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The interaction of melamine (MM) and its related compounds (MARCsS), i.e. Ammeline (AMN),
Ammelide (AMD), Cyanuric acid (CA) with native Herring Sperm DNA (HS-DNA) has been
investigated by cyclic voltammetric studies at glassy carbon electrode (GCE) in phosphate buffer (PBS
at pH 7.0). It was observed that the electrochemical processes of the 4 MARCs at a bare GCE were
quasireversible. By adding HS-DNA into the MARC:S solutions, a decrease in reduction peak current
of MARCs with a slight negative shift in peak potential values was observed. The reduction peak
current (/) of any of the MARC:s, either in absence or presence of HS-DNA, varied linearly with scan
rate (v) rather than v'’, which indicated that the electrode process was controlled by adsorption step.
The number of electrons transferred per molecule () of MM or the other three MARCs was calculated
to be ca. 2. Electrochemical parameters (charge transfer coefficient a and the standard rate constant k)
of free MARCs and binding compounds were obtained according to Laviron theory. The interactions
between MARCs and HS-DNA were presumed in groove mode with the interaction constants to be
10*~10° L-mol ™.

Keywords: Melamine (MM) and its related compounds (MARCsS), herring sperm DNA (HS-DNA),
cyclic voltammetry, groove mode

1. INTRODUCTION

Melamine (MM) is a triazine-based widely used industrial chemical. The transform of
melamine and its related compounds, ammeline (AMN), ammelide (AMD), and cyanuric acid (CA)
normally can be realized by hydrolysis [1, 2]. The dissociation constants pK, are 5.0 for MM, 4.5 and
9.4 for AMN, 1.8, 6.9, and 13.5 for AMD, and 6.9 for CA, respectively [1, 2]. Melamine (MM) and its
related compounds (MARCs) were assumed to be of equal potency and would be referred to
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collectively in the assessment as melamine compounds by the US Food and Drug Administration
(FDA) [1].

Since it contains 66.6% of nitrogen by mass, MM had been added to raw material, such as
wheat gluten, rice protein, even infant formula and milk products, to fake high protein contents by
some illegitimate merchants. The 2007’s pet food incident and the following year’s milk powder
scandal were notorious typical examples. Although, the clinic symptoms of the sufferers with
melamine poisoning are related to kidney stones or bladder urolithiasis, other potential harmful effects
are still uncertain [1-3]. A study performed by FDA described the risk to human health associated with
eating products from animals that have been fed with MARC:s [1]. High dosage of MM has shown to
be carcinogenic for male rats [4]. Although great attention has recently been paid to establish analytic
methods for the determination of MARCs, whether or not there are some interactions bewteen MARCs
and DNA have not been reported.

The interaction between DNA and other molecules is important in life sciences and has
attracted considerable interest, because it is related to the replication and transcription of DNA in vivo,
mutation of genes and related variations of species in character, action mechanism of DNA-targeted
drugs, efc [5-12]. Recently, researches on the interaction between DNA and some harmful chemicals,
such as enviromental pollutants, pesticides, efc, gradually become hot topics as a main way for the
investigation of DNA damage, as well as the understanding of toxic mechanism [6, 9, 12]. A variety of
methods, such as gel electrophoresis [13], footprinting technique, X-ray crystallography [14],
fluorescence [15], UV/visible spectroscopy [16], NMR [17], etc., have been used to investigate this
interaction. Recently, electrochemical method has become more and more widely used for the
investigation of the DNA interaction as it has been testified to be of high sensitivity, relatively low
cost, direct monitoring and simplicity [18-26]. Equilibrium constants (K) for the interaction of the
small moleculars with DNA can be obtained from shifts in peak potentials or currents, and the number
of base pair sites involved in binding (s) via intercalative, electrostatic, or hydrophobic interactions can
be obtained from the dependence of the current passed during oxidation or reduction of the bound
species on the amount of added DNA. In some cases it should also be possible to obtain kinetic data
from current and potential mesurements [27, 28]. Moreover, investigation of the electrochemical
behavior of small molecule compounds by means of electrochemical techniques has the potential for
providing valuable insights into the redox reaction of these molecules in living body [29].

In this work, the interactions of native Herring Sperm DNA (HS-DNA) with melamine (MM)
and its related compounds (MARCS), i.e. Ammeline (AMN), Ammelide (AMD), Cyanuric acid (CA)
have been investigated by cyclic voltammetric studies at glassy carbon electrode (GCE) in phosphate
buffer (PBS at pH 7.0). The results showed that the electrochemical processes of the 4 MARC:S, either
in absence or presence of HS-DNA, were adsorption controlled quasireversible. The charge transfer
coefficient a and the standard rate constant ks of free MARCs and binding compounds were obtained
by kinetic studies. The interaction constants between MARCs and HS-DNA were found to be 10*~10°
L-mol . Tt was presumed that the MARCs could interact with DNA by groove mode, which were
consisted with our previous findings obtained via spectrophotometric, spectrofluorometric, melting
temperature (7,), and viscosimetric techniques [30, 31]. We hope this work will provide some useful
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information for the evaluation of the safety performance of MARCs through understanding their
interaction with DNA.

2. EXPERIMENTAL

2.1. Chemicals and reagents

Melamine (MM) and cyanuric acid (CA) were purchased from Sinopharm Chemical Reagent
Co., Ltd (Shanghai, China), while ammeline (AMN) and ammelide (AMD) were purchased from Yan
Shing Industrial Co., Ltd. (Tokyo, Japan). The range of purity was 96-99%.

Herring Sperm DNA was purchased from Shanghai Dechemical Co., Ltd (Shanghai, China).
The stock solution of DNA was prepared by dissolving DNA in 0.05 mol/L of phosphate buffer (PBS)
at pH 7.0 (the mixture solution of 0.05 mol/L of Na,HPO,4 and NaH,PO,) and dialyzing exhaustively
against the same buffer for 24 h, and used within 5 days.

A solution of DNA gave a ratio of UV absorbance at 260 and 280 nm more than 1.8, indicating
that DNA was sufficiently free from protein. The DNA concentration of the stock solution was
determined by UV spectrophotometry, in properly diluted samples, using the molar absorption
coefficient 6600 L-mol'-cm™ at 260 nm; the stock solution was stored at 4 °C. An individual stock
solution for each compound containing 1x10™ mol-L”" MM or AMD, 4x10™ mol-L" CA was prepared
by dissolving an appropriate amount of the individual MARCs in PBS buffer, while AMN solution at
concentration of 4x10™ mol-L™" was prepared by dissolving an appropriate amount of AMN in a 50:50
(v/v) mixture of ethanol and 0.05 mol-L™ aqueous sodium hydroxide solution.

A fresh working solution was prepared daily by diluting the stock solution with PBS buffer and
used for different studies.

2.2. Apparatus

The cyclic voltammetry studies were carried out by using LK-2006 electrochemical system
(Lanlike Co. Ltd, Tianjing, China). Electrochemical cell consisted of a glass container with a cap
having holes for introducing electrodes and nitrogen.

The cell was then maintained oxygen free by passing nitrogen over the solution. The reference
electrode used was saturated calomel electrode (SCE), while the auxillary and working electrodes were
platinum foil and glassy carbon electrode (GCE), respectively.

In a typical cyclic voltammetric experiment of the reaction mixture consisted of melamine
(MM) or its related compounds (MARCs) and DNA in PBS buffer, a stream of nitrogen was passed
over them and the reaction mixture was thermostated.

The three electrodes were connected to a computer controlled potentiostat and required
potential scan rate, current sensitivity, initial potential and final potential were given and the resulting
current was measured as a function of applied potential.
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3. RESULTS AND DISCUSSION

3.1. Electrochemical behavior of MARCs and their interaction with HS-DNA in solution

Typical cyclic voltammetric curves of the MARCs with concentration at 1.0x10” mol-L" for
MM, 5.0x10” mol-L"" for AMN, 1.0x10” mol-L"' for AMD, and 5.0x10” mol-L"' for CA, in absence
or presence of HS-DNA (5.0><10'5 mol-L'l) in 0.05 mol-L" PBS (pH 7.0) with a scan rate of 100 mV -s
! were shown in Figure 1.

A pair of redox peaks for any of the 4 MARC:s in absence of HS-DNA appeared using a bare
GCE in the range of -1.5 to +1.5 V (vs. SCE). The cathodic peak potential (E,.) was at -0.59 V for
MM, -0.32 V for AMN, -0.56 V for AMD, and -0.51 V for CA, with a scan rate of 100 mV -s'l,
respectively, while the anodic peaks for all the 4 MARCs were not obvious. The reduction peak
current of any of the 4 MARCs was obviously much higher than the oxidation peak current. The
current ratio of the cathodic peak current to the anodic one (Ip/Ip.) was 0.43, 0.69, 0.58, and 0.50, for
MM, AMN, AMD, and CA, respectively. The separation between the anodic and cathodic peak
potential (AE, = |E, - Epl ) was 820 mV, 850 mV, 900 mV, and 800 mV, accordingly. These results
indicated that the electrochemical processes of the 4 MARCs at a bare GCE were quasireversible.

As shown in Figure 1, when HS-DNA was added into the MARCs solutions, decreases in
reduction peak currents of MARCs (from -16.44 pA to -11.17 pA for MM, -9.10 pA to -7.88 pLA for
AMN, -9.29 pA to -9.25 pA for AMD, and -11.85 pA to -10.63 nA for CA, respectively) with a slight
negative shift in peak potential values (from -0.59 V to -0.60 V for MM, -0.32 V to -0.45 V for AMN, -
0.56 V to -0.57 V for AMD, and -0.51 V to -0.57 V for CA, respectively) were observed.

3.2. Kinetic Investigation

Cyclic voltammetric experiments of the MARCs in absence and presence of HS-DNA in 0.05
mol-L"' PBS (pH 7.0) with varied scan rate were recorded. The curves in presence of HS-DNA were
taken as expamples shown in Figure 2. It was observed that the reduction peak current (/,c) of any of
the MARC:S, either in absence or presence of HS-DNA, varied linearly with scan rate (v) rather than
V2. The results were summarized in Table 1, which indicated that the electrode processes were

controlled by adsorption step [32].
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Figure 1. Cyclic voltametry (CV) of MARCs, MARCs-DNA system ((a) MM (b) AMN, (c) AMD,
and (d) CA, ¢((MM) = 1.0x10° mol-L!, ¢((AMN) = 5.0x10° mol-L"!, ¢(AMD) = 1.0x10?
molL", ¢(CA) = 5.0x10” mol-L"!, ¢(DNA)=5.0x10" mol-L"", 0.05 mol-L" PBS (pH 7.0),
with a scan rate of 100 mV -s™)
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Figure 2 Cyclic voltametry (CV) of MARC: in presence of HS-DNA (¢(DNA)=5.0x10" mol-L"") at
different scan rate ((a) MM-DNA (b) AMN-DNA, (c) AMD-DNA, and (d) CA-DNA, , c(MM)
= 5.0x10° molL"!, ¢((AMN) = 5.0x10° molL!, ¢c(AMD) = 1.0x10° mol-L"!, ¢(CA) =
5.0x10”° mol-L™", 0.05 mol-L"' PBS (pH 7.0))
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For an adsorption controlled quasireversible electrochemical process, the relationship between
the the peak current (/) and the coulomb of adsorption (Q,) obeys the following formula [33]:

I,=n’F’ATV/ART (1)
Since, Q, = nFAI" 2)
Then, I,= nQ,Fv/4RT 3)

where R is the universal gas constant (8.314 J -K'l-mol'l), T is the Kelvin temperature (T), F is
the Faraday constant (96487 C-mol™), n is the number of electrons transferred in reaction, A is the
surface area of the working electrode (cm?), v is the scan rate (V-s™), I"is the surface concentration of
adsorption (mol-cm™?), Q, is the coulomb in the process of adsorption (C), and I, is the peak current
(A).

By integrating the peak areas of the reduction peaks of the MARCs, Q can be obtained,
therefore, the number of electrons transferred per molecule (n) of the MARCs were calculated as listed
in Table 1. The number of electrons transferred per molecule (n) of any of the MARCs was found to be
~2.

Table 1. The relationship between I, and v, the number of electrons transferred per molecule (n) of

MARCs

MARC | v(V-s) | Ip(pA) | I ~v QO |[n | na
0.01 29.63 4972 | 1.99
0.03 1235 | L,=-129.17v-8.8893 [ 2063 |2.05

MM (005 1644 | R?=0.9626 1594 | 212 | 2.05
0.07 218.73 1432|192
0.10 22088 984 | 218

AMN | 0.01 778 4251 | 1.88 | 2.04
0.03 842 I,=-26.696 v-7.6245 [-1360 |2.12
0.05 29.10 R’=0.9806 954 | 1.96
0.07 29.62 639 | 221
0.10 210.15 516 | 2.02

AMD | 0.01 726 3675 | 203 | 2.06
0.03 2925 I=-51873v-6.9959 |-1677 | 189
0.05 29.29 R’ =0.9691 888 | 215
0.07 210.73 795 | 1.98
0.10 12,14 559 | 223

CA |00l 26.66 3372|203 | 2.02
0.03 1025 | ,=-79593v-7488 [ -1656 |2.12
0.05 -11.85 R’ =0.9676 -13.10 | 1.86
0.07 “13.40 984 | 2.00
0.10 214.96 736 | 2.09
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As discussed above, the reduction peak current (/) of any of the MARC:s varied linearly with
scan rate (v) rather than v, indicating that the electrode process was controlled by an adsorption step.
According to Laviron theory [33], for an adsorption controlled process, the relationship between E,
and Igv should obey the following formula.

E,=E,) +2.3RT/onF[Ig(RT/nF) k; ]- 2.3RT/anFlgo 4)

where E, is the peak potential (V), E,” is the formal potential (V), which can be obtained from
the intercept of the resulted lines by plotting of E, ~ v [32, 33], R is the universal gas constant (8.314
J -K'l-mol'l), T is the Kelvin temperature (T), F is the Faraday constant (96487 C-mol'l), n is the
number of electrons transferred in reaction, k is the standard rate constant (s™), a is the charge transfer
coefficient, v is the scan rate (V-s™).

By plotting of E,, ~ Igv, the charge transfer coefficient a and the standard rate constant ks before
and after adding HS-DNA can be obtained. The results were listed in Table 2.

Table 2. The main electrochemical kinetic parameters of the MARCs and MARCs-DNA systems

MARC E,~v E, E, ~lgv o k(s™)

/MARC- %

DNA

MM E% =-1.0662 v - 0.5237 | -0.52 E% =0.10321gv-0.7222 | 0.28 0.26
R?=0.9504 R?=10.986

MM-DNA | E,=-0.8309 v-0.6627 | -0.66 | E,=-0.1244 lgy - 0.24 0.28
R*=0.9793 0.8668 R*=0.9641

AMN E% =-0.5564v-0.2884 | -0.29 | E,=-0.1303 Igv - 0.23 0.59
R?*=0.9701 0.4805 R*=0.9928

AMN- E% =-1.34v-0.3008 |-0.3 E,=-0.15351gv - 0.2 0.23

DNA R*=0.9782 0.5777 R*=0.9884

AMD E% =-1.0804 v-0.6624 | -0.52 | E, =-0.1041 Igv - 0.28 0.26
R?=0.9542 0.8229 R*=0.9806

AMD- E,=-0.8305v-0.6627 | -0.66 | E,=-0.12541gv - 0.24 0.42

DNA R*=0.9792 0.8684 R*=0.9669

CA E,=-0.5039v-0.487 |-0.49 |E,=-0.06941gy - 0.43 0.66
R2 =0.9913 0.6051 R*=0.9866

CA-DNA E% =-0.6544v-0.5357 | -0.54 | E, =-0.0874 Igv - 0.34 0.5
R?=0.9887 0.6854 R*=10.9787

3.3. Thermodynamic studies

For further investigation the intensity of the interaction between the MARCs and DNA, cyclic
voltametric experiments of MARCs with the varied concentrations in absence and presence of HS-
DNA (¢(DNA)=5.0x10" mol-L'") were carried out. The results showed that the difference of the
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reduction peak current in absence and presence of DNA (A, gradually increased with the
concentration of the MARCs and finally reached to a flatform (shown in Figure 3 (insert, (a) for MM
(a), (b) for AMN, (c) for AMD, and (d) for CA), which was the typical phenomenon for an adsorption
controlled quasireversible electrochemical process.
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Table 3. The thermodynamic parameters of MARC-DNA interactions

MARC K (L -mol™)
Electrochemical (CV) Electronic spectra Fluorescence studies
method (this work) [30, 31] [30, 31]

MM 1.4x10° 1.02x10° 9.5%10*
AMD 1.1x10* 2.9x10* 2.2x10*
AMN 9.5x10* 1.2x10° 3.8x10°

CA 4.2x10* 4.3x10°* 4.3x10*




Int. J. Electrochem. Sci., Vol. 5, 2010 1595

Thus, the interaction constants were evaluated by double reciprocal equation as listed in eq. 1
[33].

v
Al AL, KA '~ [MARCJ

pmax pmax

(&)

Where Alp and Alpmax are the difference and the maxium difference of the reduction peak
current in absence and presence of DNA, respectively, while c(MARC, mol-L’l) 1s the concentration of
any of MARCs added, and K (L -mol '1) is the interaction constant of MARCs-DNA, s is the binding
number for MARCs to DNA. Taken different values of s (s = 1, 2 .... n), by plotting of 1/AI, vs
[1/c((MARC)]', K can be obtained from the slope and intercept of resulted curves. In the present work,
when s = 1, a good linear relationship between 1/AIp vs [1/c((MARC)] can be obtained, as shown in
Figure 3. The K values for the MARC-DNA complexes were summarized in Table 3, which were
consisted with our previous findings obtained via spectrophotometric, spectrofluorometric methods
[30, 31].

The value of K, the interaction constants of MARC-DNA, was ~10° for any of the MARC:s,
which was at least 100 times smaller than reported examples of traditional intercalating mode [5, 34-
36], such as ethidium, proflavin, daunomycin, cryptolepine, and chlorobenzylidine. These results
furtherly illuminated that the interactions between DNA and MARCs did not follow traditional
intercalating mode, while the conformation changes of DNA may be realized via the groove binding
interaction with MARCs. These results were consistant with our previous findings obtained by
spectrophotometric, spectrofluorometric, melting temperature (7,,), and viscosimetric techniques [30,
31]. Our previous thermodynamic studies suggested that the interaction processes were exergonic
favored (A H<0) and entropy disfavored (AS <0), which indicated that hydrogen bonds might be the
main acting force in the binding of the MARCs and DNA.

4. CONCLUSIONS

In summary, the electrochemical behavior of each MARC has been investigated by cyclic
voltammetric studies at glassy carbon electrode (GCE) in phosphate buffer (PBS at pH 7.0). The
electrochemical processes of the 4 MARC:s at a bare GCE were shown to be quasireversible adsorption
controlled. The number of electrons transferred per molecule () of any of the MARCs was calculated
to be ca. 2. The electrochemical parameters (charge transfer coefficient a and the standard rate
constant k) of free MARCs and binding compounds were obtained. The interaction constants between
MARCs and HS-DNA were found to be 10*~10° L-mol .
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