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ABSTRACT

A mechanistic approach to the reaction between Ag(1) ions and DNA nucleobases was
proposed in this study with *H, and 3!P NMR analytical tools to back up the mechanisms. The
proposed reaction mechanisms is based on the stability of the resulting products and the
lowering of the free energy occasioned by the delocalization of electrons and the extent and
spread of charge(s) on the nucleobases upon Ag(1) addition. Solutions of DNA nucleobases
were treated with silver nitrate solution in a ratio of 1:2 in aqueous medium and reduced by
equivalent portions of sodium borohydride. Similarly, for the NMR analyses, the same protocol
was repeated using deuterium oxide solution as the reaction medium. Spectra obtained were
used to support the proposed reaction mechanisms for the binding characteristics of Ag(1) ions
on DNA bases. Results support the assumption that Ag(1) ions bonded to DNA bases at the
AN3 AN7, CN3, GN7 positions with the electrophilic attack centred on the lone pair electrons
on these nitrogen atoms. Consequently, the resulting electron delocalization and spread of
charge(s) caused significant deshielding of the AH8, CH6, GH8 and the CH1’ (ribose sugar)
protons. The carbonyl oxygen atom was not the favoured binding site of Ag(1) ions as was
illustrated with thymine molecule; as *H NMR spectra did not support this assumption.
Similarly, ®P NMR spectra showed that Ag(1) ions did not bind with the nucleobases at the
phosphate oxygen atoms. Whereas, prominent emission bands were observed after reduction
of the Ag*™-DNA nucleobases with NaBHa, weak emission band was recorded after the
reduction of Ag(l)-thymine complex. It was concluded that Ag(l) ions bonded with thymine,
albeit weakly, because the TN3 is saturated. In all, delocalization of electrons and spread of

charges led to a more profound deshielding effect on cytosine.
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INTRODUCTION

Nanoparticles are materials whose dimensions are in the 1 to 100nm range [1-4]. Metal
nanoparticles are usually prepared from the metal salt precursors often in aqueous solutions
and reducing them with an appropriate reducing agent. Once formed, nanoparticles grow

rapidly into larger particles because of their large surface energy [3-5]. For this reason,
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stabilizers are required in the form of ligands to stem the growth and aggregation of the
nanoscale particles.

Nanoparticles are different from nanoclusters, with the latter being smaller than the
former in having much fewer number of atoms usually less than 2 nm [6,7]. This low density
of state exhibited by nanoclusters make them have their characteristic bandgaps and thus
display interesting opto-physical properties including fluorescence [8]. The uniqueness of these
clusters is their dramatic change in physical properties upon the addition of one single atom.
This phenomenon is what is now known as the magic number effect.

Nanoclusters similarly need stabilizing ligands to control their spontaneous growth and
aggregation. Capping ligands of many kinds have been associated with nanoparticles, typical
among them is deoxyribonucleic acid (DNA). DNA is the genetic material which is present in
the chromatin of eukaryotic cells. Its array of nucleobases with numerous functional sites
strung along the backbone of ribose sugar and phosphate groups [9-12] make it the ideal
templating material for stabilizing nanoparticles against growth, thereby preserving their
desired optical properties.

Single-stranded DNAs also known as oligomers are the most widely employed in this
respect [13]. The nitrogen-containing nucleobases are the sites of metallic bonding on DNA
molecules [14,15]. The lone pair of electrons on these nitrogen atoms are the centre of
electrophilic attack by metallic electrophiles. These binding sites are present on the four DNA
bases of adenine, cytosine, guanine, and thymine [10,16]. Cytosine and thymine both possess
pyrimidine rings whereas, adenine and guanine contain the purine rings.

Although, researchers have come to identify the biding sites of metal ions on DNA
molecules by using several analytical techniques, however, there is hardly any account in the
literature where the mechanism of this binding processes were actually explained. In this
present study, attempt is made to fill in this gap by demonstrating through mechanistic
pathways the nanoclusters-DNA capping ligand formation. Taking into cognizance the extent
of delocalization of electrons by the in-coming substituent metal ion (electrophile), and the
ability of the electrophile to spread the charge in the resulting specie so as to lower the free
energy. While using *H and 3'P nuclear magnetic resonance (NMR) as well as fluorescence

spectroscopy techniques to buttress the proposed theory/argument.
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MATERIALS AND METHOD
Materials

Silver metal is often the choice in many instances because of its relative photostability and
interesting optical properties. Silver nitrate salt (AgNO3z, 99 %) (D1685-100G) was bought
from Sigma-Aldrich, USA. Sodium borohydride (NaBHas, 99 %) (213462-25G) also from
Sigma-Aldrich, USA. Adenosine 5’-monophosphate disodium salt (> 99%), guanosine 5’-
monophosphate disodium salt hydrate (= 99%), cytidine 5’-monophosphate disodium salt (>
99%), thymidine 5’-monophosphate disodium salt hydrate (> 99%); nucleotides all products of
Sigma-Aldrich. Deuterium oxide (D20 99.96 %), Sigma-Aldrich, a product of USA. All
chemicals were used as purchased without further treatment. Nanopure water obtained from,
Millipore Diamond Barnstead series 1370, model D11931, operated at 100-240V, with a
resistivity of 18.2 MQ-cm. 500 pL Hellma micro-quartz cuvette with all four clear sides (path
length - 10 mm).2 All reagent were used as purchased without any further treatment.

Instrumentations

Ultraviolet-Visible Spectrophotometer (UV-Vis spectrophotometer)

UV-Vis absorption spectra of the AgNCs were obtained using Varian Cary 100 Bio
spectrophotometer with a tungsten halogen visible source, and a deuterium arc ultraviolet lamp.
The detector was an R928 (PMT) photomultiplier detector, the maximum scan range was 190

—900 nm, using a 500 pL quartz microcuvette (Hellma UK Ltd).

Fluorescence Spectrophotometer

Fluorescence emission and excitation spectra were recorded with a SPEX FluoroMax ™
spectrofluorimeter instrument, New Jersey, USA. The excitation source was an ozone-free
xenon lamp with a photomultiplier and photodiode as the emission and reference detectors
respectively. The emission/excitation scan range of 200-950 nm in the ultraviolet and visible

regions.

Nuclear magnetic resonance (NMR)

The spectrometers used were a Bruker 500 and 700 MHz Avance Il HD with 11.7 Tesla
spectrometer for the 500 MHz, an auto-sampler, with 5 and 10 mm probes range for virtually
all active NMR nuclei. Chemical shifts are reported in ppm referenced to TMS
(trimethylsilane) and run with suppression of the H,O frequency at 4.7 ppm. While the 3P
spectra were obtained from the 500 MHz instrument operating at 202.46 MHz with an external

reference of 85% phosphoric acid (H3zPO.).
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Methods

Syntheses of silver nanoclusters (Ag NCs) on adenosine, cytidine, guanosine, and
thymidine 5’-monophosphate template in aqueous solution

Exactly 1 mg (0.0010 g) each the nucleotide salts was dissolved in 1 mL deionised water to
form stock solutions of 2.56, 2.72, 2.46, 2.73 mM of adenosine, cytidine, guanosine, and
thymidine 5’-monophosphate stock solutions respectively. From each of these 1 mL stock
solutions, 0.5 mL solutions each of 0.256, 0.272, 0.246, and 0.273 mM accordingly of these
nucleobases were reacted with 0.5 mL portions of 0.128, 0.136, 0.123, & 0.683 mM Ag(l)
concentrations respectively in a 1:2 Ag:base ratio; shaken for 2 minutes and then allowed to
stand wrapped in aluminium foil in a dark cupboard for 30 minutes. Afterwards, they were
subsequently reduced with equivalent portions (0.5 mL) of aqueous NaBH4 solution in a 1:1
Ag*: BH. stoichiometric ratio. In all, the total reaction volume was 1.5 mL for each nucleotide.

Syntheses of Ag NCs on adenosine, cytidine, guanosine, and thymidine 5°-monophosphate
disodium salts in D20 for NMR analyses

From each of the salts of these nucleoside, 1mg (0.0010 g) was dissolved in 1 mL D20 to form
stock solutions of 2.56, 2.72, 2.46, 2.73 mM of adenosine, cytidine, guanosine, and thymidine
respectively. From each of these, 0.4 mL were put in NMR tubes and taken for *H, and 3!P
NMR analyses. After which they were then reacted with 100 uL D20 portions of 0.128, 0.136,
0.123, & 0.683 mM Ag(l) concentration in a 1:2 Ag:base ratio. These were shaken for 2 minutes
and then allowed to stand wrapped in aluminium foil-paper in a dark cupboard for 30 minutes
before being studied by *H, and 3P NMR analyses. They were subsequently reduced with
equivalent 100 pL portions of NaBH4 in D20 solution in a 1:1 Ag*: BH. ratio to form DNA-
bound AgNCs before repeating the *H, and 3'P NMR analyses. All reactions took place under
the constant atmosphere of argon gas.

Furthermore, 40 pL of the samples were pipetted into a 500 uL micro-quartz cuvette and made

up with nanopure water for optical measurements.

RESULTS AND DISCUSSION

Mechanisms of electrophilic reaction between Ag(l) ions and DNA nucleobases

Binding of Ag(l) ions with adenine

Adenine is one of two DNA nucleobases with the purine ring. The purine ring comprises the
pyrimidine and imidazole rings fused together. It has four nitrogen atoms on the molecule in

1, 3, 5, and 7 with an amine (-NH>) group attached as a substituent group on the carbon atom
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in the number 6 position of the pyrimidine component of the purine ring. Usually the nitrogen
atom carries a pair of lone pair of electrons which are not involved in bonding. These often are
the sites for electrophilic reagents like Ag(l) ions in this case [14,17,18]. On the adenine
molecule, the nitrogen atoms in positions 1 and 7 are the preferred sites for electrophilic attacks
with Ag(l) ions.
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Figure 1: Structure of pyrimidine and purine rings of DNA nucleobases
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Figure 2: The structural formula of the four DNA nucleobases
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Figure 3: Mechanism of electrophilic attack by Ag™* ion on adenine nucleobase
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There are four nitrogen atoms on the purine ring in adenine nucleobase at position 1, 3, 7, and
9, two of these, AN1 and AN7 are favourable sites for binding with Ag(l) ions. The lone pair
of electrons on nitrogen atoms are the electron-rich centres and sites of attractions for
electrophilic reagents.

Ag(l) ions attack adenine at the AN1 and AN7 positions and so forms a new bond with
these nitrogen atoms via the lone pair electrons. These nitrogen atoms then carry a resultant
positive charge, thereby, leading to the delocalization of the pi-electrons between carbon and
nitrogen (C6 and N1) to neutralise the positive charge on N1 created from the bonding of Ag
and AN1. A carbonium ion is formed as the positive charge spreads from N1 to C6 on the
adenine purine ring. Delocalization of the second pi-electrons between C4 and C5 occurs as
the positive charge spreads further from C6 to C4 of the pyrimidine ring in adenine with the
pi-electron being delocalized to between C5 to C6. We could expect delocalization to continue
onto the AN3 atom and then to AC2 which should cause a deshielding of the AH2 proton. That
would result in a downshift (higher frequency) of the AH2 signal from its initial chemical shift
position before the reaction with Ag(l) ions. However, evidences in the *H NMR data reported
in fig. 12 did not supported this argument. There was no chemical shift in the position of the
AH2 protons after reacting with Ag(l) ions or even after reduction. In other words, the AH2
signal was neither displaced up- or downfield of the reference standard, trimethylsilane (TMS)
irrespective of the reaction with Ag(l) ions. Meanwhile, observations of the AH8 signals show
clearly the obvious displacement of the AH8 signal further downfield of TMS after treating
with Ag(l) ions. This is evident in the *H NMR spectra of adenosine 5’ mononucleotide
presented in fig. 12b, thus confirming that delocalization and spreading of the positive charge
stopped at the AC4 atom in the pyrimidine ring.

In the case of the AH8 signal, it is obvious that the binding of Ag(1)ion to the AN7
again results in the formation of a new bond between Ag and N7 and the consequent formation
of a positive charge formed on the N7 atom on the imidazole component of the purine ring in
adenine nucleobase. The presence of this positive charge caused a delocalization of the pi-
electrons between AN7 and AC8 to the positively charged AN7 atom resulting in the formation
of a carbonium ion on the AC8 atom. This is believed to have caused the notable chemical shift
in the AH8 signal in the *H NMR spectra upon the addition of Ag(l) ions to adenine nucleobase.
The subsequent reduction of the Ag(l)-adenine co-ordination complex restored the electron
cloud around the AC8 and the AH8 thereby leaving the AH8 proton shielded. The consequence

of which is the return of the AH8 signal back to its original chemical shift position.
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Binding of Ag(l) ions to cytosine
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Figure 4: Mechanism of electrophilic attack by Ag* ion on cytosine nucleobase

Cytosine is a nucleobase having the pyrimidine ring. It possess two nitrogen atoms at CN1 and
CN3, the latter being the more likely site for bonding with Ag(1)ion. Silver binds by co-
ordinate bonding with the nitrogen atom (CN3) curtesy of the lone pair electron in an
electrophilic reaction. Again, a positive charge is similarly formed on the CN3 atom causing
the delocalization of pi-electrons on CN3 and CH4, thereby creating a carbonium ion at CC4.
Further delocalization of the second pi-electrons between CH5 and CH6, and spreading of the
positive charge occurred in the bid to lowering the energy of the molecule. Eventually, the
positive charge is spread onto the CC6 (carbonium ion) making the CH6 deshielded and
exposed to the effects of the strong magnetic field.

In spite of the extent of electron delocalization in cytosine, the CH5 remained shielded
by the pi-electron cloud between CC4 and CC5. Conversely, the CH6 is rather deshielded and
a higher chemical shift position of its signal is observed. This is contrary to the CH5 which is
neither displaced up- nor downfield of TMS (fig. 13b) after the reaction with Ag(1) ions.
Reduction of Ag (1)-cytosine co-ordination complex restored the electron cloud at the CC6
(carbonium ion) and the CH6 proton became shielded as demonstrated by the return of the
signal to its initial chemical shift position. Meanwhile, the H1’ signal was also slightly shifted
downfield of TMS following the addition of Ag(1) ions to cytosine. This was the only case of
such shift in the H1’ signal of the ribose sugar component of DNA of all the nucleobases
studied.

Considering that cytosine and thymine are both pyrimidine analogues of DNA
nucleobases, a comparative analysis of the *H NMR of these nucleobases revealed that the
binding of Ag (1) ions to CN3 caused electron delocalization and the spreading of the resulting

positive charge. It is believed that the delocalization of the positive charge stopped at the CC6
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carbonium cation on to which the CH®6 is attached, otherwise the slight displacement of the
initial CH®6 signal in the *H NMR spectrum would have been absent if the charge had spread
further to the CN1 position. The spreading of the positive charge started at the CN3 position
and ended at the CC6 position, hence the *H NMR signal for CH6 occurred at a higher chemical
shift position from its initial position prior to the reaction with Ag(1)ion. Consequently, the
displacement of the H1’ signal is thought to have been effected by a similar deshielding of the
H1’ of the ribose sugar, a situation not observed in the spectra of the other three nucleobases.
This shifting of the H1’ signal was therefore attributed to the mesomeric effect of the
nearby carbonyl oxygen atom (CC2) which accounts for the electron-withdrawing inductive
effect that extended through the CN1 down to the H1’ of the ribose sugar. This phenomenon
was not reported with thymine in the NMR range studied.
However, it is not certain at this point if the mesomeric effect of the carbonyl oxygen resulted
in bonding between cytosine and Ag(1)ion, and if the resulting Ag-O bond (if formed) was
stable even after reduction. This would require confirmation by comparing infra-red spectra of
cytosine before and after reacting with Ag(1) ions, and also post-reduction to see if the carbonyl

functional group between 1650 — 1800 cm™ subsists or not.

Binding Ag(l) ions with guanine
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Figure 5: Mechanism of electrophilic attack by Ag* ion on guanine nucleobase

Guanine nucleobase is the second member of the purine ring nucleobases after adenine but
unlike the former, guanine has one (GN7) site for possible electrophilic attack by Ag(1)ion.
Electron delocalization and charge transfer in the guanine molecule appears restricted sort of,
to the imidazole (purine) ring and does not involve the pyrimidine ring like was the case with

adenine.
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Electrophilic attack by Ag(1l)ion took place on the GN7 position of the molecule with a
corresponding positive charge on the same GN7 position as Ag (1)-guanine co-ordinate
complex was formed. In order to reduce the energy of the resultant molecule, pi-electrons
between GN7 and GH8 are delocalized to the positively charge N7 atom. This similarly creates
a carbonium ion on GC8 which results in the displacement of the electron cloud in this region,
creating a deshielding effect on the GH8 proton. Expectedly, the reaction *H NMR spectra of
the Ag (1)-guanine complex would show a chemical shift of the GH8 proton further downfield
of TMS. This is exactly the results obtained in the spectra displayed in figure 14b after reacting
Ag(1) ions with guanine 5’ mononucleotide. Besides this GH8 proton, there are no other
methylenic (-CH.) protons in the molecule unlike the case of AH2 in adenine.

The other protons on the guanine molecule belong to the amine (imino) group which have
chemical shift positions far in the region of 11. 0 to 15.0 downfield of TMS. Researchers
believe that these (amine) nitrogens are not the preferred sites of electrophilic attacks [19-21]
by Ag(1) ions, hence, focus is placed on the nitrogen 1 and 3, of the pyrimidine nucleobases,
and the nitrogen 1, 3, 7, and 9 of the purine nucleobases [20-22]. Yet again, evidence from the
NMR spectra in this study point at Ag(1) ions binding preferably with the DNA nucleobases
at the AN1, CN3, AN7, and GN7 positions which are associated with some degree of

unsaturation, but not for thymine.

Binding of Ag(l) ions with thymine
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Figure 6: Mechanism of electrophilic attack by Ag* ion on TN3 position of thymine nucleobase
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From a structural perspective, the reaction of Ag(l) ions with thymine nucleobase would be
anticipated to be a difficult one, this is because the TN3 nitrogen atom is already saturated.
Here, the N3 position unlike in the case of cytosine is bonded to an H-atom in the form of an
amine (2° amine). Even with the presence of the lone pair electron on the N3 of thymine (TN3),
an electrophilic attack by Ag(l) ion on this site was not considered feasible because of this
saturation. However, the result of the fluorescent spectrum demonstrated that Ag(l) ions
bonded with thymine. A co-ordination complex may have therefore resulted from this reaction
without the displacement of the TN3 (imino) hydrogen atom by Ag(l) ion. This is believed to
explain the diminishing of the proton signals which would be observed in the 'H NMR
spectrum in figure 13b following the addition of Ag(l) ions to thymine in the subsequent
section.

Considering an attack on the carbonyl oxygen at position TC4 arising from the
delocalization of the pi-electron of the carbonyl group to the carbonyl oxygen (fig. 6b), this
could lead to the electrophilic attack by Ag(l) ion on the carbonyl oxygen atom (fig. 6¢) and
the subsequent formation of a carbonium ion on TC4. The delocalization of the pi-electron
between TC5 and TC6 to TC4 and TC5 could occur thereby spreading the positive charge
further to TC6. Consequently, as the electron cloud is shifted away from this TC6 position, the
TH6 proton would be left even more deshielded. Ordinarily, this should cause the TH6 signal
to shift to higher chemical shift position as the outcome of the addition of Ag(l) ion to thymine
molecule (fig. 6d), as was reported with cytosine. But this was not supported by the *H NMR
data as would be seen in Figure 13 below.

Similarly, the situation which was observed with cytosine resulting in the displacement
of the H1” signal downfield should have also been observed with thymine since there is a
similar presence of electron-withdrawing mesomeric carbonyl oxygen at the TC2 position.
Thus, creating an inductive effect whose influence should be transmitted all through the TN1
to the H1’ proton. As interesting as this mechanism may seem, this did not happen with
thymine! This hypothesis was clearly not supported by the *H NMR data obtained for thymine

in this study, ostensibly contrasting with that of its cytosine (pyrimidine) analogue above.

Analytical tools in support of these reaction mechanisms
The following analytical tools were used to confirm the mechanisms of the reaction of Ag(l)

and DNA nucleobases. These among other analytical tools are able to provide credible

evidence in support of bond formation through the appearance or disappearance of certain

http://www.unn.edu.ng/nigerian-research-journal-of-chemical-sciences/ 40



http://www.unn.edu.ng/nigerian-research-journal-of-chemical-sciences/

Hector Henry Oyem: Binding of Ag(l) ions to DNA nucleobases: A mechanistic study

characteristic signals at exact positions or away from such hitherto known positions due to the
attachment of substituent groups to the original molecule.

Nuclear magnetic resonance spectroscopy

Nuclear magnetic resonance (NMR) is an important tool in the study of the signals of certain
nuclei in the presence of strong magnetic fields. The signals of these nuclei are measured
against those of a particular reference standard according to the NMR type, and their chemical

shift positions as well as the broadening or flattening out of peak intensities determined.
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Figure 7: *H NMR spectra of a) adenosine b) Figure 8: *'P NMR spectra of a) adenosine b)
adenosine_Ag* complex and c) adenosine_Ag’. adenosine_Ag* complex and c) adenosine_Ag°
All spectra acquired at 298 K in D,O with in DO at 298 K with 85 % phosphoric acid as a
tetramethylsilane (TMS) as a reference (Source: reference (Source: Oyem, [23])
Oyem, [23])

In this study, *H and 3P NMR spectra of DNA nucleobases before, after reacting with Ag(l)
ions, and then reducing the DNA — Ag(l) complexes with equivalent portions of sodium
borohydride (NaBH.) in deuterium oxide solution are examined. The three spectra obtained for
each of the DNA nucleobases, the Ag(l) — DNA nucleobases co-ordination complexes, as well
as their reduction spectra were stacked together and compared for analytical purposes. Thus,
chemical shift (signal) displacement up- or downshift from the reference were clearly observed.
Apart from these, the broadening and in some cases outright flattening out of NMR signals
were similarly noticed. These put together aided the elucidation and comprehension of the
mechanistic steps of the reaction, its feasibility, and in effect, the inevitability of the reaction

products.
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Figure 9: *H NMR spectra of a) cytidine b)
cytidine_Ag* complex and, c) cytidine_ Ag.
All spectra acquired at 298 K in DO with
tetramethylsilane (TMS) as a reference.

Figure 10: *'P NMR spectra of a) cytidine
b) cytidine_Ag* complex and c) cytidine_
Ag’in D,0 at 298 K with 85 % phosphoric
acid as a reference. (Source: Oyem, [23])

(Source: Oyem, [23])

Note that for the reactions to proceed and a stable product formed (silver-bound DNA
nanoclusters), there must be a lowering of the Gibb’s free energy [24]. This thermodynamic
condition has to be satisfied otherwise, the reaction would not proceed, and no new (whether
AgNCs or AgNPs) would be formed.

In figures 7, 9, 11, and 13, figures 7a, 9a, 11a and 13a are the spectra of four DNA
nucleobases prior to the reaction with Ag(l) ions. These together show signals of the various
protons in the molecules of these DNA mononucleotides at different chemical shift positions
relative to TMS. While figures 7b, 9b, 11b, and 13b are *H NMR spectra of each of these DNA
mononucleotides with solutions of Ag(l) ions in a 1:2 molar proportion at room temperature.
From these figures, we see slight shifts of about 0.2 ppm in the aromatic proton signals of these
DNA types after treating with Ag(l) ions. These shifts of the proton signal positions were
considered as evidence of the successful bonding of Ag(l) ion to the nucleobases. Such shifts
in proton signals have already been reported by several scholars [19,21]. Meanwhile, in the
case of adenosine and guanosine, these signals almost flattened out completely when Ag(l) ion
was added to the individual DNA solutions. Note, that the flattening out of *H NMR signals
are veritable signs of spin-spin relaxation and exchange interaction between pairs of magnetic

nuclei [25,26] or conformational changes [27].
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Figure 11: *H NMR spectra of a) guanosine
b guanosine _Ag* complex and c) guanosine
_ Ag®. Al spectra acquired at 298 K in D,O
with tetramethylsilane (TMS) as a reference
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Figure 12: 3'P NMR spectra of a) guanosine
b) guanosine _Ag" complex and c) guanosine
_ Ag’in D,0 at 298 K with 85 % phosphoric
acid as a reference (Source: Oyem, [23])

(Source: Oyem, [23])

In figures 7c, 9c, 11c and 13c, spectra of Ag-bound DNA nucleobases formed after the
reduction of Ag(l)-DNA complexes. After the reduction of these Ag-DNA conjugates, the
signals of adenosine and cytidine generally returned to their initial positions. But in guanosine,
these signals were shifted a little further upfield (lower frequency) of TMS, an observation
which translates to further shielding of the aromatic protons. Whereas, the signals of thymidine
protons diminished upon reacting with Ag(l) ions in figure 13b, no change in chemical shift
positions were observed. Such occurrences again, are associated with exchange interactions
between magnetic nuclei. However, after reduction of the Ag(l)-thymidine complex, these

signal intensities were restored.
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_ AgP. All spectra acquired at 298 K in D,O complex and c) thymidine _ Ag® in
with tetramethylsilane (TMS) as a reference D>0 at 298 K with 85 % phosphoric
(Source: Oyem, [23]) acid as a reference (Source: Oyem,

[23])

markers of a successful bonding between Ag(l) ions and DNA nucleobases but only as
evidences of proton exchange interactions of chemically equivalent nuclei. But more
significantly, the shifting of the proton signals downfield of TMS after the reaction of Ag(l)
ions with the DNA bases is more decisive in diagnosing that strong bonding has indeed taken
place between Ag(l) ions, adenosine, cytidine, and guanosine.

In all of the reactions of Ag(l) ions and DNA nucleobases, only the reaction with
thymine did not show any shift in the positions of the aromatic protons in the chemical shift
range observed as can be seen on the *H NMR spectra. All three others show a change in
chemical shift positions upon reacting with Ag(l) ions or after reduction. This gives credence
to the mechanism proposed in figure 6e and 6f above rather than those of figures 6a to 6d to
explain the observations in the reaction between Ag(l) ions and thymidine. It appears that Ag(l)
ions may have bonded on to thymine through the TN3 (nitrogen) lone pair electrons in the form
of a weak coordinate bonding.

In all the 3P NMR spectra obtained in this study (figures 8, 10, 12, and 14) none of them
showed the slightest shift 1P NMR signal position after the reaction with Ag(l) ions and even
after reduction. Neither was there any broadening of these 3!P NMR signals in all the samples
analysed in this study. Peak broadening are a result of conformational changes in the structure
of a DNA molecule. And in DNA — metal ions interactions, such conformational changes are

often associated with the attachment of metal ions to DNA backbone [12,28]. The interpretation
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from these findings typically suggest that Ag(l) ions did not bind with either the carbonyl or
any of the phosphate oxygen atoms of the DNA nucleobases.

Uv-vis and Fluorescence Studies

Ultra-violet and visible spectroscopy results of the Ag0 — DNA nucleobases were studied and
results presented below. Uv-vis spectra for adenosine and thymine (figures 16 and 17) only
show the characteristic DNA peaks at 260 nm wavelength. The absence of any other peak on
the Uv-vis spectra is an indication of the absence of large silver nanoparticles (AgNPs). Their
presence would have been indicated by the appearance of a plasmon peak around 420 nm. This
confirms that AgNPs were not produced with these nucleobases.

The fluorescence spectra of the Ag — DNA nucleobases showed fluorescence peaks
between 425 — 435 nm. The appearance of these fluorescent bands is a demonstration of the
fact that small AgNPs — precisely, AgNCs have been formed[29]. This is justified by the
absence of plasmon bands in the uv-vis spectra of the samples in figures 16 (a) & (b). The
wavelength position of these fluorescent bands illustrates that small clusters of Ag are present
going by the amount of energy (270 eV) involved at this emission wavelength (430 nm).
Since the uv-vis and emission data for cytosine and guanosine were lost, nonetheless, results
of similar study at the same metal-to-DNA base ratio by Ai and co-workers[30], served the
purpose (see figure 17). Comparatively, the difference in intensities of the AgNCs-DNA
nucleobases match with the proposed mechanism being described in this paper. Even though
the highest intensities were recorded with guanosine slightly higher than cytosine (figure 17).

The results of Ai and co-workers [30] and those of Yung and his group of researchers
[31] are in congruent with the present study and showed weak fluorescent intensities between

Ag and thymidine monophosphate.
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Figure 15 (b) Emission spectrum of the most intense peak (at 430nm, from an excitation of 340nm) in

the spectra (a) above.
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Figure 17. A) Emission spectra of Ag NCs templated on DNA nucleobases (Source: Ai et
al.[30]). B) Fluorescence obtained for a five-nucleotide spacer length, the dark state AgNCs in
absence of the activating strand was ranked as follows: C > G > A > T. Inset: Magnified
background fluorescence of fully-A (black) and fully-T (red) (Source: Yung et al.[31]).

CONCLUSION

The binding of Ag(l) ions on DNA backbone was studied in aqueous and DO solutions with
the view to understanding the mechanistic pathway of these reactions; using some instrumental
methods to buttress the hypothesis of the reaction mechanisms. From the results obtained, it is
believed that Ag(l) ions bonded with thymine nucleobase at the TN3 position through the lone
pair electrons of the TN3 in a coordinate bond. The resulting bond is thought to be weak as is
evident in the low fluorescence intensity of the emission spectra in figures 16 and 17. This is
believed to be associated with the saturated nature of the nitrogen atom of thymine at the TN3
position. None of the 3P NMR spectra showed any remarkable signal shifts, intensity changes,
broadening or flattening out of NMR signals which illustrated that neither the carbonyl oxygen
atom nor the phosphate groups were the likely binding sites for Ag(l) ions on the nucleobases.
Finally, the attachment of the Ag(l) electrophile to the adenine, cytosine, and guanine
nucleobases caused a significant deshielding of the AH8, CH6, GH8 and the CH1’ (ribose
sugar) proton signals providing further evidence of the possibility of bonding between Ag(l)
ion and DNA nucleobases. All of which support the proposition that Ag(l) ions bonded to DNA
bases at the AN3 AN7, CN3, GN7 positions with the electrophilic attack centred on the lone
pair electrons on these nitrogen atoms. Delocalization of electrons and transfer of charges were

more pronounced with the pyrimidine-ring nucleobases, particularly with cytosine. This maybe
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account for the reason why cytosine is renowned for producing the most impressive
luminescence effect with AgNCs of all the nucleobases in several optical studies where mono-
cytosine block oligomers, cytosine-rich mixed oligomers and other DNA variants were the
substrate.
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