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ARTICLE INFO ABSTRACT

Three sets of carboline derived compounds were prepared by Pictet-Spengler cyclization. These tetrahydro -
and y-carbolines have CF3 group with an additional amino alkyl chains (a- or 8-position) and guanidine alkyl
chains (a-position), of varying length. Structure-activity relationship of these molecules with calf thymus DNA
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FTIR was emphasized by fluorescence, ITC, FTIR and viscosity. Binding with DNA resulted in dramatic enhancement
ITC S - . . o

- and quenching in the fluorescence emission. Gamma-carboline analogs showed maximum DNA binding followed
Cell cytotoxicity . A i . ) . |
Apoptosis by beta-carboline compounds with amino alkyl chain and least with guanidine alkyl chain compounds. It de-

creased with increasing chain length. The bindings were entropically driven being more with guanidine alkyl
chain analogs. Site preference and mode of binding with partial intercalation and external binding was sup-
ported by FTIR and viscosity. Cytotoxic potencies of the compounds were tested on seven different cancer cell
lines. The smallest alkyl chain analog attached to gamma position, Comp3, showed maximum cytotoxicity with
Glsp 6.2 uM, against HCT-116 causing apoptosis, followed by the guanidine alkyl chain compounds, but amino

alkyl chain compounds to beta position showed poor cytotoxicity.
These results may be of prospective use in a framework to design novel carboline derivatives as antitumor
drugs for improved therapeutic applications in future.

1. Introduction

Research in upcoming field of molecular medicine and gene therapy
are constantly utilizing DNA as target macromolecules [1-3]. Hence,
various classes of nucleic acid based drugs have evolved to a broad
range of diseases including cancer and other genetic disorders, though
most of these compounds are in early stages of clinical trials and re-
search [4-8]. Most common chemotherapeutic agents are selective
toxins and are more potent on rapidly proliferating normal cells,
leading to extensive nonspecific side effects. Further, unlike other
monogenetic diseases, cancer is a prime example of a disease process in
which carcinogenic and metabolic changes are intertwined to promote
cell survival and growth, hence mostly the drugs are non effective on all
forms of cancer, which is again a very fundamental problem. Also, the
basic mechanisms of action of these agents on specific target molecules
are poorly understood.

Beta—carboline alkaloids (Fig. 1) are such a large group of natural
and synthetic indole alkaloids, having myriad of proven therapeutic
applications, including cancer and tumor treatment, hence numerous
studies have been focused on their pharmacological effects [9-18].
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Binding to nucleic acids of different motifs and antineoplastic ability for
natural beta-carboline alkaloids were tested by several [16-19]. Fur-
thermore, binding and antitumor activities of many synthetic beta-
carboline derivative molecules were also analyzed before [20-22]. On
the other hand, compared to beta-carbolines, interactive studies with
gamma-carbolines are scanty [23-25]. Gamma-carbolines represent a
structurally related class where the pyridine nitrogen is shifted by one
position compared to beta-carbolines [23-25]. Though gamma-carbo-
lines do not occur in nature, but few compounds have been studied as
important drugs for anti-tumor (topoisomerase II inhibition), anti-al-
lergic and potential anti-Alzheimer activity [23-25].

Three subsets of seven compounds, bearing CF3 group (Fig. 2), with
an additional amino alkyl (both at beta and gamma position) and
guanidine alkyl chains, of varying length, to tetrahydro-carboline core,
viz. trifluoromethylated analogues of natural alkaloids nazlinine, ty-
pargine and homotrypargines (Fig. 1), were prepared by Pictet-Spengler
cyclization. These are starting point for the biosynthesis of several
important alkaloid like compounds exhibiting a broad spectrum of
biological activities but their anti cancer properties were never high-
lighted [26-29]. Further, fluorinated organic compounds are of special
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Fig. 1. Chemical structures of carboline alkaloids.

importance for modern material science and drug design. Incorporation
of fluorine or the trifluoromethyl group in the target molecule is a
useful modification in medicinal chemistry [30,31]. The two most im-
portant methods to prepare beta-carbolines are Pictet-Spengler reaction
and Bischler-Napieralski reaction. These classical reactions are used to
prepare tetrahydro (dihydro) isoquinoline derivatives from pheny-
lethylamines and tetrahydro (dihydro) carbolines from tryptamines.
Recently, few derivatives of nazlinine, trypargine and homotrypargine
analogues having a trifluoromethyl group installed at the position 1
based on the use of alpha-trifluoromethylated cyclic imines as starting
blocks have been reported by Shmatova et al, 2016 [27]. The in-
corporation of a CFs-group (trifluoromethyl group) could significantly
improve metabolic stability, lipophilicity and other physico-chemical
properties of target molecules. Earlier, method for the synthesis of tri-
fluoromethylated terahydrocarbolines elaborated by Nenajdenko and
Haufe teams [26] used Pictet-Spengler approach, where CF3-substituted
enamines have been used as starting materials. However, except few
[22] there are not much examples in the literature of synthesis, de-
signing and biological significance of new carboline analogues with
special focus on trifluoromethylated (CF3) derivatives prepared by
Bischler-Napieralski cyclization which will lead to the designing and
development of small molecule based nucleic acid therapeutic agents in
future.
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This article for the first time describes in detail the binding, mode
and mechanism of seven novel derivative molecules, bearing tetra-
hydro-carboline core group (Fig. 2), with DNA as biotarget, using
fluorescence, ITC, viscosity and FTIR, in addition to its apoptotic in-
duction ability in seven different cancer cell lines using different bio-
chemical assays. Novelty lies in the fact that for the first time a com-
parative study of the two structural forms, beta and gamma-carbolines,
related to DNA binding affinity and their efficacy as antitumor agent
have been shown in this study. The synthetic compounds were subse-
quently screened for the best binding with potent anticancer activity
following evidence of antineoplastic properties and inhibition of
growth of a wide variety of tumor cells.

2. Materials and methods
2.1. Materials

Starting trifluoromethylated carbolines (Fig. 2) were prepared using
the approach described recently by Shamatova et al, 2016 [27]. The
procedure for their preparation is based on Pictet-Spengler reaction of
trifluoromethylated cyclic imines with tryptamines. This is a short and
two steps synthesis of CFs-derivatives of naturally occurring com-
pounds (nazlinine, trypargine, homotrypargine). The method is highly
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Fig. 2. Chemical structures of analog compounds bearing tetrahydro-carboline core group. Compound 1 and 2, beta-carboline analogs with amino alkyl chain,
compound 3 and 4 are gamma-carboline analogs with amino alkyl chain and compound 5, 6 and 7 are beta-carboline analogs with guanidium alkyl chain.

efficient to prepare CFs-substituted analogues of the carboline alkaloids
in good or excellent yields.

CT DNA (Calf thymus DNA) was obtained from Sigma-Aldrich
Corporation and used as such. Ethidium bromide and Hoechst 33,258
were purchased from Quest Chemicals, India. Concentrations were
determined spectrophotometrically using molar extinction coefficient
values of 5680 M~ ' cm~!and 4.2 x 10*M ™! cm ! at 480 and 338 nm,
respectively. All experiments were conducted in citrate-phosphate (CP)
buffer (15mM [Na™]), pH 6.8, for studying the binding of the analog
compounds to CT DNA.

Cancer and normal cell lines were obtained from NCCS (National
Centre for Cell Science) Pune. Standard protocol as described earlier
was used for the cell growth [32,33]. Seven different human cancer cell
lines and one normal cell line viz. HeLa (cervical carcinoma), MDA-MB-
231 (breast carcinoma), A549 (lung carcinoma), A375 (skin carci-
noma), ACHN (kidney carcinoma), HCT116 (colon cancer cell line),
HepG, (liver epitheloid carcinoma), HEK-293 (normal epithelial cells)
and WRL-68 (normal hepatic cells) were chosen obtained from National
Centre for Cell Science, Pune. Cells were grown in DMEM supplemented
with 10% heat inactivated fetal bovine serum (FBS) and 1% anti-
biotic-antimycotic, in a humidified atmosphere at 37 °C with 5% CO..
However for ACHN cell line, DMEM has been used as cell culture media.

2.2. Synthetic protocols

Carbolines were prepared according to the scheme as described in
Scheme 1.

Forn =3

A tryptamine (160 mg, 1 mmol) was mixed with the 7-membered
cyclic trifluoromethylated imine (0.165g, 1 mmol) in CH,Cl, (5mL).
Then trifluoroacetic acid (0.16 mL, 2.1 mmol) was added in one por-
tion. The mixture remained at room temperature for 7 days, then di-
luted with CH,Cl, (20-30 mL) and washed with saturated K,COs3 so-
lution in a separating funnel. After drying over K,CO3; solvent was
evaporated and pure substances were obtained.

Forn = 1-2

An tryptamine (160mg, 1mmol) was mixed with the
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trifluoromethylated cyclic imines (5-membered — 0.137 g, 6-membered
—0.151 g, 1 mmol) and CSA (1.4 g, 6 mmol). In order to mix better the
reactants we also added water (~3-5mL). The reaction mixture was
heated at 130 °C for 14 h on oil bath (the water evaporated during first
30 min, after which remaining black residue continues heating), then
diluted with CH,Cl, (20-30mL) and washed with saturated K,COs
solution in a separating funnel. After drying over K;COj3 the solvent was
evaporated. The crude product was diluted with EtOH (1-2 mL), solu-
tion of oxalic acid dihydrate (0.126 g, 1 mmol) in EtOH (1-2 mL) was
added. The resulting slurry was filtered through celite pad. Celite pad
was washed with EtOH (~5-10mL). The filtrate (about 10 mL) was
evaporated, dissolved in the mixture of CH,Cl, (20-30 mL) and satu-
rated K,CO3 solution (20-30 mL). The organic phase was separated,
dried over K,CO3 and evaporated.

To transform free bases to hydrochlorides the appropriate com-
pound (1 mmol) was dissolved by methanolic hydrogen chloride (1 mL,
5M) and then evaporated to dryness.

2.2.1. Synthesis of guanidine derivatives

An appropriate diamine (0.5 mmol), formamidinesulfinic acid
(60 mg, 0.55 mmol) and triethylamine (1 mL) were dissolved in MeOH/
H,0. The mixture remained at room temperature overnight and the
solvents were evaporated. The residue was diluted with CH,Cl,
(20-30 mL) and saturated K,COs. The organic phase was separated,
dried over K,CO3 and evaporated.

2.3. DNA binding studies

2.3.1. Spectroscopic analysis

Absorbance spectra were measured on a Jasco V-630 double beam
monochromator spectrophotometer (Jasco International Co. Ltd.
Tokyo, Japan) equipped with a thermoelectrically controlled cell holder
in matched quartz cells of 1cm path length under stirring at
25 = 0.5°C. Fluorescence spectra were obtained on a Hitachi F4010
fluorescence spectrometer (Hitachi Ltd., Tokyo, Japan) in fluorescence
free quartz cells of 1 cm path length. According to the equation of
Parker and Rees (1960) as described earlier [34], quantum yield cal-

culations were made
¢, = (FggCq x 0.55)/(E,. £5Cs) €))

where F is the integrated area of the fluorescence emission curve in
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Scheme 1. Synthesis of carboline analog compounds.

arbitrary unit, £ represents the molar extinction coefficient and C re-
presents the molar concentration of sample (s) and quinine sulphate (q)
respectively. Quinine sulphate in 0.1 N H,SO,4 was utilized as reference
standard for quantum yield measurements.

2.3.2. Isothermal titration calorimetric (ITC) analysis of the binding
GE Microcal ITC 200 (Northampton, USA) and Origin 7.0 software
was used for ITC measurements and analysis.

2.3.3. Solution viscometric study

Hydrodynamic study was performed by a Cannon-Manning Type 75
semi micro viscometer. Linear CT DNA was sonicated as described
earlier [35,36]. After sonication, under sterile conditions the sample
was extensively dialyzed against the buffer. Relative viscosities for
nucleic acid in either the presence or absence of the analogs were cal-
culated from the relation

tcomplex — t'o
t'o

n'sp _ [
nsp [ tcontrol — to ]
()
where n’s, and ng, are specific viscosities of the ligand-nucleic acid
complex and the nucleic acid respectively, tcomplexs teontrol> t'o and t, are
the average flow times for the complex, free nucleic acid, solvent for the

complex and solvent for the free nucleic acid respectively.

to

2.3.4. FT-IR spectroscopic analysis

FT-IR experiments were recorded with a Perkin-Elmer Spectrum
(Perkin Elmer, Inc, USA) to FT-IR spectrophotometers equipped with a
diamond head attenuated total reflectance (ATR) accessory, LiTaO3
detector and a KBr beam splitter at ambient temperature. For each
spectrum 20 scans were collected at a resolution of 1cm™'. All the
spectra were collected in 15 mM citrate phosphate buffer as a solvent
(pH 6.8). All the spectra were collected in the range of 2300-600 cm ~*
by averaging 20 scans with a resolution of 1 cm ™. Background spectra
are all collected with ZnSe before each measurement. All the spectra
were baseline corrected and normalized for sharp band of CT DNA due
to sugar C—C and C—O stretching vibrations at 968 cm ! [19,37-39].
Similar intensity variations were used to determine the ligand binding
to DNA bases in plane vibrations related to A-T, G-C base pairs and the
PO, stretching vibrations such as 1714 (Guanine), 1662 (Thymine),
1608 (Adenine), 1490 (Cytosine) and 1227 cm~ ! (PO, groups)
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[19,37-39]. To perform water subtraction, a spectrum of CP buffer was
recorded and then subtracted from the spectra of free DNA and alka-
loid-DNA complexes. A satisfactory water subtraction was achieved
when the intensity of water combination band at about 2200 cm™!
became zero in the spectra of free DNA and ligand-DNA complexes
[19,39]. FTIR of free DNA and all compounds were also recorded and
subtracted from the spectra of drug-DNA complexes. This was done to
make sure that the observed changes such as shift in peak position and
intensity in the spectra of DNA were due to interaction with these
compounds.

Preparation of stock solutions for FTIR. Appropriate amount of different
compounds of beta-carboline with amino alkyl chain analogs (comp 1
and 2), gamma-carboline with amino alkyl chain analogs (comp 3 and
4) and beta-carboline with guanidine alkyl chain analogs (comp 5, 6
and 7) were dissolved in buffer and were added in drop wise to CT DNA
solutions to prepare the desired drug (D) /DNA (P) molar ratios (r) of 1/
10 and 1/15. The pH values of all complexes, DNA and drug solutions
were adjusted at 6.8 * 0.2. The infrared spectra were recorded after
1h of mixing the respective compounds with DNA properly. DNA
concentration of 3600 uM was used as fixed concentration.

2.4. In vitro cytotoxic assays

2.4.1. MTT assay

We tested the percentage of cell viability and calculated the Glso
(50% growth inhibition) values for the above mentioned cell lines by
MTT (1 mg/ml of the tetrazolium dye and 3-(4,5-dimethylthiazol-2-y1)-
2,5-diphenyltetrazolium bromide dissolved in phosphate buffer saline,
pH 7.4) assay as reported earlier [32,33]. GIso was calculated by using
the equation

Glso = (T-T,) X 100/(C - Tp,) 3

where T is the optical density of the test well after 48 h drug exposure,
T, is the optical density at time zero & C is optical density of control.
The experiment was repeated three times and average was taken.

2.4.2. FITC-Annexin V/PI FCM double staining

Double staining for FITC (fluorescein isothiocyanate) — Annexin V
binding and for cellular DNA using PI (propidium iodide), FCM (flow
cytometry) was performed as described by Mallick et al (2010) [40].
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Fig. 3. Steady state fluorescence emission
spectrum of the analog compounds 1-7
(2.5uM each, in coloured spectra) treated
with various concentrations of CT DNA in
15mM CP buffer, pH 6.8 at 25 + 0.5°C.
Inset of A-G represent plots of the relative
quantum yield ¢/¢, versus P/D for the in-
teraction of the compounds with CT DNA.
The quantum yield values have been de-
scribed in Table 1.

Relative Fluorescence Intensity

S I N —
5 10 15 20 25
P/D

350 400 50
Wavelength (nm)

350 400

2.4.3. Scanning electron microscopy

To study the external morphology of cell, they were first fixed in
glutaraldehyde and dehydrated through a graded series of ethanol.
Subsequently, they were cleaned in tetrachloromethane, air-dried and
coated with gold in IB2 ION COATER and observed using S530 Hitachi
scanning electron microscope.

2.4.4. Transmission electron microscopy

After sample preparation as described earlier [33], the samples were
finally observed using TECNAI 200KV TEM (Fei Electron Optics),
35 mm Photography System from All India Institute of Medical Science,
N. Delhi.

2.4.5. Comet assay

Single cell gel electrophoresis or Comet assay was performed on
isolated HCT-116 cells reported earlier. Comet tail length, using the
software Casp, gives a measurement of extent of DNA damage.

2.4.6. Cell cycle analyses

Cell cycle inhibition analyses of comp3 (3, 6.2 and 9 uM) treated
HCT116 (grown at a density of 2 x 10° cells/ml in 70 mm culture
plate) were analyzed using PI (propidium iodide) staining.

2.4.7. Immunofluorescence

Anti active caspase 3 monoclonal primary antibody (17 Kd, Santa
Cruz Biotechnology), anti p53 monoclonal primary antibody (Santa
Cruz Biotechnology) and anti-mouse secondary antibody (FITC tagged,
Sigma) were used. HCT116 cells were first grown on cover slips and
after getting 70-80% cell confluency the cells were treated with comp 3
with concentration of 3, 6.2 and 9 uM, respectively. The cells were then
washed with cold PBS, fixed with 4% paraformaldehyde, washed again
and incubated with 0.1% Triton X-100. Cells were then blocked with
5% BSA in TBS and incubated with appropriate primary antibodies
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400

350

450 500

(activated caspase 3 and p53) in 1% bovine serum albumin at 4 °C.
After that cells were again washed with TBS and incubated with an
appropriate fluorescence-conjugated secondary antibody at room tem-
perature. Finally, the cells were washed, counter stained with DAPI,
mounted on a glass slide and observed under a confocal microscope and
was subsequently analyzed.

3. Results and discussion

The study focused on the interaction of seven synthetic tetrahydro
-carboline compounds viz. compound 1 and 2 (beta-carboline analogs
with amino alkyl chain), compound 3 and 4 (gamma-carboline analogs
with amino alkyl chain) and compound 5, 6 and 7 (beta-carboline
analogs with guanidium alkyl chain), respectively, with CT DNA (Calf
thymus DNA) along with the anti proliferative and apoptotic induction
ability of the analogs on seven cancer cell lines viz. HeLa, MDA-MB-231,
A549, A375, ACHN, HCT-116 and HepGo..

3.1. Interaction of carboline compounds with CT DNA

3.1.1. Spectroscopic analysis

UV Spectroscopic study of the analogs at pH 7.0 exhibits Apaxima at
277 nm for compound 1 and 2, while, for compound 3, 4, 5, 6 and 7, at
274 nm, respectively. Anaxima Of all the analogs were very close to DNA
Amaxima P€ak (260 nm), hence U.V spectroscopic titration analysis (to
calculate the binding constant values and stoitiometry) was avoided.
However, results from optical melting experiments revealed stabiliza-
tion of the CT DNA after interaction with all the compounds (Figure not
shown). The native melting temperature of CT DNA (67 °C) at 15mM
was stabilized to 74.5 = 0.5°C in presence of compound 1 and 2,
77 = 0.5°C with compound 3, 75.5 * 0.5°C with compound 4,
70 + 0.5°C with compound 5,70 = 0.5 °C with compound 6 and least
with compound 7, only 69 + 0.5°C, respectively. Summary of the
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optical properties of free and bound beta and gamma-carboline analogs
with CT DNA have been collated in Table 1. High stabilizing melting
temperature of the complex was assumed to be due to intercalated or
partially intercalated binding of the analog while low melting stabili-
zation signify groove or superficial binding of the compound, though it
is not a confirmatory analysis.

Furthermore, the strong fluorescence spectra of the analog com-
pounds provide a suitable tool to observe the interaction phenomena.
Table 1 summarizes the emission spectral peak of all the seven analogs
that varies from 340 to 352 nm when exited at 280 nm showing their
respective strong fluorophoric nature. Fluorescence emission spectra of
the synthetic compounds on titration with CT DNA showed both en-
hancement (compound 3, 4, 5, 6 and 7) and quenching (compound 1
and 2) of varying percent and it was recorded in the range of
300-500 nm (Fig. 3A-G). Percent enhancement of fluorescence with
compound 3 was found to be 73% reaching saturation at P/D 24, with
compound 4 it was observed to be 68% at P/D 28.5, with compound 5 it
was observed to be 58% at P/D 62, with compound 6 it was analyzed to
be 55% at P/D 70 and least with compound 7 (50%) at P/D 84, re-
spectively, without any noticeable shift in the wavelength maximum.
While, with compound 1 and 2, 64% and 60% quenching at P/D 42 and
50, respectively, was recorded. The phenomena of progressive increase
and decrease of fluorescence intensity of the ligand in presence of nu-
cleic acids, is basically due to strong interaction, which is still a con-
troversial issue [41,42]. Considering these progressive trend of decrease
in percent enhancement and quenching it may be inferred that the in-
teraction of the analogs with CT DNA varied in the order of compound
3 > compound 4 > compound 1 > compound 2 > compound
5 > compound 6 > compound 7. Further, the quantum yield ¢/¢,
values of the analog complexes with the DNA were also analyzed and
presented in Table 1.

3.1.2. Thermodynamic characterization of analog compounds-CT DNA
complex

In addition to the spectroscopic characterization of the interaction,
we present new insights in terms of thermodynamics of the interaction.
The binding affinity values of the analog compounds with CT DNA at
25 =+ 0.5°C were evaluated from the ITC (Isothermal calorimeter) data
(Table 2). ITC is a responsive and consistent methodology for the direct
measurement of thermodynamic parameters in various biomolecular
interactions [43-45]. Previously, Yang et al., 1994 and Du et al, 2004
reported the thermodynamic parameters for the interaction of carboline
derivatives with DNAs [46,47]. The derivative compounds, due to its
high heat of dilution and aggregation tendency, a reverse protocol have

Table 2

ITC derived binding and thermodynamic profiles at 25 + 0.5 °C for the inter-
action of calf thymas DNA (CT DNA) to different trifluoromethyl derivative
compounds.?

carboline Ky(x10°M~™Y) N AG° (kcal/mol) AH’ (kcal/mol) TASo

compounds (kcal/
mol)

A. Gamma-carboline with amino alkyl chain analog

Comp 3 11.36 = 0.15 6.5 —8.31 = 0.03 -—3.10 = 0.02 5.21

Comp 4 7.96 = 0.01 7.0 —8.09 = 0.04 -2.69 = 0.01 5.40

B. Beta-carboline with amino alkyl chain analog

Comp 1 6.15 = 0.01 80 -—-790 = 0.04 -2.60 = 0.01 5.30

Comp 2 4.70 = 0.03 80 —7.78 + 0.03 —2.40 + 0.03 5.38

C. Beta-carboline with guanidine alkyl chain analog

Comp 5 2.10 = 0.02 85 —7.30 = 0.04 -0.55 %= 0.02 6.75

Comp 6 1.94 + 0.03 87 —7.25+* 005 -0.45 = 0.02 6.80

Comp 7 0.84 * 0.05 10 -6.75 = 0.03 -0.25 = 0.02 7.00

@ Average of three determinations in CP Buffer, pH 6.8. Values of AG® were
determined using the equation AG° = —RT In K; and TASo = AH° — AG°. N
denotes the binding site size.
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been adopted. The bindings were exothermic and entropically driven in
all the cases, though the extent varies (Fig. 4A-F, Table 2). Binding
constant, Kp of 11.36 = 0.15 x 10° M~ ! with a stoichiometry of 6.5
nucleotide phosphates was observed for compound 3 and K, of
7.96 + 0.01 x 10° M~ ! with a stoichiometry of 7.0 for compound 4
were analyzed for the gamma-carboline amino alkyl chain compounds
with CT DNA. Further, K of 6.15 = 0.01 x 10° M~ ! with a stoichio-
metry of 8.0 for compound 1 and K; of 4.70 *+ 0.03 x 10° M~ ! with a
stoichiometry of 8.0 with compound 2 were calculated for the beta-
carboline amino alkyl chain compounds with CT DNA. While, CT DNA
with the analogs of guanidium alkyl chain compounds, showed K} of
2.10 + 0.02 x 10° M~! with a stoichiometry of 8.5 for compound 5,
Kp of 1.94 + 0.03 x 10° M~ ! with a stoichiometry of 8.7 with com-
pound 6 (figure not shown) and K, of 0.84 + 0.05 x 10° M~ ! with a
stoichiometry of 10 with compound 7, respectively. Furthermore, other
thermodynamic parameters like enthalpy change (AH®), entropy con-
tribution (TASo) and free energy change (AG°) are also presented in
Table 2 and Fig. 4. Generally large negative enthalpy change was ob-
served for intercalative interaction of small molecules to nucleic acids
[48]. However interaction of DNA with the above synthetic compounds
were all entropically driven with either moderate or very low enthalpy
change, signifying partial intercalation or surface binding. The enthalpy
change (AH®) for compound 3 and 4 (gamma-carbolines with amino
alkyl chain analogs) were —3.10 + 0.02 and —2.69 * 0.01 kcal/mol,
respectively. While compound 1 and 2 (beta-carbolines with amino
alkyl chain analogs) showed —2.60 + 0.01 and-2.40 + 0.03 kcal/mol
and with compound 5, 6 and 7 (beta-carbolines with guanidine alkyl
chain analogs) enthalpy change (AH°) of —0.55 * 0.02,
—0.45 = 0.02 and —0.25 = 0.02kcal/mol was observed. The bind-
ings were entropically driven being more with guanidine alkyl chain
analogs (6.75, 6.80 and 7.00 kcal/mol for compound 5, 6, and 7 re-
spectively) than the amino alkyl chain analogs (5.21, 5.40, 5.30,
5.38 kcal/mol for compound 3, 4, 1 and 2, respectively). Large en-
tropically driven bindings are suggestive of the disruption and release
of water molecules [36,49]. Weak affinity with entropy driven binding
in guanidine alkyl chain analogs is probably due to more stabilized and
delocalization of the charge on the large guanidinium ion. Free energy
change (AG®) analyzed from the interaction lies between —6.5 to
— 8.5 kcal/mol. The overall variations of thermodynamic profiles for CT
DNA binding to the seven analog compounds have been presented
graphically in Fig. 5 to visualize the differences.

3.1.3. FT-IR analysis

Infrared (IR) spectra of free form of seven different compounds (vide
supra), ethidium bromide and Hoechst 33,258 have been recorded in
the range of 1800-600cm ™' (Fig. 6). The infrared spectral features
observed in CT DNA, of the free and complex form due to its interaction
with seven different synthetic compounds viz. beta-carboline with
amino alkyl chain analog (compl and comp2), gamma-carboline with
amino alkyl chain analog (comp3 and comp4), beta-carboline with
guanidine alkyl chain analog (comp5, 6 and 7) have been shown in
Fig. 7 and compared with the spectral feature with Ethidium bromide
(as classical intercalator) and Hoechst 33,258 (as groove binder).

Phosphate (PO,) stretching vibrations (symmetric and asymmetric),
deoxyribose sugar stretching of phosphate sugar backbone and ring
vibrations of nitrogenous bases (C=0O, C=N stretching) of DNA are
confined from 1800 cm ™' to 600 cm ™! infrared region. In the infrared
spectrum of free form of CT DNA, bands arise at 1223 and 1086 cm ™!
and due to the vibration caused by phosphate asymmetric and sym-
metric stretching respectively. Deoxyribose sugar vibrations due to
C = 0 and C—C stretching is denoted by IR bands at 1051 and 967
respectively in the free CT DNA. The IR band at 837 is primarily at-
tributed to the vibrations of phosphodiester bonds. Other bands at
1370, 1295,779 and 727 cm ™! are attributed to sugar conformations.
The band at 1712cm ™~ is due to the plane vibrations of guanine (G)
stretching, the band at 1650 cm ™' is attributed primarily to thymine
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Fig. 4. ITC profile for the binding of 1500 uM of CT DNA to carboline analog compounds (15 uM each) at 25 *=

Molar Ratio

0.5 °C, pH 6.8 for (A-F). Each heat burst curve (in the

bottom part of upper panel) is the result of a 1.5 uL sequential injection of the DNA into drug (curves at the bottom). The top part of upper panel show the heat burst
for the injection of the DNA into the same buffer as control in each experiment (curves offset for clarity). The lower panel represent the corresponding normalized
heat data against the molar ratio (P/D) (G, H, I, J, K and L). The data points (@-@ and Ili-H) reflect the experimental injection heats while the solid line represents the

calculated best fit of the data. The values of the various thermodynamic parameters obtained are presented in Table 2.

(T) stretching vibrations, the bands at 1608 cm ™! and 1490 cm ™' ap-
pear due to the ring stretching vibrations of adenine (A) and cytosine
(C) respectively and the band emerges at 1521 cm ™! is assigned to the
plane stretching vibrations of guanine and cytosine residues [19,40].
Shifts in band position for the nitrogenous bases of DNA are also ac-
companied by the changes in intensities at the molar ratios (r) viz. 1/10
and 1/60, of the respective compound-DNA complexes. Furthermore,
difference spectra of compound-DNA complexes [(DNA solu-
tion + compound solution)-DNA solution] have been shown in Fig. 8.

IR band observed in the free DNA at 1712 cm ™! for G shows 2cm ™!
increment in both 1/10 and 1/60 M ratios with compl and comp 2,
while for comp 3-DNA complex the band at 1712cm ™! shows 3 and
5cm ™! increment, comp 4 and comp 5 shows 2 and 3 cm ™! increment,
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comp 6 shows 1cm™! increment and 2cm™! downshift at both the

molar ratios while comp 7 shows no increment and downshift at 1/60
and 1/10 M ratios. No shift at 1650 cm ™! has been found for compl
after the formation of complex with CT DNA for T stretching vibration
at both 1/10 and 1/60 M ratios, while slight downshift of 1 and 2 cm ™!
has been observed for comp2, remarkable changes of 2cm™' and
5cm~ ' downshift at 1650 cm™! have been observed with comp3,
2cm™! downshift has been found for comp4, 3em™' and 4cm™?!
downshift at 1650 cm ™' have been observed for comp5 and comp?7,
while 2cm ™! upshift at 1650 cm ™! has been observed for comp6 at
both the molar ratios. IR band observed at 1490 cm ™! of free CT DNA
also shows minor downshifts to 1488 cm ™! at both the molar ratios for
compl, while no observable change or shift at 1490 cm ™! has been
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Fig. 5. Overall thermodynamic profiles for the binding of analog compounds
1-7 to CT DNA determined from ITC analysis at 25 = 0.5°C.

found for comp2, comp4, comp5, comp6 and comp? interacting with
DNA, whereas interaction with comp3 shows major upward shifts to
1499 cm ™! and 1497 cm ™! at 1/60 and 1/10M ratios, respectively.
The band at 1521 cm ™! assigned to stretching vibrations of G-C re-
sidues show very little down shift to 1520 cm ™! and 1519 ecm ™! at both
the molar ratios in case of Compl with CT DNA, while no shift has been
found for comp2, whereas comp3 shows major upward shift to
1530 cm ! at both 1/60 and 1/10 M ratios, comp 4 shows minor up-
ward shift to 1523 cm ™ ?, very little down shifting of 1 cm-' at 1/10 M
ratios has been found with comp5, while with comp6 and comp7 no
changes in shifting have been reported at both the molar ratios. No shift
has been found in the band of adenine at 1608 cm ™! in comp1, comp2,
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comp4, comp5, comp6 and comp? interacting with DNA at both molar
ratios, while 2 cm ~ ! downshift has been reported for comp3 at both the
molar ratios. Minor decrease in the intensity of bases bands have been
found in case of compl and comp2 interacting with DNA and this can
be related to moderate stabilization of DNA, while major increase in
shifting and decrease in the intensity of bases bands have been observed
in case of comp3-DNA complex revealing strong stabilization of DNA.
Again with comp 4 slight increase in shifting and decrease in the in-
tensity of bases bands have been found, where as no remarkable in-
crease in shifting and decrease in the intensity of bases bands have been
found with comp 5, 6 and 7. The stabilizing properties of these com-
pounds with CT DNA was also analyzed by UV melting (vide supra,
Table 1) and they showed the same trend as observed in FTIR.

Slight spectral changes (intensity and shifting) have been observed
at phosphate asymmetric and symmetric bands for comp 1 and comp2
while, major spectral changes have been observed for comp3, comp4,
comp5, comp6 and comp? binding with CT DNA. Slight upward shift
has been found to 1224 cm ™! and 1226 cm ™! at 1/60 and 1/10M ra-
tios for comp1, while an upward shift to 1225 cm ™! has been observed
for comp2 at 1/10M ratio, slight upward shift from 1223cm™" to
1228 cm ™! and 1232 cm ™! have been reported for comp3, an upward
shift from 1223 cm ™! to 1229 cm ™! and 1230 cm ! has been observed
for comp4, an upward shift from 1223cm™! to 1226cm™' and
1235cm ™! for comp5, slight downward shift has been found from
1223 cm ! to 1221 cm ™! for comp6 and a slight upward shift has been
observed from 1225cm™' to 1227 cm™ ! for comp7. 1 and 2cm ™!
downshift has been observed at symmetric phosphate band at
1086 cm ! to 1085 and 1084 cm ™! at both the molar ratios for comp1
and comp2, whereas 1 cm ™' downshift and a major intensity loss has
been observed at symmetric phosphate band at 1086cm™! to
1085 cm ! for comp3, 1 cm ™! downshift and a huge intensity loss has
been observed at symmetric phosphate band at 1086 cm ~* to 1085 and
1083 cm™! for comp4, 2cm™! and 6cm™! downshift and huge
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and 1/10 respectively.

intensity loss has been observed at symmetric phosphate band at
1086 cm ™! to 1084 and 1080 cm ™! for comp5 indicating variations in
intensity of phosphate asymmetric and symmetric vibrations, huge in-
tensity loss has been observed at symmetric phosphate band at
1086 cm ! for comp6 and 1 cm ™' and 9 cm ™~ ! downward shifting and
intensity loss have been observed at both the molar ratios with comp?7.
No shifting has been observed at the IR band of 1051 cm ™! of free CT
DNA with comp1, while 4 cm ™! upward shifting has been found at the
IR band of 1051 cm™' with comp 2 which attributes slight external
binding due to deoxy sugar vibrations for C=0 and C—C stretching,
minor downward shifting of 2 cm ™! with a huge decrease in intensity
has been observed with comp3, huge decrease in intensity has been
observed for comp4, comp5, comp6 and 7 at the IR band of 1051 cm ™!
at 1/60 M ratios with an upward shift of 1 cm ™' and 3cm ™%, respec-
tively for comp 5 and comp6. Slight downshift of 2cm ™" and 1 ecm™*!
has been observed for comp 1 and comp 2 from 837 cm ™! to 835 cm ™!
and 836 cm ™! at 1/60 and 1/10 M ratios due to slight interaction with
CT DNA backbone. Major downshift of 7 cm ™! has been observed with
comp3 from 837 cm ™! to 830 cm ™! at both the molar ratios due to the
interaction and external binding with CT DNA backbone whereas,
minor downshift of 1 ecm ™! and 3cm ™! has been observed for comp4
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from 837 cm ™! to 836 and 834 cm ™!, while minor downshift of 2 and
3cm™! has been observed with comp 5 from 837 cm ™! to 835 and
834cm ™', minor upward shift of 2cm™' has been observed with
compé6 from 837 cm ™! to 839 at 1/10 M ratios due to the slight inter-
action with CT DNA backbone and with comp?7 no shifting has been
found at 837 cm™! due to the very poor interaction with CT DNA
backbone. Maximum upward shifting from 779cm ™! to 783cm™?,
attributing to sugar conformation due to the interaction between comp3
with CT DNA, takes place, while with comp 4 maximum upward
shifting from 727 to 732cm ™! has been found, minimum downward
shifting from 779 cm ™! to 766 cm ™! and 765 cm ™! at 1/60 and 1/10 M
ratios has been reported for comp5, minimum upward shifting from
727 cm ™! to 730 cm ™! and 728 cm ! has been reported for comp6 and
minimum upward shifting from 727 cm ™! to 728 cm ™! and 729 cm ™!
at both the molar ratios takes place for comp 7 binding to CT DNA.
From all the observed peak shifting and changes in intensity, it can
be revealed, a very weak interaction of comp 1 to G and C while comp 2
showed slight interaction with bases G and T though they are both beta-
carboline compounds with amino alkyl chain analogs, but the gamma-
carboline with amino alkyl chain analog, comp 3, interacts maximum
with G,C, G-C and very less with T, while, comp 4 on interaction with
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Fig. 8. Difference spectra of analog-DNA complexes in the region of 1800-600 cm ™~

CT DNA shifted more for G and G-C peak in plane stretching vibration.
Furthermore, the remarkable reduction has been observed in difference
spectra of comp 3-DNA complex in intensity of guanine and cytosine
absorption due to direct interaction of comp 3 with active sites of
heterocyclic bases in the major and minor groove of DNA double helix
[19,39]. However beta-carbolines with guanidine alkyl chain analogs,
comp 5, 6 and 7 showed slight interaction at T and minor change in C
and G-C peak.

Moreover, all the compounds have been observed to have major and
minor interaction with phosphate group, phosphodiester bonds and
DNA backbone. In difference spectra (Fig. 8), comp 3 showed positive
shift around 1044 and 957 cm ™" as it has the less ability of external
binding with phosphate sugar backbone of DNA double helix. Com-
pared to ethidium bromide and Hoechst, peak shifting and intensity
changes by comp 3 at 837 cm ™! attributed to base stacking interaction
through major or minor groove binding. So, spectral changes observed
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1.

for the sugar conformations, deoxyribose — phosphodiester chain vi-
brations and sugar-phosphate backbone stretching vibrations might be
attributed to the slight external binding as groove binder. While, beta-
carboline compounds with guanidine alkyl chain analogs have more
affinity towards sugar moiety and have maximum ability to change the
sugar conformation in DNA backbone. The explanation from these re-
sults ultimately showed that the reactive form of gamma carboline
analog, comp 3, binds with DNA via G and transfer its free NH moiety to
guanine and its small alkyl chain enters freely in the phosphate group as
well as deoxyribose-phosphodiester bonds. This might be possible due
to partial intercalation of comp 3 to CT DNA double helix making DNA
unavailable for replication mechanism during cell division and ulti-
mately stops its normal functioning.

3.1.4. Elucidation of mode of binding of the analogs with CT DNA
After analyzing the IR peaks to know the binding site and position of
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the analog compounds at respective D/P ratios, the exact mode of
binding of the synthetic compounds to the sonicated CT DNA has been
further investigated by viscosity studies (Fig. 9). The changes of relative
specific viscosity at respective D/P were compared with CT DNA-ethi-
dium bromide and CT DNA- Hoechst 33,258 complexation as ethidium
and hoechst 33,258 are known to be a classical intercalator and groove
binder, respectively.

Among the analogs, change of relative specific viscosity against D/P
has been found to be maximum for compound 3, which was very close
to the curve of CT DNA-ethidium complex, followed by compound 4,
compound 1, compound 2, compound 5, compound 6 (not shown in the
figure) and compound 7. The changes were due to the fact that the axial
length of the DNA enhances and it becomes more rigid after binding
with the compounds. Hence, the viscosity increases as both the factors
enhanced the frictional coefficient. Maximum change in relative spe-
cific viscosity was observed with compound 3-CT DNA, while changes
were moderate with compound 4, compound 1 and compound 2, sig-
nifying an intercalative and partial interactive mode of binding. While,
changes of relative specific viscosity with compound 5, 6, and 7, were
very insignificant and close to Hoechst 33258- CT DNA curve, in-
dicating groove or surface binding with sonicated CT DNA.

Based on the size, structure and functional group of the analog
compounds, none of them showed complete intercalative mode of
binding. Among all, only compound 3 and 4 showed partial inter-
calative binding while rest showed surface or groove binding involving
hydrogen bond or electrostatic binding. Among the three sets, the series
of analogs with amino alkyl chain, because of more localized charge
density in the single amino group, showed maximum binding affinity
with significant percent change of fluorescence intensity and remark-
able stabilizing property to CT DNA. Furthermore, analog compounds

Bioorganic Chemistry 86 (2019) 61-79

with amino alkyl chain at delta position of the core molecule showed
highest binding affinity with DNA followed by the compounds with
amino alkyl chain at alpha position of the core molecule. In compounds
with amino alkyl chain at delta position of the core molecule, the indole
hydrogen is more freely available for participating in hydrogen bond
with target molecule compared to the compounds with amino alkyl
chain at alpha position of the core molecule, where the indole hydrogen
because of steric hindrance of trifluoromethyl group, it is unable to
participate in the bonding. While, the series of analogs with guanidine
alkyl chain at the alpha position of the core molecule, because of the
more stabilized and delocalization of the charge (positive charge in the
guanidine shows some resonating structure with a switch over action
among the two —-NH, group present in the compound), showed com-
paratively lower binding and stabilizing properties with DNA.
Furthermore, with all the above compounds, the trend of binding affi-
nity with CT DNA decreases with increased chain length because of
more bulky nature. Also, the bindings were entropically driven being
more with guanidine alkyl chain analogs because of its more heavy
chain length disrupting the surrounding water molecules of DNA. FTIR
followed by viscosity analysis supported the partially intercalated state
of binding of the compounds.

3.2. In vitro cytotoxicity and anti proliferative effect of analog compounds

The ultimate objective of these synthetic analogs is to highlight their
therapeutic role by emphasizing the anti proliferative effect by apop-
totic induction ability of the compounds in different cancer cell lines.
Hence binding study follows in vitro cytotoxicity. Apoptosis is a care-
fully regulated programmed death, energy dependent process, by which
cells are physiologically eliminated in metazoan organisms. Inhibition
of cell proliferation by increasing apoptosis in tumor cells is the effec-
tive ways to control the tumor growth and cancers. During apoptotic
death, cells are neatly carved up by caspases and packaged into apop-
totic bodies as a mechanism to avoid immune activation [50-56].
However two more non-apoptotic deaths processes are also reported
necrotic and autophagic death. Necrosis have a biological function
where an immune reaction to the dying cell is desirable such as in
microbial infection, while in certain populations of apoptosis-resistant
cells such as neurons or brain cells, autophagy can be observed fol-
lowing growth factor withdrawal, where nutrient uptake declines
[50-56]. Hence, apoptosis is considered as one of the trademark of the
anti cancer drug. It is triggered by various stimuli and characterized by
a series of distinct biochemical and morphological changes [50-56].
This section of the study mainly focused on the in vitro anti-proliferative
effect of the analog compounds in HeLa (cervical carcinoma), MDA-MB-
231 (breast carcinoma), A549 (lung carcinoma), A375 (skin carci-
noma), ACHN (kidney carcinoma), HCT116 (colon cancer cell line) and
HepG, (liver epitheloid carcinoma) cancer cell lines thereby inducing
apoptosis. These cell lines represented the most prevalent type of cancer
worldwide. Additionally, HCT 116, HepG2 and MDA-MB-231 are the
most resistant cells to the conventional therapies [57-59].

MTT assay was followed to evaluate the cytotoxic activity of the
analog compounds 1-7 on the above mentioned cancer cell lines. After

Table 3

MTT assay with GIso values in puM” on different cancer cell lines after 24 hrs of treatment.
Carboline compounds HCT 116 HepG2 A375 MDA MB 231 HeLa A549 ACHN
Comp 1 209 = 1.6 31.6 = 2.0 65.5 = 3.0 83.3 = 25 72.8 = 2.5 62 + 25 66.2 = 1.9
Comp 2 22 + 1.8 33 + 25 72 = 3.0 85.6 = 3.0 93.4 = 3.0 113.6 = 3.5 68 = 3.0
Comp 3 6.2 = 1.2 83 1.0 154 = 1.5 24 + 15 31.2 £ 1.5 39 £ 1.5 40.1 = 1.9
Comp 4 89 1.2 91 = 1.2 22.3 £ 2.0 40.3 =+ 1.8 41 + 1.8 41.8 = 1.8 48 + 1.9
Comp 5 185 * 1.6 27 £ 1.9 59.5 =+ 25 78 £ 25 65.7 = 2.5 59.5 + 2.0 57.6 = 2.0
Comp 6 12.6 = 1.5 25.8 =+ 1.6 455 = 25 46.8 = 2.1 50.8 = 2.1 55 + 1.9 56.8 = 2.7
Comp 7 11.8 =+ 1.3 227 £ 1.5 25.2 = 2.0 416 = 2.1 425 + 2.1 43.1 = 1.8 52.1 £ 2.5

@ Average of three individual experiments at same conditions.
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Fig. 10. Percentage growth inhibition of HeLa (cervical carcinoma), MDA-MB-
231 (breast carcinoma), A549 (lung carcinoma), A375 (skin carcinoma), ACHN
(kidney carcinoma), HCT116 (colon cancer cell line), HepG, (liver epitheloid
carcinoma), HEK and WRL-68 cells following treatment with the analog com-
pounds (1-7) of varying concentrations as described in the text for 24 h of in-
cubation. Data are statistically analyzed with ANOVA test and significant values
are calculated against both untreated as well as solvent control (P < 0.05 vs.
solvent control).

24 h treatment with the compounds, it was found that the above cell
lines showed different Glso values depending on the concentrations of
the compounds (Table 3, Fig. 10). Out of the three parameters, 50%
maximum growth inhibitory dose of the compound was considered to
be the effective dose to measure its cytotoxicity. Compound 1 showed
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Table 4
Comparison between % Apoptosis and Necrosis through Annexin V-FITC/PI
assay.”

Added concentrations of FITC* /PI (apoptotic FITC*/PI* (Necrotic

comp 3 cell%) cell%)
0 (Control) 5.67 0.51

3 uM (Glzs) 22.06 10.14
6.2 uM (Glso) 36.73 17.80
9uM (Gls) 40.02 43.66

@ Average of three individual experiments at same conditions.
Glso values of 93.4 = 3.0uM in HelLa cells, 85.6 +
MB-231, 113.6 = 3.5puM in A549, 72.0 = 3.0uM in A375,
68.0 + 3.0uyM in ACHN, 220 = 1.8uyM in HCT116 and
33.0 £ 2.5uM in HepG,. Compound 3 was analyzed to show Glsq
values of 31.2 + 1.5uM in Hela cells, 24 = 1.5uM in MDA-MB-231,
39.0 = 1.5uM in A549, 15.4 = 1.5uM in A375, 40.1 = 1.9uM in
ACHN, 6.2 * 1.5uM in HCT-116 and 8.3 = 1.0 uM in HepG, Com-

3.0uM in MDA-

pound 4 gave Glgo values of 41.0 = 1.8uM in Hela cells,
40.3 = 1.8uyM in MDA-MB-231, 41.8 =+ 1.8uM in A549,
22.3 * 2.0uM in A375, 48.0 = 1.9uM in ACHN, 8.9 = 1.2uM in

HCT116 and 9.1 = 1.2uM in HepG,, Compound 5 showed Gls, values
of 65.7 = 25uM in HeLa cells, 78 + 2.5uM in MDA-MB-231,
59.5 * 2.0uM in A549, 59.5 *+ 2.5uM in A375, 57.6 = 2.0uM in
ACHN, 18.5 = 1.6uM in HCT116 and 27.0 = 1.9uM in HepGg,
Compound 6 gave Glso values of 50.8 = 2.1uM in HeLla cells,
46.8 =+ 2.1yM in MDA-MB-231, 55.0 + 1.9uM in A549,
45.5 = 2.5uM in A375, 56.8 = 2.7uM in ACHN, 12.6 = 1.5uM in
HCT116 and 25.8 = 1.6 uM in HepG, and compound 7 was tested for
Glgo values of 42.5 = 2.1 uM in Hela cells, 41.6 * 2.1 uyM in MDA-

Glso values of 72.8 + 2.5uM in HeLa cells, 83.3 + 25uM in MDA- ~ MB-231, 43.1 = 1.8uM in  A549, 252 + 20uM in A375,
MB-231, 62.0 + 25uM in A549, 655 * 3.0uM in A375 ~ 51 *25uM in ACHN, 118 * 1.3uM in HCT116 and
66.2 + 1.9yM in ACHN, 209 + 1.6uM in HCT-116 and 22.7 *+ 1.5uM in erl?Gz, Hence, the smallest alkyll chain analog .at—
31.6 + 2.0 uM in HepGs, respectively. Similarly, compound 2, showed tached to gamma position, Compound 3, showed maximum cytotoxicity
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Fig. 11. (A) Contour diagram of FITC-Annexin V/PI flow cytometry of HCT116 cells after 12 h of incubation at untreated, Gls, GIso and GI,s concentrations of 0, 3.0,
6.2 and 9.0 uM respectively. Data are representative of three independent experiments. (B) Bar graph presentation of quantitative results of comparison between
apoptotic and necrotic population of HCT-116 cells after treatment with compound 3 (Table 4).
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Fig. 12. Cell cycle analysis of comp3 treated HCT116 cells at 3.0 uM, 6.2 uM and 9.0 uM for 12h of incubation. Data are representative of three independent
experiments, and the means are significant compared with their control (P < 0.05) (Table 5).

Table 5

Cell cycle analyses® of Comp 3-treated HCT 116 cells analyzed by using PI staining.
Added concentrations of comp 3 Sub-GO-G1 G0/G1 S G2/M
Control 0.53 = 0.01% 69.25 = 0.20% 5.05 = 0.12% 24.81 = 0.19%
GI25 (3 uM) 17.42 = 0.07% 43.04 = 0.18% 7.51 = 0.14% 29.71 * 0.21%
GI50 (6.2 uM) 24.32 = 0.12% 35.28 * 0.16% 10.04 = 0.13% 30.61 = 0.26%
GI75 (6.2 uM) 29.39 + 0.16% 32.81 £ 0.17% 11.61 = 0.11% 22.81 = 0.31%

@ Average of three individual experiments at same conditions.

with Glso value of 6.2 uM against HCT-116, followed by comp4 >
comp?7 > comp6 > comp5 > comp2 and > compl (Table 3).
However, for HEK and WRL-68, the normal epithelial cell lines, it was
followed up to concentration of 65uM each, for measuring its Glsq
values, beyond this concentration the Beer-Lambert’s law was not
obeyed by the compounds hence could not proceed. Therefore it can be
predicted that HEK-293 and WRL-68 might have Gls values more than
65 uM.

Earlier also beta carboline alkaloids and its various derivatives have
been reported to show in vitro cytotoxicity in many cancer cell lines
[58-63]. But it was never correlated to their binding affinity with the
target specific macromolecules. Furthermore, the author had also re-
ported the G5, values in natural beta-carboline alkaloids like harmalol
and harmaline, where not only that the values were reported to be
much higher than the GIso values obtained with these synthetic com-
pounds but also the incubation time was about 48 h, 24 h more than
with the analogs [18,33].

Since, the highest degree of concentration dependent increase in
growth inhibition was observed in the HCT-116 colon cancer cell line
with compound 3, henceforth, other parameters in support of apoptosis
were analyzed only in the HCT-116 cell line to further study the efficacy
of compound 3 in detail.
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3.3. Apoptotic induction ability of comp3 on HCT-116 cell line

Treatment with compound 3, induced phosphatidylserine (PS) ex-
ternalization in HCT-116 cells, which is again another remarkable
characteristic of early stage of apoptosis. Fig. 11A showed the quanti-
tative results of bivariate FITC-Annexin V/PI FCM of HCT-116 cells
after treatment with the compound for different concentrations (at GIos,
GIsp and Gl;5 concentrations of 3, 6.2 and 9.0 pM respectively). The
lower left quadrant of the cytograms showed the viable cells (control
cells), which excluded PI and are negative for FITC-Annexin V binding
because of intact cytoplasmic membrane. The upper right quadrant
represented the non-viable, necrotic cells, positive for FITC-Annexin V
binding, showing PI uptake. Furthermore, the lower right quadrant
represented the apoptotic cells, which was FITC-Annexin V positive and
PI negative, demonstrating Annexin V binding to PS with cytoplasmic
membrane integrity. The FITC* /PI" apoptotic cell population increased
gradually from 5.67 *= 0.5% in control to 22.06 + 1.3% after treat-
ment with 3uM, 36.73 + 1.6% after treatment with 6.2uM and
40.02 = 2.1% after treatment with 9.5uM of compound 3, respec-
tively. On the other hand FITC+/ PI + necrotic cell population was
increased from 0.51 * 0.4% to 43.66 = 1.4% after 24 h of treatment
with the compound. Fig. 11B represents the bar graph presentation of
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Fig. 13. (A) Single cell gel electrophoresis showing detectable comet tails (marked with arrows) with increasing concentration of comp3, indicative of DNA damage.
(B) Bar graph representation of effect of comp3 treatment on % DNA of HCT-116 cell in the comet tail using the software Casp (Table 6). The graph displays the

mean * SD (standard deviation) of three independent experiments.

Table 6
CASP software analysis for the calculation of % DNA" in comet tail appeared
due to DNA fragmentation by adding comp 3 treated HCT 116 cancer cells.

Added concentrations of comp 3 % DNA in comet tail +S.D
0 (Control) 1.2 0.5
3 uM (Glzs) 19 2.1
6.2 UM (Glso) 34 2.6
9uM (Gls) 62 41

@ Average of three individual experiments at same conditions.

quantitative results of comparison between apoptotic and necrotic po-
pulation of HCT-116 cells (Table 4.) after treatment with compound 3
to determine dose of choice.

Cell cycle analyses of compound 3-treated HCT-116 cells were fur-
ther analyzed by using PI staining, and the cell distributions were ex-
pressed for sub-GO/G1l, GO/G1, S and G2/M phases (Fig. 12 and
Table 5.). Dose kinetics study of compound 3-treated cells indicated
increasing accumulation of cells at sub-GO/G1 phase. The percentage of
sub-GO/G1 arrest was increased from 0.53 * 0.01 to 17.42 + 0.07,
24.32 = 0.12 and 29.39 + 0.16% after the treatment of 3, 6.2 and
9 uM of compound 3 for 24 h incubation in HCT-116 cells, respectively
(Fig. 12). Through remarkable increase in sub-G0/G1 population in cell
cycle arrest, we can assume the high killing power preferably anti-
proliferative action of compound 3 [66,67]. In this sub-GO/G1 popu-
lation few cells are arrested via apoptosis and few cells are killed by
necrosis. Generally at higher dose, necrosis is found to be maximum
than apoptosis though the cell populations increases simultaneously. So
the choice of concentration for the drug should be below GI,s. By ad-
dition of 6.2 uM of compound 3 at Glso, with the gradual increase in
percentage of sub-GO/G1 arrest, G2/M percentage also increases from
24.81 = 0.19 to 29.71 = 0.21 and 30.61 * 0.26% at control, G5
and Glsg respectively, while at GI,s it decreased to 22.81 + 0.31%,
emphasizing the ultimate cell cycle arrest at G2/M phase [64,65].

DNA fragmentation from the activation of endonucleases, is one of
the later steps in apoptosis [66-68]. Hence, we further characterized
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the apoptotic HCT-116 cells by single cell gel electrophoresis or comet
tail assay (Fig. 13). The results showed more DNA strand breaks
(Table 6) constituting of 62 *= 4.1% DNA (longest tail length) with the
treatment of compound 3 at 9 uM of concentration and least amount of
DNA (19 * 2.1%) with lowest concentration of 3 uM (Fig. 14A), while
at GlIso of 6.2uM, 34 = 2.6% DNA was observed in comet tail as cal-
culated using the software Casp. The result was further presented gra-
phically (Fig. 13B)

Phase contrast microscopic, scanning electron microscopic (SEM)
and transmission electron microscopic (TEM) images were used to
further characterize the size, surface contour and ultramorphology of
the drug (compound 3) treated HCT-116 cells. The Phase contrast mi-
croscopic images showed more number of round shaped dead cells
(marked with white arrows) with increasing concentration of the
compound (Fig. 14A). The morphology of the treated and untreated
cells as observed by SEM, was shown in Fig. 14B. The morphological
changes observed were cytoplasmic blebbing, shrinkage as well as ir-
regularities in cell contour and size in the drug treated conditions.
Whereas, untreated controlled HCT-116 cell line retain the organotypic
spheroids as small scale brush structures and remain spread out without
any sign of irregularities in cell contour and size. Furthermore, ultra-
morphological study by TEM, which is used to examine the structure
and composition of thin sections of the tissue in submicron detail, was
performed by TECNAI 200KV TEM from All India Institute of Medical
Sciences, India (Fig. 14C). The image of controlled section of colonic
epithelial cells with deep invaginations into the cell wall called crypts
have been observed and these crypts gradually lost in treated condi-
tions. Control HCT-116 contains many lipid droplets, which reduces in
number in dose dependent manner. In apoptotic HCT-116 cell, the ratio
of area of nucleolus vs. cytoplasm becomes double but the size of nu-
cleus gets reduced with more condensed structure. Further, the number
of mitochondria reduces with increasing number of vacuoles in apop-
totic cells highlighting the therapeutic role of compound 3 on HCT-116.
Immuno fluorescence with anti active caspase 3 and p53 (Fig. 15) was
performed to see the analysis of the apoptotic biomarkers at the protein
level. Simultaneously nuclear accumulation by DAPI of excess
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A Control

Fig. 14. (A) Morphology of control cells and comp3 (of increasing concentration) treated cells for 12 h observed under confocal microscope (10 X magnifications).
(B) Changes in cell morphology and apoptotic index parameters as observed using S530 Hitachi scanning electron microscope (SEM) and (C) Transmission electron
micrograph (TEM) of untreated HCT116 cells showing large number of cell crypts and lipid droplets formation. With the treatment of comp3, nucleus gets reduced
with more condensed structure, number of mitochondria get reduced with increasing number of vacuoles formation. All the positive changes are marked with arrows.
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Fig. 15. Immunocytochemical localization of active caspase 3 and p53 in HCT116 cells by confocal microscope after exposure to 3.0, 6.2 and 9.0 pM of comp3 for

12h.
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concentration of active casepase 3 and p53 of apoptotic HCT-116 cell
was shown. The expression of p53 and caspase-3 that favored apoptosis,
were up-regulated in a dose dependent manner. Evidences suggested
that it is through mitochondrial cytochrome c release that p53 induces
apoptosis by caspase activation. Principally, p53 tumor suppressor gene
is involved in the regulation of cell cycle, DNA repair, and apoptosis,
leading to caspase activation [68-70].

With the intension to change the preferred conformation of the pi-
peridine ring due to the higher conformational energy as compared to
an alkyl group (2.1 and 1.8 kcal/mol respectively) CFs-group in the core
molecule of tetrahydro-carboline has been incorporated with amino
alkyl chain at alpha position (compound 1 and 2), amino alkyl chain at
delta position (compound 3 and 4) and guanidine alkyl chain at alpha
position (compound 5, 6 and 7), respectively. They were synthesized by
Pictet-Spengler cyclization starting from tryptamine or isotrypatamine
and cyclic trifluoromethylated imines. It is very important as with this
incorporation, there is the possibility to modulate basicity and nu-
cleophilicity of the nitrogen atom at the 2-position to avoid the use of
protective groups.

However, considering DNA as the sole target molecule in cancer
therapy, the ability of the above analog compounds to target nucleic
acid structure and function, detail studies were performed to exploit
those small molecules as futuristic therapeutic agents against cancer. In
this case, binding and the apoptotic induction ability of seven novel
synthetic compounds viz. 1 and 2 with amino alkyl chain at the alpha
position of the tetrahydro carboline core molecule, 3 and 4 with amino
alkyl chain at the delta position of the core molecule and 5, 6 and 7
with guanidine alkyl chain at the alpha position of the core molecule,
respectively, in seven cancer cell lines viz. HeLa, MDA-MB-231, A549,
A375, ACHN, HCT116, HepG, have been reported. The outcomes sig-
nificantly helped in screening the best binding analog compound along
with anticancer activity following evidence of antineoplastic properties.

Regarding cytotoxic and growth inhibition ability of the analogs on
cancer cell lines, all the analogs found to be very potent against
HCT116 (colon carcinoma) followed by HepG2 (liver carcinoma), re-
stricting the cell cycle at G2/M phase. The smallest alkyl chain analog
at the delta position of the core molecule i.e. compound 3, showed
maximum cytotoxicity with Glso value of 6.2 uM against HCT-116,
followed by the guanidine alkyl chain compounds. The maximum cy-
totoxic and anti neoplastic ability of compound 3 is probably because of
its maximum binding affinity with target specific DNA macromolecules
and its small light chain analog, while as the chain length increases the
binding affinity along with the cytotoxic potency of higher amino alkyl
chain compounds decreases. Previously also gamma-carboline deriva-
tive compounds have been reported to be more potent synthetic drug
than beta-carboline compounds [23-25]. However with the guanidine
alkyl chain compounds, unlike their trend of binding affinity to DNA,
cytotoxicity is more as the guanidine alkyl chain length increases. This
trend of guanidine headed alkyl chain compound was also reported by
others [71-74]. Guanidine headed group with an extension of alkyl
chain between the backbone and the head is superior to other cationic
subunits and provides superior transporter, since this is apparently a
critical structural determinant of cellular uptake and hence more cy-
totoxic potency [71-74]. Guanidinium rich scaffolds facilitate cellular
translocation and delivery of bioactive cargos through biological bar-
riers. Charge pairing and hydrogen bonding with cell surface counter-
parts have been proposed, though their exact role is assumed. The Y-
shaped guanidinium group is a highly symmetric planar functionality
that can form two strong parallel hydrogen bonds with biologically
relevant counterparts. Its geometry generates a more favorable hy-
drogen bond alignment compared to ammonium group which are also
widely found in biomolecules. Additionally binding can occur through
both charge pairing and hydrogen bonding as the group maintains its
protonated state over a wide range of pH (pK, 13.5). Moreover, unlike
for the ammonium cations where the charge is localized, the interaction
with ions like phosphates is facilitated by delocalization of positive
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charge in guanidinium group [71-74]. Thus in spite of being a poor
DNA target molecule, the compounds with guanidine moiety attached
to alkyl chain showed superior cytotoxicity and probably because of
more preference in terms of binding towards any surface transport re-
ceptor or any other macromolecule other than DNA. However the ac-
tual pathway for their entry into cells has remained controversial and
the fundamental understanding of the entry process is still lacking and
demands further research.

4. Conclusions

In summary, the study contributes new information on specific
molecular target by the small molecules based on structure-activity
relation that ultimately open up new insights for drug designing in
future. Screening through binding and in vitro cytotoxic assays, com-
pound 3 from series of gamma carboline with the shortest amino alkyl
chain, found to be the most potent cytotoxic compound against colon
cancer cell line HCT-116, targeting DNA. Probably, partial intercalation
of comp3 prevents information retrieval from DNA, leading to the arrest
of cell division including abnormal cell proliferation in cancer.

However, in spite of weak DNA affinity, efficacy of the beta car-
boline with guanidine alkyl chain compounds (compound 5, 6 and 7)
cannot be neglected that probably target other surface specific receptor
molecule. The molecular mechanism of action and activation of the
compounds need further in depth study.
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