62)​90839-9

	12.	 Eichhorn GL, Butzow JJ, Clark P, Tarien E (1967) Interaction 
of metal ions with polynucleotides and related compounds. X. 
studies on the reaction of silver(I) with the nucleosides and 
polynucleotides, and the effect of silver(I) on the zinc(II) deg-
radation of polynucleotides. Biopolymers 5:283–296. https://​
doi.​org/​10.​1002/​bip.​1967.​36005​0306

	13.	 Izatt RM, Christensen JJ, Rytting JH (1971) Sites and ther-
modynamic quantities associated with proton and metal ion 
interaction with ribonucleic acid, deoxyribonucleic acid, and 
their constituent bases, nucleosides, and nucleotides. Chem Rev 
71:439–481. https://​doi.​org/​10.​1021/​cr602​73a002

	14.	 Jensen RH, Davidson N (1966) Spectrophotometric, potentio-
metric, and density gradient ultracentrifugation studies of the 
binding of silver ion by DNA. Biopolymers 4:17–32. https://​doi.​
org/​10.​1002/​bip.​1966.​36004​0104

	15.	 Daune M, Dekker CA, Schachman HK (1966) Complexes of 
silver ion with natural and synthetic polynucleotides. Biopoly-
mers 4:51–76. https://​doi.​org/​10.​1002/​bip.​1966.​36004​0107

	16.	 Tanaka Y, Kondo J, Sychrovský V, Šebera J, Dairaku T, Saneyoshi 
H, Urata H, Torigoe H, Ono A (2015) Structures, physicochemi-
cal properties, and applications of T-HgII–T, C–AgI–C, and other 
metallo-base-pairs. Chem Commun 51:17343–17360. https://​doi.​
org/​10.​1039/​c5cc0​2693h

	17.	 Kondo J, Tada Y, Dairaku T, Saneyoshi H, Okamoto I, Tanaka 
Y, Ono A (2015) High-resolution crystal structure of a silver(I)–
RNA hybrid duplex containing Watson–Crick-like C-silver(I)-C 
metallo-base Pairs. Angew Chem Int Ed 54:13323–13326. https://​
doi.​org/​10.​1002/​anie.​20150​7894

	18.	 Kondo J, Tada Y, Dairaku T, Hattori Y, Saneyoshi H, Ono A, 
Tanaka Y (2017) A metallo-DNA nanowire with uninterrupted 
one-dimensional silver array. Nat Chem 9:956–960. https://​doi.​
org/​10.​1038/​nchem.​2808

	19.	 Atsugi T, Ono A, Tasaka M, Eguchi N, Fujiwara S, Kondo J 
(2022) A novel AgI-DNA rod comprising a one-dimensional array 
of 11 silver ions within a double helical structure. Angew Chem 
Int Ed 61:e202204798. https://​doi.​org/​10.​1002/​anie.​20220​4798

	20.	 Javornik U, Pérez-Romero A, López-Chamorro C, Smith RM, 
Dobado JA, Palacios O, Bera MK, Nyman M, Plavec J, Galindo 
MA (2024) Unveiling the solution structure of a DNA duplex with 
continuous silver-modified Watson-Crick base pairs. Nat Commun 
15:7763. https://​doi.​org/​10.​1038/​s41467-​024-​51876-8

	21.	 Kondo J, Yamada T, Hirose C, Okamoto I, Tanaka Y, Ono A 
(2014) Crystal structure of metallo-DNA duplex containing con-
secutive Watson-Crick-like T-HgII–T base pairs. Angew Chem Int 
Ed 53:2385–2388. https://​doi.​org/​10.​1002/​anie.​20130​9066

	22.	 Yang H, Seela F (2016) Silver Ions in non-canonical DNA base 
pairs: metal-mediated mismatch stabilization of 2’-deoxyadeno-
sine and 7-deazapurine derivatives with 2’-deoxycytidine and 
2’-deoxyguanosine. Chem Eur J 22:13336–13346. https://​doi.​
org/​10.​1002/​chem.​20160​2103

	23.	 Hong T, Yuan Y, Wang T, Ma J, Yao Q, Hua X, Xia Y, Zhou X 
(2017) Selective detection of N6-methyladenine in DNA via metal 
ion-mediated replication and rolling circle amplification. Chem 
Sci 8:200–205. https://​doi.​org/​10.​1039/​c6sc0​2271e

	24.	 Swasey SM, Espinosa Leal L, Lopez-Acevedo O, Pavlovich J, 
Gwinn EG (2015) Silver (I) as DNA glue: Ag+-mediated guanine 
pairing revealed by removing Watson-Crick constraints. Sci Rep 
5:10163. https://​doi.​org/​10.​1038/​srep1​0163

	25.	 Megger DA, Müller J (2010) Silver(I)-mediated cytosine self-pairing 
is preferred over Hoogsteen-type base pairs with the artificial nucle-
obase 1,3-dideaza-6-nitropurine. Nucleosides Nucleotides Nucleic 
Acids 29:27–38. https://​doi.​org/​10.​1080/​15257​77090​34515​79

	26.	 Hossain MN, Ahmad S, Kraatz H-B (2021) Consecutive silver(I) 
ion incorporation into oligonucleotides containing cytosine-
cytosine mispairs. ChemPlusChem 86:224–231. https://​doi.​org/​
10.​1002/​cplu.​20200​0607

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1039/c000429d
https://doi.org/10.1016/j.ccr.2007.03.008
https://doi.org/10.1016/S0010-8545(00)00260-5
https://doi.org/10.1016/S0010-8545(00)00260-5
https://doi.org/10.1002/9783906390420
https://doi.org/10.1016/s0079-6603(01)67026-0
https://doi.org/10.1038/nsmb1314
https://doi.org/10.1007/s00775-022-01926-7
https://doi.org/10.1016/B978-0-12-823144-9.00033-9
https://doi.org/10.1016/B978-0-12-823144-9.00033-9
https://doi.org/10.1246/cl.160985
https://doi.org/10.1038/194569a0
https://doi.org/10.1016/0006-3002(62)90839-9
https://doi.org/10.1002/bip.1967.360050306
https://doi.org/10.1002/bip.1967.360050306
https://doi.org/10.1021/cr60273a002
https://doi.org/10.1002/bip.1966.360040104
https://doi.org/10.1002/bip.1966.360040104
https://doi.org/10.1002/bip.1966.360040107
https://doi.org/10.1039/c5cc02693h
https://doi.org/10.1039/c5cc02693h
https://doi.org/10.1002/anie.201507894
https://doi.org/10.1002/anie.201507894
https://doi.org/10.1038/nchem.2808
https://doi.org/10.1038/nchem.2808
https://doi.org/10.1002/anie.202204798
https://doi.org/10.1038/s41467-024-51876-8
https://doi.org/10.1002/anie.201309066
https://doi.org/10.1002/chem.201602103
https://doi.org/10.1002/chem.201602103
https://doi.org/10.1039/c6sc02271e
https://doi.org/10.1038/srep10163
https://doi.org/10.1080/15257770903451579
https://doi.org/10.1002/cplu.202000607
https://doi.org/10.1002/cplu.202000607


395JBIC Journal of Biological Inorganic Chemistry (2025) 30:381–395	

	27.	 Escher D, Schäfer T, Hebenbrock M, Müller J (2023) 6-Pyra-
zolylpurine and its deaza derivatives as nucleobases for silver(I)-
mediated base pairing with pyrimidines. J Biol Inorg Chem 
28:791–803. https://​doi.​org/​10.​1007/​s00775-​023-​02022-0

	28.	 As the proposed π complex was never confirmed in crystallo-
graphic studies of DNA, it will not be taken into consideration in 
this study.

	29.	 Wing R, Drew H, Takano T, Broka C, Tanaka S, Itakura K, Dick-
erson RE (1980) Crystal structure analysis of a complete turn of 
B-DNA. Nature 287:755–758. https://​doi.​org/​10.​1038/​28775​5a0

	30.	 Andreatta D, Sen S, Pérez Lustres JL, Kovalenko SA, Ernsting 
NP, Murphy CJ, Coleman RS, Berg MA (2006) Ultrafast dynam-
ics in DNA: “Fraying” at the end of the helix. J Am Chem Soc 
128:6885–6892. https://​doi.​org/​10.​1021/​ja058​2105

	31.	 Sanstead PJ, Stevenson P, Tokmakoff A (2016) Sequence-depend-
ent mechanism of DNA oligonucleotide dehybridization resolved 
through infrared spectroscopy. J Am Chem Soc 138:11792–11801. 
https://​doi.​org/​10.​1021/​jacs.​6b058​54

	32.	 Westwood MN, Ljunggren KD, Boyd B, Becker J, Dwyer TJ, 
Meints GA (2021) Single-base lesions and mismatches alter 
the backbone conformational dynamics in DNA. Biochemistry 
60:873–885. https://​doi.​org/​10.​1021/​acs.​bioch​em.​0c007​84

	33.	 Denisov AY, Zamaratski EV, Maltseva TV, Sandström A, Bekiro-
glu S, Altmann K-H, Egli M, Chattopadhyaya J (1998) The solu-
tion conformation of a carbocyclic analog of the dickerson-drew 
dodecamer: comparison with its own X-ray structure and that of 
the NMR structure of the native counterpart. J Biomol Struct Dyn 
16:547–568. https://​doi.​org/​10.​1080/​07391​102.​1998.​10508​269

	34.	 Hare DR, Wemmer DE, Chou S-H, Drobny G (1983) Assignment 
of the non-exchangeable proton resonances of d(C-G-C-G-A-A-T-
T-C-G-C-G) using two-dimensional nuclear magnetic resonance 
methods. J Mol Biol 171:319–336. https://​doi.​org/​10.​1016/​0022-​
2836(83)​90096-7

	35.	 Bethur E, Guha R, Zhao Z, Katz BB, Ashby PD, Zeng H, Copp 
SM (2024) Formation and nanomechanical properties of silver-
mediated guanine DNA duplexes in aqueous solution. ACS Nano 
18:3002–3010. https://​doi.​org/​10.​1021/​acsna​no.​3c080​08

	36.	 Zhao H, Leonard P, Guo X, Yang H, Seela F (2017) Silver-mediated 
base pairs in DNA incorporating purines, 7-deazapurines, and 8-aza-
7-deazapurines: impact of reduced nucleobase binding sites and an 
altered glycosylation position. Chem Eur J 23:5529–5540. https://​doi.​
org/​10.​1002/​chem.​20160​5982

	37.	 Engelhart AE, Plavec J, Persil Ö, Hud NV (2009) Metal Ion inter-
actions with G-quadruplex structures. In: Hud NV (ed) Nucleic 
acid-metal ion interactions. RSC Publishing, pp 118–153. https://​
doi.​org/​10.​1039/​97818​47558​763-​00118

	38.	 Ravera E, Takis PG, Fragai M, Parigi G, Luchinat C (2018) NMR 
spectroscopy and metal ions in life sciences. Eur J Inorg Chem 
2018:4752–4770. https://​doi.​org/​10.​1002/​ejic.​20180​0875

	39.	 Tanaka Y, Oda S, Yamaguchi H, Kondo Y, Kojima C, Ono A 
(2007) 15N–15N J-coupling across HgII: direct observation of 
HgII-mediated T-T base pairs in a DNA duplex. J Am Chem Soc 
129:244–245. https://​doi.​org/​10.​1021/​ja065​552h

	40.	 Nerdal W, Hare DR, Reid BR (1989) Solution structure of the 
EcoKl DNA sequence: refinement of NMR-derived distance 
geometry structures by NOESY spectrum back-calculations. Bio-
chemistry 28:10008–10021. https://​doi.​org/​10.​1021/​bi004​52a020

	41.	 Wu Z, Delaglio F, Tjandra N, Zhurkin VB, Bax A (2003) Overall 
structure and sugar dynamics of a DNA dodecamer from homo- and 
heteronuclear dipolar couplings and 31P chemical shift anisotropy. J 
Biomol NMR 26:297–315. https://​doi.​org/​10.​1023/A:​10240​47103​398

	42.	 Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt 
DM, Meng EC, Ferrin TE (2004) UCSF chimera—a visualization 
system for exploratory research and analysis. J Comput Chem 
25:1605–1612. https://​doi.​org/​10.​1002/​jcc.​20084

	43.	 IUPAC-IUB Joint Commission on Biochemical Nomenclature 
(1983) Abbreviations and symbols for the description of con-
formations of polynucleotide chains. Eur J Biochem 131:9–15. 
https://​doi.​org/​10.​1111/j.​1432-​1033.​1983.​tb072​25.x

	44.	 Hill JW, Petrucci RH, McCreary TW, Perry SS (2005). General 
chemistry; Pearson Prentice Hall.

	45.	 Léon JC, She Z, Kamal A, Shamsi MH, Müller J, Kraatz H-B (2017) 
DNA films containing the artificial nucleobase imidazole mediate 
charge transfer in a silver(I)-responsive way. Angew Chem Int Ed 
56:6098–6102. https://​doi.​org/​10.​1002/​anie.​20170​0248

	46.	 Vecchioni S, Lu B, Livernois W, Ohayon YP, Yoder JB, Yang C-F, 
Woloszyn K, Bernfeld W, Anantram MP, Canary JW, Hendrickson 
WA, Rothschild LJ, Mao C, Wind SJ, Seeman NC, Sha R (2023) 
Metal-mediated DNA nanotechnology in 3D: structural library by 
templated diffraction. Adv Mater 35:2210938. https://​doi.​org/​10.​
1002/​adma.​20221​0938

	47.	 Müller J (2019) Nucleic acid duplexes with metal-mediated base 
pairs and their structures. Coord Chem Rev 393:37–47. https://​
doi.​org/​10.​1016/j.​ccr.​2019.​05.​007

	48.	 Jash B, Müller J (2018) Stable copper(I)-mediated base pairing 
in DNA. Angew Chem Int Ed 57:9524–9527. https://​doi.​org/​10.​
1002/​anie.​20180​2201

	49.	 Ono A, Torigoe H, Tanaka Y, Okamoto I (2011) Binding of metal 
ions by pyrimidine base pairs in DNA duplexes. Chem Soc Rev 
40:5855–5866. https://​doi.​org/​10.​1039/​c1cs1​5149e

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Authors and Affiliations

Tabea Lenz1 · Uroš Javornik2,3,4 · Marian Hebenbrock1 · Janez Plavec2,3,4 · Jens Müller1

 *	 Jens Müller 
	 mueller.j@uni-muenster.de

1	 Institute of Inorganic and Analytical Chemistry, Universität 
Münster, Corrensstr. 30, 48149 Münster, Germany

2	 Slovenian NMR Centre, National Institute of Chemistry, 
SI‑1000 Ljubljana, Slovenia

3	 Faculty of Chemistry and Chemical Technology, University 
of Ljubljana, Ljubljana, Slovenia

4	 EN-FIST Center of Excellence, SI‑1000 Ljubljana, Slovenia

https://doi.org/10.1007/s00775-023-02022-0
https://doi.org/10.1038/287755a0
https://doi.org/10.1021/ja0582105
https://doi.org/10.1021/jacs.6b05854
https://doi.org/10.1021/acs.biochem.0c00784
https://doi.org/10.1080/07391102.1998.10508269
https://doi.org/10.1016/0022-2836(83)90096-7
https://doi.org/10.1016/0022-2836(83)90096-7
https://doi.org/10.1021/acsnano.3c08008
https://doi.org/10.1002/chem.201605982
https://doi.org/10.1002/chem.201605982
https://doi.org/10.1039/9781847558763-00118
https://doi.org/10.1039/9781847558763-00118
https://doi.org/10.1002/ejic.201800875
https://doi.org/10.1021/ja065552h
https://doi.org/10.1021/bi00452a020
https://doi.org/10.1023/A:1024047103398
https://doi.org/10.1002/jcc.20084
https://doi.org/10.1111/j.1432-1033.1983.tb07225.x
https://doi.org/10.1002/anie.201700248
https://doi.org/10.1002/adma.202210938
https://doi.org/10.1002/adma.202210938
https://doi.org/10.1016/j.ccr.2019.05.007
https://doi.org/10.1016/j.ccr.2019.05.007
https://doi.org/10.1002/anie.201802201
https://doi.org/10.1002/anie.201802201
https://doi.org/10.1039/c1cs15149e

	Determination of silver(I)-binding sites in canonical B-DNA by NMR spectroscopy
	Abstract
	Graphical Abstract

	Introduction
	Materials and methods
	General
	CD spectroscopy
	NMR spectroscopy

	Results and discussion
	General coordination and release of Ag+ ions
	Possible initial binding sites
	Electrostatic and non-specific binding to the phosphate groups of the nucleic acid backbone
	Non-specific binding to sterically accessible nucleobase donor atoms, typically purine N7 in the major groove
	Formation of Ag+-modified base pairs by replacing a proton within a Watson-Crick pair
	Ag+-mediated base pair formation via the Hoogsteen edge

	Localisation of Ag+ ions along the double-helical B-DNA

	Conclusions
	References




