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Two derivatives of 5-fluorouracil (5-FU) with similar structure were synthesised, and their interactions
with calf thymus-DNA (CT-DNA) have been studied using cyclic voltammetry (CV) at a DNA-
modified gold electrode. The wvariations in the cyclic voltammetric behaviour of different
concentrations of drugs with CT-DNA have been investigated. Molecular docking was used to predict
the modes of interactions of the drugs with DNA. The molecular docking results indicated that the
modes of interactions between two drugs and DNA helix can be considered as groove binding. To
measure the binding ability of the two drugs with DNA, binding constants (K) were calculated from
voltammetric data, i.e., and the binding free energies of the two drugs with DNA were calculated using
the AMBER software package. For the binding strength, the computational results complemented the
experimental results.
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1. INTRODUCTION

The interactions of DNA with several drug molecules play a key role in the life sciences and
drug design and have attracted considerable attention [1] because of analytic results that provide
insight into the mechanism of action of DNA-targeted drugs. The dominant binding modes of small
molecules with DNA can be categorised into two major classes: (i) covalent binding and (ii) non-
covalent binding, including intercalative binding [2], nonspecific electrostatic interaction [3] and DNA
major/minor groove binding [2]. Non-covalent binding is the predominant DNA-binding mode of the
two classes of small ligands [4-7]. Numerous techniques have been developed to investigate these
interactions, including NMR [8], UV-vis spectroscopy [9], fluorescence [10] and phosphorescence
[11]. However, a majority of these techniques have limitations. Currently, electrochemical methods,
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especially cyclic voltammetry, appear to be much more elegant for use in exploring these interactions
due to faster analysis using low cost, simpler and smaller devices with respect to the other methods
[12].

In recent years, there has been a growing interest in the CV investigations of the interactions
between anticancer drugs and DNA. Shah [13] reported the interaction of hydantoin derivatives with
CT-DNA using CV, and Temerk et al. [14,15] studied the interaction of the antitumor drugs with
dsDNA via CV. Observing the pre- and post-electrochemical signals of DNA provides good evidence
for determining the interaction mechanism. An electrochemical approach can provide new insight into
rational drug design and would lead to increased understanding of the interaction mechanism between
anticancer drugs and DNA .

Molecular docking techniques play an important role in drug design and were applied to
describe the most probable mode of DNA binding. When used prior to experimental screening, DOCK
[16-18], AutoDock and molecular operating environment (MOE) can be considered powerful
computational filters and enable a reduction in the cost and labour required for the development of
potent medicinal drugs. Docking techniques will undoubtedly continue to play an important role in
drug discovery.

5-FU is a fluoropyrimidine-type compound with marked anti-tumour effects [19] and is widely
used in the treatment of solid malignant tumours, particularly colorectal carcinoma. Its biological or
chemical triggering mechanism of action is well understood [20-22]. Because of its toxic side effects,
several prodrug systems, such as amines, alcohols, and peptides [23], are exploited to improve its
anticancer activity and minimise the toxic side effects.

Although 5-FU and DNA interact via intercalation [24], the modes of interactions of its
derivatives with DNA are still unknown. In our work, two types of structurally similar amides of 5-FU
were synthesised. CV was carried out to determine the interactions of the two drugs with CT-DNA.
The changes in the cyclic voltammograms upon the addition of various concentrations of drugs help to
probe the strength of interactions between the two drugs and CT-DNA. A detailed comparison and
investigation of the docking behaviour of the two anticancer drugs with DNA has been carried out
using experimental and theoretical methods. Furthermore, the structure-activity relationship has been
explained by calculating the binding free energies using the AMBER software package version ff03
[25].

2. EXPERIMENTAL

2.1. Apparatus and reagents

Tris—HCI was obtained commercially. Calf thymus DNA with high molecular weight was
extracted and purified by a method described elsewhere [26]. Other chemicals were of analytical
reagent grade and used as received. Supporting electrolyte for all experiments was a 0.1 M KCI / 0.05
M Tris—HCI buffer solution and the 0.05 M Tris—HCI buffer solution was adjusted to pH 7.16 by HCI.
The DNA solution was prepared with 0.1 M KCI / 0.05 M Tris—HCI (pH 7.16) and stored at 4 °C. The
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concentration of DNA (nucleotide phosphate) was determined by UV absorbance at 260 nm. The
extinction coefficient, &,¢0, Was taken as 6600 M cm ™ [27].

All the electrochemical measurements were performed on a CHI1030b electrochemical
workstation (CH Instrumental, Chenhua Corp., Shanghai, China). *H NMR and **C NMR spectra were
recorded on a AVANCE-500 instrument using tetramethylsilane (TMS) as an internal standard and
DMSO-ds as the solvent at room temperature. Chemical shifts are given in relative to TMS, coupling
constants (J) are expressed in Hz. IR spectra were taken on an EQUINOX-55 instrument.

2.2. Synthesis of the compounds O and M

The two derivatives of 5-FU were synthesised in our laboratory according to a previously
published method [28]. These drugs shared a similar structure that only differed in the location of the
functional group, which was located at the ortho position of one compound (Scheme 1, O) and the
meta position of the other compound (Scheme 1, M).

H
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2-(5-fluoro-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-N-(pyridin-2-yl)acetamide (O)
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N
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2-(5-fluoro-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)-N-(pyridin-3-yl)acetamide (|\/|)

Scheme 1. Molecular structures of Ortho compound (O) and Meta compound (M).

The compound O was prepared in 2 steps. First, 5-fluorouracil-1-acetic acid (5-FUA) was
prepared using a previously described general method [29]. Second, The compound O was synthesised
from 5-FUA, dicyclohexyl carbodiimide (DCC), 1-hydroxybenzotriazole (HOBt) as follows: A
solution of DCC (1.52 g, 5.6 mmol) in DMF (10 mL) was dropped in a DMF solution (20 mL) of 5-
FUA (1.05 g, 5.6 mmol) and HOBt (0.85¢g , 5.6 mmol) at 0 °C over a period of 40 min. The resulting
solution was stirred at room temperature over the night. Appropriate pyridin-2-amine (5.6 mmol) was
added to the above mixture. After stirring 4 hours, a white solid was obtained. After filtration, the
filtrate was concentrated under vacuum. The residue was separated by column chromatography to
yield compound O. *H NMR (500 MHz, DMSO, ppm) & 11.92 (1H, s, NH), 8.08 (1H, d, J = 6.8 Hz,
FCCH), 7.88 (1H, dd, J = 5.1 Hz, C6H, Py),7.45-7.34 (1H, m, C2H, Py ), 6.49 (1H, dd, J = 5.0, 3.5
Hz, C4H, Py), 6.47 (1H, d, J = 4.7 Hz, C5H, Py), 6.17(1H, s, NHCOCH, ), 4.33 (2H, s, CH,).
BCNMR (126 MHz, DMSO0) § 169.59 (NHCO), 159.20 (d, Jc.r = 2.6 Hz, C4, 5-Fu), 157.47 (d, Jcr =
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25.7 Hz, C2, 5-Fu), 149.66 (C2, Py), 146.34 (C6, Py), 139.26 (d, Jc.r = 228.6 Hz, C5, 5-Fu), 137.67
(C4, Py), 130.65 (d, Jc.r =33.8 Hz, C6, 5-Fu), 111.75 (C5, Py), 108.54 (C3, Py), 48.85 (CH,). IR (KBr,
cm™): 3063 (N-H stretching vibration), 2830 (= C—H stretching vibration), 1702 (C=0 stretching
vibration), 1584 (C=C and C=N stretching vibration), 1487 (N—-H deformation and C—N stretching
vibration), 1427 (C—H blending vibration), 1306 (Mixed C—N stretching and N—H bending vibrations),
749 (C—H deformation vibration of pyridine ring ), 730 (pyridine ring deformation vibration).

The synthetic process of M was the same as described for O. Appropriate pyridin-3-amine (5.6
mmol) was used instead of pyridin-3-amine. 'H NMR (500 MHz, DMSO) & 11.93 (1H, d, J = 5.1 Hz,
1H), 10.51 ( 1H, s, NHCOCH,), 8.72 (d, J = 1.2 Hz, C2H, Py), 8.29 (1H, d, J = 4.0 Hz, C6H, Py), 8.09
(,1H, dd, J = 11.9, 6.8 Hz, FCCH), 8.03 — 7.97 (1H, m, C4H, Py), 7.37 (1H, dd, J = 8.3, 4.7 Hz, C5H,
Py), 4.36 (2H, s, CH,). *C NMR (126 MHz, DMSO) § 169.26 (NHCO), 166.00 (C6, Py), 157.52 (d,
Jo.r = 25.8 Hz, C4, 5-Fu), 149.72 (d, Jc.r = 18.0 Hz, C2, 5-Fu), 144.61 (C2, Py), 140.45 (d, Jc.r = 63.3
Hz, C5, 5-Fu), 138.38 (C3, Py), 130.77 (dd, Jc.r = 63.7, 33.9 Hz, C6, 5-Fu), 126.17 (C4, Py), 123.79
(C5, Py), 50.16 (CH.). IR (KBr, cm™): 3304 (N-H stretching vibration), 3075 (=C—H stretching
vibration), 1664 (C=0 stretching vibration), 1590 (C=C and C=N stretching vibration), 1558 (N-H
deformation and C—N stretching vibration), 1427 (C—H blending vibration), 1281 (Mixed C—N
stretching and N—H bending vibrations), 804 (C—H deformation vibration of pyridine ring ), 706
(pyridine ring deformation vibration).

2.3. Preparation of DNA-modified electrode

The electrodes that were modified with DNA were prepared according to the previous studies
[30, 31]. Gold disk electrodes were polished with a series of alumina powder (1.0, 0.5 and 0.05 pum).
Then, the Au electrode was purified and placed in fresh piranha solution (30% H,0, and 70% H,SO,)
to remove adsorbed organic impurities and sonicated in highly purified water for 5 min. Prior to the
modification, the electrode surface was electrochemically activated by sweeping from -0.3 to +1.5 V in
0.1 M H,SOq4 until a stable cyclic voltammogram characteristic of a clean Au electrode was obtained.
After washing with double-distilled water, the freshly polished Au electrode was immediately
modified by transferring a droplet of 10 pL of 1.0 ug uL™* CT-DNA solution onto its surface, followed
by air-drying overnight. The DNA-modified electrode (denoted as CT-DNA/ Au throughout) was then
soaked in sterile water for about 4 h and again rinsed with water to remove any unadsorbed CT-DNA.

2.4. Cyclic voltammetry

Voltammetric measurements were carried out in a conventional three-electrode cell consisting
of a bare gold or CT-DNA/ Au as the working electrode, a saturated calomel electrode (SCE), and a
platinum wire auxiliary electrode. We used typical CV experiments utilised a 5 mM solution of
Ks[Fe(CN)s] / Ks[Fe(CN)g] (1:1) in 0.05 M Tris—HCI buffer at pH 7.16 with 0.1 M KCI at room
temperature (25 °C). All solutions were deaerated with highly pure nitrogen, and the electrochemical
experiments were performed with a CHI 1030b electrochemical workstation (Shanghai Chenhua Co.,)
atascan rate of 0.1 Vs ™.
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2.5. Molecular docking

Docking operations were performed using version 4.0 of the AutoDock program package and
the Lamarckian genetic algorithm (LGA) available in AutoDock 4.0, which was proven to be most
reliable, successful and effective [17, 32]. The LGA was used in this docking study of compounds O
and M with double-stranded DNA. The DNA duplex receptor structure from the Protein Data Bank
(PDB ID 2dyw) contained 12 base pairs. The base pair sequence was CGCGAATTCGCG :
GCGCTTAAGCGC. All water molecules and ligands that co-crystallised with the DNA were removed
from the original structure. Then, the compounds and DNA were added along with Gasteiger charges
and polar hydrogen atoms using AutoDockTools (ADT) version 1.5.2. AutoGrid was used to calculate
the grid maps that represented the DNA in the docking process. Sufficiently large grids were chosen to
include a significant part of the DNA. In all cases, we used grid maps with a grid box size of
106x110x102 points with a grid-point spacing of 0.375 A. Then, we began to conduct the molecular
docking via the LGA using default parameters. For each ligand, fifty independent docking runs were
carried out.

3. RESULTS AND DISCUSSION

3.1. Electrochemical characterization of CT-DNA/ Au

Current/1x 10'5A
S

-2.0-
-4.0-
-6.0-
1 1 1 1 1
0.6 0.4 0.2 0.0 -0.2
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Figure 1. Cyclic voltammograms of Fe(CN)6°-"- in pH 7.16 Tris—HCI buffer solution at a bare Au
electrode (a), CT-DNA/ Au (b).The scan rate is 0.1 V s and the concentrations of Fe(CN)6® -
- and KCl are 5 mM.
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Figure 1 represents the typical cyclic voltammograms of the bare Au electrode (curve a) and
CT-DNA/ Au (curve b) in 5.0 mM Fe(CN)6%-"- solution at a scanning rate of 0.1 V s, where two
well-defined redox peaks were achieved in both cases. Moreover, there was an obvious decrease in the
peak current at CT-DNA/ Au compared with bare Au electrode. This can be attributed to DNA acted
as an electron and mass transfer blocking layer, which hindered the diffusion of Fe(CN)6>- " - toward
the electrode surface. The result also confirms that DNA is well modified on the surface of Au
electrode. CV of the DNA-modified Au electrode remained stable after 20 scans in the Tris-HCI buffer
solution, demonstrating the electrochemical stability of the DNA films.

00 y = -47.35x + 0.1369
R2 = 0.9971

les'1

Figure 2. The relationship between anodic peak current and the scanning rate (0.01~0.13 V s™) for
CT-DNA/ Au.

The electrochemical behaviors of Fe(CN)6°-"*- at CT-DNA/ Au were further studied with a

change in scan rate in Tris—HCI buffer solution (pH 7.14) containing 5 mM Fe(CN)6®-"*-. As shown
in Fig.2, it can be clearly found that the anodic peak currents increased upon the increase of the scan
rate, and a good linearity between peak current and scan rate could be obtained within the range of
0.01~0.13 V s™. These results reveal that the electrochemical kinetics is a typical surface adsorption-
controlled electrochemical process [33, 34].
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3.2. Interaction of drugs with the DNA-modified Au electrode
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Figure 3. Cyclic voltammograms of Fe(CN)6%-"- in Tris—HCI buffer solution (pH 7.16) containing
different concentrations of drugs: (A) O; (B) M. The scan rate is 0.1 V s and the
concentrations of Fe(CN)6% - - and KCI are 5 mM.

Compounds O and M are non-electroactive organic small molecules. Fe(CN)6®-" - was used
as an redox probe [35] to investigate the interactions of non-electroactive of small molecules with CT-
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DNA. Cyclic voltammograms changes of Fe(CN)6% -~ on different concentrations of O or M at CT-
DNA/ Au were shown in (Fig.3). As is evidence from Fig.3A, both the reduction and oxidation peak
currents gradually decrease accompanied an increase in the seven different concentrations from 0.077
mM to 0.50 mM of O (some concentrations were omitted in Figures). Similar phenomena were
obtained for M (Fig.3B). The maximum oxidation peak current changes were 1.21x10° A, 1.023x10®
A, respectively. The reason can be attributed that DNA films makes the redox process of Fe(CN)6° -

marker at the Au electrode more difficult due to the physical blockage as well as possible

electrostatic repulsion. When the prodrugs were added to the solution, they interacted with DNAs to

cause the DNA film denser, making the migration of Fe(CN)6*-/-
63 _l4

ions through the film harder. As a

result, the redox peak current of Fe(CN) decreased.

Table 1. The binding constants (K) and the binding free energies (E) between the drugs and DNA.

Compound Kx10°/(L-mol™) Ex10°/( J-mol™)
(0] 2.33°% -24.41
M 1.45% -22.43
5-FU 6.60 " -

®Determined from the cyclic voltammetry data using a previously published equation [36].
® From a previously published paper [38].

As can be seen from Fig. 4, both the peak currents of the cyclic voltammograms decreased with
increasing the concentrations of drugs and tended to achieve a saturation value, as expected for
Langmuir adsorption behaviour.
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Figure 4. Adsorption isotherm of drugs: (A) O; (B) M on CT-DNA/ Au. The solid line is a fit to the
Langmuir model. Inset: The relationship between 1 and 1 .

[DRUG] Al

P

For a quantitative comparison of the binding strength of O and M with CT-DNA , the binding
constant (K) between the test compounds and the CT-DNA was calculated (shown in Table 1)
according to the Langmuir formula in Eg. (A.1) [35, 36]. According to the method of Qu et al. [37], it
is assumed that DNA and DRUG only produce a single complex DNA -DRUG

DNA +m DRUG < DNA-DRUG )
The condition of binding constant is as follows:
K — [ DNA-DRUG ]

_ (1.1)
[DNA]- [DRUG]"
And the following equations can be deduced
Al =K'= Cyn 1.2)
and
Al=K'-[DNA-DRUG, ] (1.3)
[DNA]+[DNA-DRUG, ]=C,,, (1.4)
Al -Al=K (C,,. -[ DNA-DRUG_]) (1.5)
Al -Al=K-[DNA] (1.6)
Put Egs. (1.3) and (1.6) into (1.1) yields:
AL 1.7
Iogm =log K+ m log [DRUG] (1.7)
1 _ 1 1 1 (1.8)

Al AL, AL, K [DRUG]"
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To Eq. (1.8), we assumed m = 1, using Al represents Al, Ao e represents Alax . As shown in

Fig. 4 (inserted Pictures), 1  showed a good linear relationship with 1 | so the assumptive

[DRUG] Al
value of m was reasonable. Thus, we got Eq. (A.1)
11 N 1 1 Eq. (A.1)
Al_ Al Al .- K [DRUG]

P P,max
where AL =1,—1,.1, and |, represent the oxidation peak current of Fe(CN)63 - -in the
presence and absence of the drugs, respectively; A is the maximum difference of the oxidation

peak current; and [drug] represents the concentration of the drug. As a result, the binding constant (K)
are 2.33x10° L-mol™ and 1.45 x10° L-mol™ for O and M, respectively.

The binding constant of O is approximately 1.60 times larger than that of M, which may
indicate that the CT-DNA-binding strength of O is stronger than that of M. The significant difference
in the binding constants is chiefly because of the small structural difference between O and M in the
position of the functional group. For 5-FU derivatives, stronger bonding to DNA indicates a more
stable combination with DNA and thus better anticancer activity. These binding constants are much
smaller than that of 5-FU, which means decreased toxic side effect [38]. Thus, we can conclude that O
may be a more promising drug with higher anticancer activity than M. As a result, we can incorporate
this new information into the design of a promising antitumor prodrug of 5-FU.

3.3. Molecular docking

In an effort to interpret the molecular mechanism for the interactions of O and M with DNA,
molecular docking was performed to simulate the modes of interactions between the drugs and DNA
[39-41].
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Figure 5. Binding of O (A) and M (B) into DNA

Minor groove binding makes intimate contacts with the walls of the groove, and as a result of
this interaction, numerous hydrogen binding and electrostatic interactions occur between a drug and
DNA bases and its phosphate backbone [42]. As shown in Fig.5, in our work, there are two hydrogen
bonds formed between compound O and DNA (Fig.5A). One is formed between compound O and
number seven thymidine of one strand of DNA, with N atom serving as a hydrogen bond receptor
(O(2)—H...N: 2.8246 A), the other is formed between compound O and number eight thymidine of
the same strand of DNA (O(4)—H...N: 2.70303 A). As shown in Fig.5B, there is just a weak
hydrogen bond formed between compound M and number nine cytosine of one strand of DNA, with N
atom serving as a hydrogen bond receptor (O(4)—H...N: 3.05981 A). The result indicates that the O
binding with DNA is much more stable than M. It also shows that compounds O and M fit snugly into
the curved contour of the targeted DNA in the minor groove, with the walls of the groove in close
contact with pyrimidine and amide groups. As a result, we can draw a conclusion that the mode of
interactions between two drugs and DNA helix can be considered as minor groove binding. In order to
quantify the binding ability of the two drugs with DNA, the binding free energies between them and
DNA were calculated according to the literature [25]. As shown in Table 1, the binding free energy of
O and M are -24.41x10° J-mol™ and -22.43x10°J-mol ™, respectively. The binding free energy of O is
lower than that of M. Lower binding free energy indicates a more stable combination with DNA. Thus,
we can conclude that the binding ability of O with DNA is stronger than that of M.

4. CONCLUSIONS

In this paper, two derivatives of 5-FU were synthesised, and their electrochemical behaviour
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with CT-DNA were studied using cyclic voltammetry. Molecular docking was performed to simulate
the modes of interactions between the drugs and DNA. The results demonstrate that their binding to
DNA acts like groove binder which binds to the minor groove of DNA double helix. From the binding
constants and the binding free energies, it can be concluded that the binding strength of the ortho
compound is stronger than that of the meta compound. Therefore, we can make a bold guess that the
ortho compound is a potential anticancer drug, which should be used in optimising the design of this
class of 5-FU antitumor drugs.
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