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The interaction between procainamide with ct-DNA was seen through several experimental and theoretical
methods. The fluorescence intensity of procainamide decreased on increasing the concentration of ct-DNA and
the quenching process was found to be static with approximately 1:1 binding between ct-DNA and procain-
amide. UV absorption spectroscopy gave an idea about minor groove binding which was further confirmed by
the dye displacement method of DAPI/EtBr bounded ct-DNA interaction. Minor groove binding was also evi-
denced from the collective information obtained from DNA melting, viscosity and CD spectroscopy. Molecular
docking simulations presented that procainamide bound in the minor groove (AT rich) region of B-DNA struc-
tures. From thermodynamic point of view the binding interaction between procainamide and ct-DNAwas spon-
taneous process with liberation of energy and overall ordering of system. Hydrogen bonding was found to play
important role as suggested by the values of thermodynamic parameters.Whereas frommolecular docking sim-
ulations it was exposed that hydrogen bonding and hydrophobic interactions were crucial in the binding of ct-
DNA and procainamide. DFT method was also used to calculate the Frontier molecular orbitals (HOMO and
LUMO) of procainamide which were further used to calculate chemical potential (μ), chemical hardness (η)
and fraction number of electrons (ΔN) from procainamide to DNA. Procainamide was found to act as electron
donor to DNA bases excpet guanine. Finally, elucidation of anticancer activity revealed that procainamide pos-
sesses potential cytotoxicity against MCF-7 breast cancer cells and able to induce significant level of apoptosis
at concentrations below IC50 value.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Procainamide is a tertiary amine compound and served as a cardiac
depressant, particularly as an antiarrhythmic medicine used to treat
cardiac arrhythmic taking place in patients with heart problems. It
was developed to upsurge the actual refractory period of the atria and
ventricles of the heart [1–4]. Procainamide is quickly absorbed in the
body after intravenous or oral administration [5]. It is also associated
with several side effects such as, anorexia, vomiting, nausea and diar-
rhea, fever, joint and muscle pain, etc. [6]. Toxicity of procainamide to-
wards the lungs has also been reported in which it causes the
pulmonary fibrosis [7].

Though, it was developed as type IA antiarrhythmic drug, several an-
ticancer activities of procainamide have also been observed [8]. Procain-
amide was found to protect mice against toxic doses of cisplatin and
greatly decreased the weight loss brought by cisplatin. Moreover, it
prevented the increased plasma urea nitrogen levels caused by admin-
istration of cisplatin as well as the tubular degenerative changes [9].
Procainamide also found to enhance the efficacy of cisplatin in P388 leu-
kemic mice changes [9] as well as increase the tamoxifen response in
ERα-positive and ERβ-negative breast cancers [10]. Recently, it was
found to improve the anticancer activities of cisplatin against in murine
P388, human A2780 and A549 cells [11] and the toxicity of liposome-
cisplatin combination was also increased in its presence [12].

Procainamide is also an efficient molecule to design the stable
radiolabeling substance for heart imaging [13]. Furthermore, due to its
specific binding tendency with melanin pigment, the novel radiotracer
was designed for in vivo imaging of melanoma tumors [14]. The im-
provement in the anticholitic activity of 5-aminosalicylic acid was ob-
servedwhen it was conjugatedwith procainamide via an azo bond [15].

The most interesting role of procainamide as anticancer agent is to
promote the demethylation of DNA which is a very important hallmark
in cancer related research [16]. DNA demethylation is a practice in
which inhibitor distresses the activity of DNA methyltransferases. Pro-
cainamide induced demethylation and able to reactivation of the tumor
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Fig. 1. Difference absorption spectra of ct-DNA (30 × 10−6 M L−1) in presence of
increasing amount of procainamide (0, 5, 10, 15, 20, 25, 30, 35 × 10−6 M L−1) at 25 °C.
Inset: Benesi Hildebrand plot.
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suppressing genes ER, RARβ, andp16 in cultured cells [17]. Lee et al. found
that procainamide unambiguously prevents the hemimethylase activity
of DNA methyltransferase 1 (DNMT1), which is believed to be account-
able formaintaining DNAmethylation patterns during replication though
it was not an effective suppressor of the de novo methyltransferases
DNMT3a and DNMT3b2 [18]. Secreted Wingless type (Wnt) ligands are
found to be participated in tumor developmental processes and oncogen-
esis. Aberrant promotermethylation ofWnt inhibitory factor-1 (WIF-1) is
a fundamental mechanism of epigenetic silencing in human cancers. Pro-
caine and procainamide were found to reactivate WIF-1 in these cancer
cells and downregulate the Wnt canonical pathway subsequently can
prevent the development of lung cancer [19].

Since applications of procainamide as anticancer agent are of impor-
tance in cancer therapy, study on its interaction andbindingmechanism
with DNA is of particular interests. DNA is a vital genomic component of
life that transportsmaximumof the hereditary information and permits
the biological synthesis of proteins and enzymes through the replication
and transcription [20]. Interaction of DNA with small molecules or li-
gands takes place via various modes for instance (i) intercalation of
the small molecule inside the DNA base pairs that causes the distortion
in the DNA double helix, (ii) electrostatic interaction between nega-
tively charged phosphate backbone of DNA and positive ends of small
molecules, ligands or drugs, (iii) groove binding which involves either
minor groove binding preferably for small molecules or major groove
binding for large molecules such as polypeptides. Groove binding
doesn't influence the double helix of DNA toomuch unlike intercalation
as both are correlated to the grooves in DNAdouble helix, whereas elec-
trostatic binding takes place outside the groove [21,22].

The binding mode of a drug, in general, and an anticancer drug, in
particular, with DNA are gaining attention to evaluate the mechanism
of action of the drugs [23–25] because DNA is the prime target of several
drugmolecules for attenuation the transcription and replication. Under-
standing the bindingmechanism of drug and DNA can be helpful to de-
sign the new pharmaceutical agents for targeting DNA [26,27].
Therefore, in the present study we have investigated the mode of bind-
ing of procainamide to the ct-DNA experimentally, using a bunch of
techniques, as well as computationally using molecular docking and
DFT calculations. Furthermore, cytotoxic activities of procainamide on
human breast cancer (MCF-7) cells have also been performed. The
structure of procainamide is given in Scheme 1.
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2. Experimental

UV–visible studies as well as DNA melting studies were performed
on Perkin-Elmer Lambda 45 Spectrophotometer using quartz cuvettes
of 1 cmpath length. Fluorescence spectroscopywas executed onHitachi
F-7000 spectrfluorometer and for quenching experiments the excita-
tion wavelength was 290 nm and the excitation and emission slits
were fixed at 10 nm with PMT voltage of 400 V. In case of competitive
displacement assays using DAPI and EtBr, the excitation wavelengths
were kept as 341 nm and 480 nm, respectively. CD spectroscopy was
done on Jasco J-815 spectropolarimeter using 2mmquartz cell. Ostwald
viscometer was used to calculate the relative viscosities of ct-DNA and
ct-DNA–procainamide complex. The geometries of procainaimde and
DNA bases were optimized at DFT/B3LYP/def2SVP/J [28–30] by ORCA
CH
3
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O

Scheme 1. Structural formula of procainamide.
software [31–33]. Autodock 4.2.3 Programwas used to perform docking
calculations of DNA with procainamide [34].

The MCF-7 human breast adenocarcinoma cell line was obtained
from American Type Culture Collection (ATCC, Rockville, MD, USA)
and cells were further grown in the lab using standard protocols. A
CellTitre 96® non-radioactive cell proliferations assay kit (Promega,
Madison,WI, USA)was used to analyze the cytotoxic activity of procain-
amide through 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT) colorimetric assay. Morphological changes in the cells
were observed under a phase contrast inverted microscope equipped
with a digital camera (Olympus IX51, Tokyo, Japan) at 100×magnifica-
tion after growing the cells in presence of various amounts of procain-
amide. Apoptotic morphological changes were seen by the AO-EtBr
dual staining method. The incidence of apoptosis was measured in
MCF-7 cells by flow cytometry using the annexin V-FITC and propidium
Iodide (PI) apoptosis detection kit (BD Biosciences, San Diego, USA).

The detailed experimental procedure is given in ESI.
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Fig. 2. Fluorescence emission spectra of procainamide (30 × 10−6 M L−1) in the presence
of increasing amount of ct-DNA (5, 10, 15, 20, 25, 30 × 10−6 M L−1) at 25 °C. Inset: (a)
Stern-Volmer plots of ct-DNA interaction with procainamide. (b) Plot of log (F0 − F)/F
as a function of log [ct-DNA]. (c) van 't Hoff plot of ct-DNA-procainamide interaction.



Table 1
Stern-Volmer quenching constants, binding parameters and thermodynamic parameters for the interaction of ct-DNA with procainamide at various temperatures.

T (K) Stern-Volmer quenching constants Binding parameters Thermodynamic Parameters

Ksv (M−1) R2 Kb (M−1) R2 ΔG (kJ M−1) ΔH (kJ M−1) ΔS (J M−1 K−1)

288 1.90 × 103 3.33 × 1011 0.9983 1.04 2.3 × 103 0.9985 −18.4 −22.4 −14.13
298 1.84 × 103 3.22 × 1011 0.999 0.97 1.4 × 103 0.9968 −18.2
308 1.80 × 103 3.15 × 1011 0.9982 0.96 1.2 × 103 0.9962 −18.0
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3. Results and discussions

3.1. Binding of procainamide with ct-DNA using biophysical techniques

3.1.1. UV–visible spectroscopy
UV–visible spectroscopy is imperative technique to understand the

binding/interaction between small molecules/ligands and biomacro-
molecules, for instance proteins and nucleic acids. Procainamide shows
specific absorption peak around 290 nm which is the result of the π—π*
transitions (Fig. S1) and ct-DNA displays the peak at 260 nm. Fig. 1 is
showing the difference UV spectra (the spectra of solutions containing
ct-DNA and various amounts of procainamide where the same amount
of procainamidewas taken as blank) of procainamide–ct-DNA interaction
which shows that on the addition of latter the absorbance of former in-
creases, with a small red shift of around 2 nm.

Intercalation of small molecules causes in the red shift followed by
the hypochromism due to the coupling of the π-antibonding orbital of
small molecules with π-bonding orbital of DNA [27]. Therefore, groove
binding is suggested in present case which occurs due to the overlap-
ping of the electronic states of the chromophore of the complex with
the nitrogenous bases in the grooves of DNA [35]. Henceforth, from
the results obtained using UV–visible spectroscopy it can, primarily, be
understood that binding of procainamide is at minor groove of ct-DNA.

The apparent association constant (Kapp) for the 1:1 procainamide–
ct-DNA complex can be calculated according to Benesi-Hildebrand (B-
H) equation [27,36]:

A0

Aobs−A0
¼ εD

εP−D−εD
þ εD
εP−D−εD

� 1
Kapp procainamide½ � ð1Þ

where Aobs andA0 are the observed absorbance at 260 nm in presence of
procainamide and absorbance of pure ct-DNA, respectively, and ɛD andɛP–D are the absorption coefficients of the ct-DNA and the ct-DNA–pro-
cainamide complex, respectively. Kapp can be determined from the
ratio of intercept to slope. From the plots (insets of Fig. 1) the values
of Kapp was found to be 1.8 × 103 M−1 which is a suggestive of the
minor groove binding as the classical intercalators have a very strong
binding and very high binding constants [27]. The value of association
400 450 500 550 600 650
0

200

400

600

800

1000

1200

1400

1600

1800

ytisnetni
ecnecse roulF

Wavelength (nm)

(A)

Fig. 3. Competitive displacement assays between procainamide and EtBr/DAPI (A) Fluorescen
complex was excited at 338 nm and emission spectra were recorded from 400 to 650 nm. (B
excited at 471 nm and emission spectra were recorded from 540 to 680 nm. Concentration of
constant is in excellent agreement with values of binding constants ob-
tained from thefluorescence quenchingmeasurements and given in the
next section.

3.1.2. Fluorescence quenching
Excitation of procainamide at 290 nm yields a fluorescence emission

spectrum with a wavelength of emission maximum at 360 nm. This
property of procainamide could be used to study the fluorescence
quenching with ct-DNA addition. Accordingly, we have studied the ef-
fect of [ct-DNA] on the fluorescence quenching of procainamide and
the results are given in Fig. 3 as well as Fig. S2 and S3. As the ct-DNA is
added to the procainamide solution the fluorescence of the latter is
quenches though there was no change in the position of emissionmax-
imum. For getting insight on themechanism of quenching (static or dy-
namic)we have studied the effect of temperature (Fig. S2 and S3) on the
quenching of procainamide by ct-DNA and the quenching mechanism
was quantified by the Stern-Volmer equation:

F0
F

¼ 1þ KSV Q½ � ð2Þ

where F0 and F are fluorescence intensities in absence and presence of
quencher (ct-DNA), respectively, and KSV is Stern-Volmer constant
and [Q] is the concentration of quencher.

Ksv ¼ kqτ0 ð3Þ

where kq is the bimolecular rate constant of the quenching reaction and
τ○ the average integralfluorescence life time of Trpwhich is ~ 5.7 × 10−
9 s [37].

Since in static quenching formation of ground state complex takes
place, thus, it is inversely proportional to the temperature whereas in
case of dynamic quenching collision between the fluorophore and the
quencher takes place and it depends on the molecular diffusion which
is increases on increasing the temperature [37,38]. Therefore, studying
the system under various conditions of temperature could lead us to de-
termine whether the quenching is static or dynamic. The values of
Stern-Volmer constant at various temperatures have been calculated
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procainamide ranges from 0 to 70.0 × 10−6 mol dm−3.
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Fig. 5. Effect of increasing amounts of procainamide on the specific viscosity of ct-DNA at
pH 7.4. [ct-DNA] = 30 × 10−6 mol L−1.
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using linear regression of Eq. 2 and insets A of Fig. 2, Figs. S2 and S3, and
the values are of the order of 103 this is in support of possibility of
groove binding because in case of intercalation KSV are relatively high
[39,40]. The inverse dependence of KSV on the temperature (Table 1)
clearly establishes the involvement of the static type ofmechanism. Fur-
ther, to support these observations and results the value of the bimolec-
ular rate constant (kq) was calculated and compared with the limiting
diffusion rate constant of the biomolecules (2.0 × 1010 M−1 s−1) and
the value of kq was found to be much greater as compared to the latter
which again accomplishes that the involvement of static quenching
mechanism [41].

3.1.3. Evaluation of binding and thermodynamic parameters
The binding constant (Kb) as well as number of binding sites (n) can

be evaluated with the help of the following equation:

log
Fo−F

F

� �
¼ log Kb þ n log Q½ � ð4Þ

Plots of log(F0−F)/F versus log[Q] (Inset (B) of Fig. 2, Figs. S2 and S3)
were used to evaluate the binding constants and number of binding
sites at various temperatures which are given in Table 1. The Kb ob-
tained at 25 °C is in very close agreement from the one obtained using
absorption spectroscopy. From the values of Hill's coefficient, n, it was
found that there is 1:1 binding between procainamide and ct-DNA.
Once again the values of analyzed binding constants are very less than
observed for intercalating molecules, therefore, procainamide can be
considered as groove binder [40].

When biomolecules interactwith small ligands ormolecules, several
forces involved in the interactions such as, hydrophobic, van derWaals,
electrostatic and hydrogen bonding, can be understood by assessing
thermodynamic parameters. There parameters are change in enthalpy
(ΔH) and entropy (ΔS) of interaction process along with free energy
change (ΔG). The natural logarithm of binding constant is related to
the inverse of absolute temperature and can be given as van't Hoff equa-
tion (Eq. 4):

lnK ¼ −ΔH
RT

þ ΔS
R

ð5Þ

From the plots of lnKb versus 1/T the values of ΔH and ΔS can be cal-
culated which further help to calculate the values of ΔG:

ΔG ¼ ΔH−TΔS ð6Þ

van't Hoff plot for procaianamide–ct-DNA interaction is given in inset (c)
of Fig. 2 and the thermodynamic parameters are enlisted in Table 1. From
thenegative values ofΔG the feasibility of interaction can be understood.
From the values ofΔH andΔS it can be advocated that themain forces in
the interaction between procainamide and ct-DNA are hydrogen bond-
ing and van der walls forces [42]. Theoretical results obtained through
molecular dockingmethods also suggested the involvement of hydrogen
bonding.
3.1.4. Competitive binding by dye displacement method
There are several modes of binding by which small molecules binds

to the DNA which primarily include the non-covalent and electrostatic
interaction and the former is subdivided into intercalation, groove bind-
ing (includes major and minor grooves) and external binding [27]. The
groove binding mode or intercalation can be identified by the dye dis-
placement assays by using the dyes which are specific to the minor
grooves or intercalation sites. For instance, DAPI which binds in the A–
T rich regions of double-stranded DNA is a well-known minor groove
binder and show a large band in the fluorescence spectrum when
bounded to the DNA [43]. If any substance which is a minor groove
binder will be added to the DAPI-DNA solution it will compete for the
binding site and as a consequence the intensity of DAPIwill be decreased.
In a similar way EtBr is an intercalator and any intercalating molecule
will compete with this molecule for the site if it is bounded to DNA [44].

The effect of procainamide on the DAPI–ct-DNA and EtBr–ct-DNA
complex was studied using fluorescence spectroscopy. The results cor-
responding to DAPI and EtBr have been given in Fig. 3(a) and (b), re-
spectively. Successive addition of procainamide decreases the
fluorescence intensity of DAPI whereas the intensity of EtBr remains



Fig. 6.Molecular docking results of procainamide bound to B-form DNAs.
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unchanged. These results clearly indicate that primary site of procain-
amide binding is on or near minor groove [45].
3.1.5. DNA melting studies
The stability of DNA double helix declines on increasing the temper-

ature due to the weakening of various binding forces. Melting tempera-
ture (Tm) is regarded as the temperature at which half of the DNA is
melted. In presence of intercalating molecule there is an expected in-
crease of 5–8 °C in the melting temperature of DNA [46] while minor
1BNA 

102D 

Fig. 7. Predicted binding mode of p
groove binders didn't influence it too much [47]. The Tm of pure ct-
DNA and procainamide–ct-DNA complex were achieved from the tran-
sition midpoint of the melting curves based on fss versus temperature
(T) according to the following equation [48]:

fss ¼ A−A0ð Þ= Af−A0ð Þ ð7Þ

where A0 and Af are the initial and final absorbance intensities at
260 nm, respectively, A is the absorbance intensity corresponding to
1DNE 

453D 

rocainamide docked into DNA.
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its temperature and fss is the fraction of single stranded DNA [49]. The
Tm of ct-DNA increases from 72.4 ± 0.2 to 74 ± 0.3 °C in presence of
procainamide (Fig. 4(A)) expressive of minor groove binding.

3.1.6. Circular dichroism spectrophotometry
CD spectroscopy can also be employed to apprehend the interaction

of smallmolecules to the DNA. A positive peak at 275 nm in the CD spec-
trum of ct-DNA is because of the stacking of the base pairs and a nega-
tive peak at 245 nm is owing to the polynucleotide helicity (Fig. 4B). If
amolecule intercalates the increase in the positive band due to its stack-
ing between the base pairs of DNA takes place [50]. Inversely, interac-
tion of groove binders doesn't influence the CD spectrum too much
[24]. Since from the Fig. 4(B), it can be seen that addition of procain-
amide to the ct-DNAdidn't causes any significant change in the CD spec-
trum of latter and which indicate presence of groove binding between
ct-DNA and procainamide. The results obtained here are in good
Unbound procainamide 

Procainamide in procainamide-DNA 
(1BNA) complex

Procainamide in procainamide-DNA 
(1DNE) complex 

Procainamide in procainamide-DNA 
(102D) complex

Procainamide in procainamide-DNA 
(453D) complex

Fig. 8. The conformation of procainamide in procainamide–DNA complexes.

Fig. 9. HOMO–LUMO composition of the frontier molecular orbitals of procainamide.
consistency with the observed recently for captopril drug which was
found to be minor groove binder [33].

3.1.7. Viscosity measurements
Viscosity measurements were also performed in order to further

verify the site of the interaction (Fig. 5). Viscometry is a classical and
easy technique to determine the mode of binding of ligands with DNA.
The hydrodynamic changes occurring in the solution can be estimated
by use of viscosity measurements. Since an intercalator can enlarge
the DNA helix due to the split-up of base pairs at the site consequential
in the rise in the relative specific viscosity. On the other hand, the mol-
ecules which bind at minor groove didn't split-up the base pairs too
much, hence, don't show any noteworthy increase in the viscosity of
theDNA. Thus, viscositymeasurement can be considered as least elusive
method for differentiating between the intercalation and groove bind-
ing [51–54]. Effect of various concentrations of procainamide on ct-
DNA viscosity was seen and the results are given in Fig. 5. Addition of
procainamide causes almost no change in the specific viscosity of ct-
DNA, hence, it can further be said that the binding is taking place at
minor groove and the similar observations were reported for binding
of ct-DNA with some metal complexes and 4,4-dimethylcurcumin
[35,45].

3.2. Computational analyses of interaction of procainamide with DNA

3.2.1. Molecular docking
Nowadays use of Computational methods is gaining much interests

to design the new chemotherapeutic agents by understanding the spe-
cific interactions of small molecules with nucleic acids. Molecular
docking has gained too much attention during past decade due to its
simple and user friendly approach. It is very convenient to recognize
the ligand-biomolecules interactions for the rational drug design and
Table 2
Calculated DFT parameters in a.u. for the procaianmide and DNA bases.

EHOMO ELUMO ΔE μ η ΔN

procainamide −5.418 −0.521 −4.897 −2.9695 2.4485
adenine −6.141 −0.67 −5.471 −3.4055 2.7355 −0.0420
guanine −5.08 −0.39 −4.69 −2.735 2.345 0.0244
thymine −5.89 −1.085 −4.805 −3.4875 2.4025 −0.0533
cytosine −5.917 −0.832 −5.085 −3.3745 2.5425 −0.0405
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discovery. The mechanism of the drug-biomolecules interaction can
simply be achieved by molecular docking and justification of experi-
mental observations can also be accomplished by these computational
approaches [55]. As previously stated, intercalation and groove bindings
are the twomodes of interaction comes under the domain of non-cova-
lent interactions. The major and minor groove binding also have some
difference due to the dissimilar electrostatic potential and steric effects
because major groove is somewhat larger than the narrow minor
groovewhich is a suitable site for the small molecules while largermol-
ecules such as polypeptides and polymers have the affinity towards
major groove [56].

Molecular docking calculations have been performed on the pro-
cainamide-DNA system using four different B-DNA structures from the
protein data bank [57] because ct-DNA is a typical B-DNA. The con-
former with least binding energy was chosen from the several con-
formers, given in Fig. 6. It was interesting to note that all the least
energy conformers shown the binding at minor groove. The ΔG ob-
tained from the molecular docking method was found to be
21.1 kJM−1which ismore than the one obtained from the experimental
methods (Table 1). This ambiguity in the free energy changes obtained
through differentmethods can be explained on the basis that in theoret-
ical calculations we only select the ligand and receptor and the latter is
also fixed as rigid entity while in case of wet experiments a number of
factors are there such as, presence of solvent and buffer, pH, flexibility
of the receptor, etc. which can affect the binding which is not experi-
enced by the molecular docking and, hence, a discrepancy in the values
of free energies can be observed [58,59].

The binding pockets for the procainamide in all four B-DNAs are
given in Fig. 7. Procainamide binds in the AT rich regions of B-DNA con-
formers and the mode of binding were hydrogen binding as well as hy-
drophobic forces (Table S1). The involvement of hydrogen binding in
the interaction between procainamide was also analyzed in the experi-
mental results.

Flexibility of procainamide molecule is an important factor in the
bindingwith DNA (Fig. 8). Procainamidemolecule adjusts itself accord-
ingly to fix inside the minor groove of DNA.

Earlier, the matching results were reported for the molecular
docking studies of an important anticancer drug gafitinib with various
types of B-DNA fragments [60]. The drug was found to bind at minor
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groove in case of all fragments. From the experimental and computa-
tional results, it can safely be concluded that the procainamide interacts
with ct-DNA through minor groove binding mode and the forces that
play important role in the binding are hydrogen bonding, hydrophobic
and van der Waals' forces.
3.2.2. DFT calculations
Theoretical prediction of interacting molecules can also be done

with the help of molecular modelling using frontier molecular orbitals
calculations that include highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO) which are impor-
tant factors for determining the stability of amolecule [28–30,32,33,61].

The geometry of procainamide along with four DNA bases were op-
timized using ORCA software and HOMO and LUMO were calculated
from the optimized structures (Fig. 9 and Fig. S3). The energy associated
with HOMO and LUMO were used to calculate the chemical potentials
(μ) and chemical hardnesses (η) of system. Which were further used
B

C

Fig. 11. TheMCF-7 cellmorphologywas examined by phase contrast invertedmicroscopy.
(A) control (B) 5 μM procainamide (C) 10 μM procainamide. Magnification: 100×.
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to calculate fraction number of electrons (ΔN) from procainamide to
DNA bases.

μ ¼ ELUMO þ EHOMO

2
ð8Þ

η ¼ ELUMO−EHOMO

2
ð9Þ

ΔN ¼ μB−μA

2 ηA þ ηB
� � ð10Þ

where μA, μB and ηA, ηB are the chemical potentials and chemical hard-
nesses of system A (procainamide) and B (DNA bases), respectively.

The values of η and μ for various substances are given in Table 2. The
values of the chemical potential indicate the transfer of electrons from a
high chemical potential (less electronegative) system to a low chemical
potential (high electronegative) system [62]. It can be stated that pro-
cainamide acts as electron donor to the three DNA bases except guanine
from which the former accepts electron.

3.3. Antiproliferative and anticancer activities of procainamide

3.3.1. Cytotoxicity of procainamide on MCF-7 cells
Fig. 10 shows the percent viability of cells performed by MTT assay

after the MCF-7 cells were exposed to different concentrations of pro-
cainamide. A concentration dependent significant (p b 0.05) decrease
in the cell viability was observed. Cell proliferation was inhibited by
Fig. 12. Typical morphological apoptotic changes inMCF-7 cells observed under fluorescencemi
(E) Quantification of normal, apoptotic and necrotic cells based on the staining of AO and EtBr
Significant (p b 0.05) compared with corresponding controls.
21% at lowest concentration of 1.56 μM and 66% at highest concentra-
tion of 50 μM. The IC50 values estimated at 24 h post-treatment in
MCF-7 for procainamide is 18 μM. These results suggest that procain-
amide possesses potential cytotoxicity against MCF-7 cells.

3.3.2. Morphological changes induced by procainamide in MCF-7 cells
The representative image of morphological abnormalities observed

under phase contrast inverted microscopy in MCF-7 cells is shown in
Fig. 11. MCF-7 cells were treated with 5 and 10 μM of procainamide
for 24 h. No significant changes in the morphology were observed in
control cells (Fig. 11A). The cells appeared to have a normal shape,
were attached to the surface and reached about 95–100% confluence.
However, a decreased cell density and some cells round in shape de-
tached from surface was observed in treated MCF-7 cells (Fig. 11B, C).

3.3.3. Apoptotic morphological changes in MCF-7 cells
MCF-7 cells were exposed to procainamide and stained with (AO/

EtBr) dye to analyze typical morphological apoptosis changes (Fig.
12). 94.5% of viable cells were observed in control MCF-7 cells. Un-
treated cells showed evenly distributed AO stain (green fluorescence)
with no morphological changes (Fig. 12A). The percentage of viable
cells however, decreased significantly (p b 0.05) in all treated samples.
As shown in Fig. 12B, C, and D, AO/EtBr staining which correlated with
the presence of cells with typical apoptotic nuclear morphology (nu-
clear shrinkage, DNA condensation and fragmentation). Quantification
of stained cells revealed that percentage of apoptotic and necrotic cells
croscope. (A) Control (B) 5 μMprocainamide (C) 10 μMprocaiamide.Magnification: 200×.
in N300 cells. All data are expressed as mean ± SE for three independent experiments. *
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increase to 20 ± 3.12 and 7 ± 2.1 respectively, at 5 μM procainamide,
while at 10 μM it was 25 ± 2.65 and 14 ± 2.31 respectively (Fig. 12D).

3.3.4. Annexin V-apoptosis assay by flow cytometry
The percentages of early and late apoptotic cells induced by procain-

amide were determined by double staining with Annexin V and PI via
flow cytometry (Fig. 13). Positioning of quadrants on dot plots was des-
ignated, and living cells (Annexin V−/PI−), early apoptotic cells
(Annexin V+/PI−), late apoptotic cells (Annexin V+/PI+), and ne-
crotic cells (AnnexinV−/PI+) were recognized. These results demon-
strate that treatment with procainamide (5 and 10 μM) decreased the
population of viable cells and increased the percentage of apoptotic
cells. While, in untreated control percentage of apoptotic cells were
negligible. As seen in Fig. 13D, percentage of early apoptosis cells in-
creased significantly (p b 0.05) to 16 ± 2.1 and 26.1 ± 2.7 in 5 and 10
μM treatment, respectively. Similarly, late apoptotic cells were observed
as 6.3 ± 1.5 and 11.5 ± 2.2. In addition, population of necrotic cells was
also registered in both the treatments.

The findings of the present study indicate that procainamide is cyto-
toxic toMCF-7 cells which is attributed to its DNAmethylation andDNA
minor grove binding characteristics. The latter phenomenon was
proved in our molecular docking studies where procainamide was
bound in the minor groove (A-T rich) regions of B-DNA structures. Pre-
viously, it has been shown that DNA minor grove binding compounds
form non-covalent complexes with DNA and cause DNA cleavage in
DNA backbones which leads to potent growth inhibition, DNA damage
and apoptosis [63]. On the other hand, procainamide causes growth ar-
rest and reactivation of tumor suppressor genes through DNA demeth-
ylation in experimental and clinical settings [17,64]. Since procainamide
possesses a well characterized safety profile without side effects as an
anti-arrhythmic drug, it could be used as anticancer agent that target
the DNAmolecule to induce cytotoxicity leading to rapidly proliferating
cell death.
4. Conclusions

Interaction of ct-DNA with procainamide, an antiarrhythmic drug
which is also known to have anticancer properties was seen using ex-
perimental and theoretical approaches along with antiproliferative ac-
tivities of latter towards MCF-7 cells. There was approximately 1:1
binding between ct-DNA and procainamide and the preferred site of
binding was minor groove. Both experimental and molecular docking
methods were in excellent agreement with each other. The binding be-
tween ct-DNA and procainamidewas energetically feasible process. The
major forces involved in the binding were hydrogen bonding as well as
hydrophobic interactions. FromDFTmethod itwas established that pro-
cainamide acts as electron donor to the DNA bases except for guanine.
Interpretation of anticancer activity revealed that procainamide pos-
sesses potential cytotoxicity against MCF-7 breast cancer cells and
able to induce significant level of apoptosis at concentrations below
IC50 value. The overall results also shows that procainamide could be
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used as anticancer agent that target the DNA molecule to induce
cytotoxicity leading to rapidly proliferating cell death.

Nomenclature
ct-DNA: calf thymus DNA
CD: Circular dichroism
EtBr: Ethidium bromide
DAPI: 4',6-diamidino-2-phenylindole
AO: Acridine orange
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