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ABSTRACT: The sphingosine kinase-1/sphingosine-1-phosphate
pathway is linked with the cancer progression and survival of the
chemotherapy-challenged cells. Sphingosine kinase-1 (SphK1) has
emerged as an attractive drug target, but their inhibitors from
natural sources are limited. In this study, we have chosen
harmaline, one of the β-carboline alkaloids, and report its
mechanism of binding to SphK1 and subsequent inhibition.
Molecular docking combined with fluorescence binding studies
revealed that harmaline binds to the substrate-binding pocket of
SphK1 with an appreciable binding affinity and significantly
inhibits the kinase activity of SphK1 with an IC50 value in the
micromolar range. The cytotoxic effect of harmaline on non-small-cell lung cancer cells by MTT assay was found to be higher for
H1299 compared to A549. Harmaline induces apoptosis in non-small-cell lung carcinoma cells (H1299 and A549), possibly via the
intrinsic pathway. Our findings suggest that harmaline could be implicated as a scaffold for designing potent anticancer molecules
with SphK1 inhibitory potential.

1. INTRODUCTION

Lung cancer has emerged as a leading cause of cancer deaths1

with 5 year survival rate lower than 15%.2 Smoking is the major
cause of lung cancer with new causes that emerged as radon,
arsenic, asbestos, and air pollution. They altogether synergisti-
cally increase the risk of lung cancer.3 It has two major
histological subtypes: small-cell lung carcinoma (SCLC) and
non-small-cell lung carcinoma (NSCLC), which accounts for
more than 85% of all the cases among lung cancers.4 The most
common subtypes of NSCLCs comprise large cell carcinoma,
adenocarcinoma, and squamous cell carcinoma.5 The high
mortality in NSCLC is associated with complexity in early
diagnosis and its high rate of proliferation and metastasis.6,7 As
a result, the current treatments for NSCLC are not fully
successful.8 Hence, research in the area of development of
effective diagnostics tools, anti-NSCLC molecules, and
identification of biomarkers and novel molecular targets
against non-small-cell lung cancer is much needed.9,10

Sphingosine kinase (SphK) is an evolutionarily conserved
and unique class of lipid kinase11 that catalyzes the reversible
phosphorylation of sphingosine to produce sphingosine-1-
phosphate (S1P).12 SphKs have two isoforms, i.e., SphK1 and
SphK2, which differ in subcellular location and function.13

SphK1 promotes cell proliferation and survival, while SphK2
induces cell apoptosis. The absence of both isoforms causes
fatal effects, whereas the presence of one functional isoform
circumvents the deleterious outcomes, as observed in knockout

studies with mice.14,15 SphK1 is activated by a range of
agonists,16 including growth factors, cytokines, or oncogenes
via phosphorylation of serine 225,17 which causes it to
delocalize to the plasma membrane.18

The S1P produced by SphKs is an important lipid mediator
involved in multiple signaling pathways associated with
mitogenesis, cell survival, cell migration, inflammation, and
angiogenesis and acts extracellularly via interaction with cell-
surface G-protein-coupled receptors (S1PR1−S1PR5) or
through intracellular targets such as HDACs and
TRAF2.19,20 The intracellular levels of S1P are tightly regulated
by sphingolipid rheostat, which is essential for maintaining
homeostasis in the cellular environment. The three core
sphingolipid metabolites, viz., ceramide, sphingosine, and S1P,
are the key players of sphingolipid rheostat, which dictates the
metabolic fate of the cell and thus plays an important role in
cell growth, motility, differentiation, and apoptosis.20,21 S1P
promotes cell proliferation, while ceramide and sphingosine
mediate cell cycle arrest and apoptosis. Thus, S1P plays a key
role in regulating tumor cell growth, survival, invasion, and
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angiogenesis. Henceforth, modulation of the S1P levels in the
cellular environment has become an important strategy for the
treatment of cancer and other S1P-related pathologies.21,22

SphKs regulate S1P levels in cells and maintain a balance
between prosurvival and apoptotic signaling. Aberrant
expression of SphK1 leans the balance toward the prosurvival
pathway.22,23 SphK1 has emerged as a potential anticancer
target24 since it contributes to cancer progression as it is
overexpressed in lung,25 colon,26 breast,27,28 and prostate29

cancer cells. SphK1 is also linked to the chemoresistance of the
cancer cells as its overexpression inhibited chemotherapy-
driven apoptosis in breast cancer cells (MCF-7) on treatment
with anthracyclines.30 Likewise, it is responsible for the
chemoresistance in many other cancer types, for example, in
acute myeloid (HL-60)31 and prostate cancer cells (LNCaP).32

SphK1 causes tumor progression, invasion, metastasis, and
chemo- and radioresistance in NSCLC, as reported in previous
studies.25,33−35 Therefore, SphK1 is extensively used as a target
for the development of anticancer therapeutics.
The earliest discovered SphK1 inhibitors were sphingosine

analogs or derivatives, for example, dihydrosphingospine
(DHS) and N,N-dimethylsphingosine (DMS). Both have
been used for modulating S1P biosynthesis despite being
weak and nonselective SphK inhibitors.36 Fingolimod
(FTY720) has been clinically approved for multiple sclerosis
as a functional antagonist of S1P receptors.37 FTY720 is shown
to be a potent SphK1 inhibitor that induces apoptosis in
prostate cancer cells.38 The crystal structures of SphK1 with
sphingosine and some of the known potent inhibitors (PF-543
and SK1-II) have been useful in designing and development of
selective inhibitors with improved bioavailability and less
cytotoxicity.12,39,40 Some of the SphK1 inhibitors and their
IC50 values are represented in Figure 1.

Recently, an increasing interest in the discovery of novel
antitumor agents against SphK1 from the natural resource is
reported.41,42 The well-established literature validates the
antioxidant and antiproliferative properties of natural products,
and thus, they could be explored as an important source of new
drugs for various diseases including cancer.43−46 Many
scientists are trying to isolate active natural compounds that
can be used for therapeutic purposes after required structural
modifications.47

There are a few natural products and their derivatives that
impede the growth of various cancerous cells via inhibition of
the SphK1/S1P pathway.48 For instance, peretinoin inhibits
the expression and activity of SphK1 in the human hepatoma
cell line Huh-7.49 Likewise, 2-epi-jaspine B shows potent
antitumor activity and has been used as a lead for the
development of selective inhibitors of SphK1. Moreover,
analog YHR17 developed from 2-epi-jaspine B possesses 125-
fold selectivity over SphK2 and inhibits A375 cell line
proliferation at very low concentrations (IC50 = 0.68 to 5.68
μM).50 Icaritin, a flavonoid, inhibits SphK1 activity and is
cytotoxic to hepatocellular carcinoma both in vitro and in
vivo.51 Hispidulin, another flavonoid, is known to inhibit
SphK1 activity and induces apoptosis in Caki-2 and A498 cell
lines.52 As a result, natural products are emerging as an
important source for potential leads and drug molecules for
targeting cancer via SphK1 inhibition.
In the present investigation, we tried to explore the

anticancer properties of harmaline (C13H15ON2), which is a
major β-carboline alkaloid present in the seeds and roots of
Peganum harmala.53 The β-carboline alkaloids and their
derivatives have gathered larger attention because of their
prominent anticancer activity and inhibitory activity against
DNA topoisomerases and cyclin-dependent kinases

Figure 1. Structures of SphK1 inhibitors.
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(CDKs).54,55 Among them, harmaline has been widely studied
for its pharmacological and numerous clinical benefits
including protection from radiation, reduction of inflammation,
relief from psoriasis, immunosuppression, and antitumor
effects.56,57 It also acts as an inhibitor of histamine N-
methyltransferase58 and exhibits the ionotropic effect.59

Harmaline is responsible for reversible inhibition of mono-
amine oxidase.60 In another study, the harmaline and harmalol
effects were evaluated on the digoxin-induced cytochrome
CYP1A1 in HepG2 cells.61 The harmala alkaloids significantly
inhibited CYP1A1 through transcriptional and posttransla-
tional mechanisms.62 Harmaline exhibits potential anticancer
activity in multiple cancer cell lines with a low risk of toxic side
effects, as reported by previous studies.63,64 All of these studies
direct that harmaline possesses the potential for using it as a
novel antioxidant and antitumor agent in anticancer therapy.57

Here, we have performed isothermal titration calorimetry
(ITC) and fluorescence binding studies to measure the binding
affinity of harmaline with SphK1. ATPase assay was further
performed to see the SphK1 inhibitory potential of harmaline.
Additionally, the anticancer properties of harmaline toward
human alveolar basal epithelial adenocarcinoma (A549) and
lymph node-derived cancer (H1299) cells and cytotoxicity
against human embryonic kidney cells (HEK293) were
estimated by MTT assay. The apoptotic effect of harmaline
on both NSCLC cells was investigated and was found to be
linked with caspase-3 activation. To understand the binding
pattern and inhibition mechanism, we identify the important
amino-acid residues involved in harmaline−SphK1 binding
while utilizing the molecular docking approach.

2. RESULTS

2.1. Expression and Purification of SphK1. SphK1 gene
construct was cloned and expressed in BL21 Gold (DE3) cells.
The inclusion bodies were solubilized with the help of N-
lauroyl sarcosine and the solubilized protein was loaded on the
Ni-NTA column and subsequently purified.65 The purified
SphK1 was analyzed on SDS-PAGE, which shows a single band
of 45 kDa (Figure S1).
2.2. Fluorescence Binding Studies. Fluorescence spec-

troscopy is a sensitive and simple technique for studying
protein−ligand interactions and is widely used to determine
the binding constants, number of binding sites, and the
interaction mechanism.66 The fluorescence spectrum of SphK1
in the presence of different concentrations of harmaline is
shown in Figure 2A. A decrease in fluorescence intensity with
increasing concentrations of harmaline (3.56−19.26 μM) was

observed. A blue shift of 3−4 nm in emission maxima (342
nm) was observed at higher concentrations of harmaline,
indicating a change in polarity due to increased hydrophobicity
around tryptophan and tyrosine residues of SphK1.67 A well-
defined isosbestic point was observed at 396 nm for SphK1,
suggesting the formation of a stable harmaline−SphK1
complex.68 The fluorescence spectra were analyzed according
to eqs 1−7 and the obtained binding parameters are provided
in Table S1. Figure 2B represents a modified Stern−Volmer
plot, which estimated that harmaline has a single binding site
with a Ka value calculated (using eq 3) to be 7.1 × 105 M−1

(Table S1). Our fluorescence result suggests that harmaline
strongly binds to SphK1.

2.3. Isothermal Titration Calorimetry Measurements.
The actual binding affinity and the nature of the interaction of
harmaline with SphK1 were studied with the help of ITC.69

During the ITC experiment, 15 μM SphK1 was titrated with
increasing harmaline concentrations. The upper panel
represents the experimental raw data describing the exothermic
binding reaction between SphK1 and harmaline signified by
negative pulses of generated heat (Figure 3). The bottom panel
represents integrated heat pulses concerning time as a function
of the molar ratio of [harmaline]/[SphK1] during harmaline−
SphK1 complexation (Figure 3). The binding isotherm curve
represents the total heat exchanged per injection during
harmaline−SphK1 interaction. The heat related with the
harmaline−buffer interaction was experimentally measured
and deducted from the changes in the heat involved during
harmaline−SphK1 titration. The thermodynamic parameters
were analyzed from the pattern of the binding isotherm for
harmaline−SphK1 by fitting it with the four binding site model
using in-built Origin software (Table 1). The KD value falls in
the micromolar range, suggesting a stronger binding affinity of
harmaline toward SphK1. Following the fluorescence binding
results, ITC data also suggest a strong binding affinity of
harmaline to SphK1.

2.4. Enzyme Inhibition Assay. The SphK1 inhibitory
potential of harmaline was determined by malachite green-
based ATPase assay, which showed a significant decrease in the
kinase activity on increasing harmaline concentrations (Figure
4A). The ATPase activity of SphK1 was quantified using a
phosphate standard curve (Figure S5). A decrease in the
activity of SphK1 was plotted as a function of percent
inhibition with increasing harmaline concentrations using the
formula 100 − (A/A° × 100), where A and A° are enzyme
activities of SphK1 in the presence and absence of harmaline,
respectively.70 The IC50 value for harmaline was calculated

Figure 2. Fluorescence binding studies of harmaline with SphK1. (A) Fluorescence emission spectra of SphK1 with increasing concentration of
harmaline (in μM). (B) Modified Stern−Volmer plot used to estimate the binding constant (Ka) and the number of binding site (n).
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using SigmaPlot 10.0 based on the following equation:
Sigmoidal, Hill, three-parameter, f = a × xb/(cb + xb), where
f is the percent inhibition, a is the maximum inhibition, b is the
hill slope (0.57), c is the IC50, and x is the harmaline
concentration.71 The IC50 value was obtained as 6.13 ± 0.33
μM (Figure 4B). The enzyme inhibition result is per
fluorescence and ITC data and suggested that harmaline acts
as a potential SphK1 inhibitor with an admirable binding
affinity.
2.5. Cell Viability Studies. The expression of SphK1 is

upregulated in many cancers and found to be associated with
metastasis of non-small-cell lung cancer cells (NSCLC).34,72

The A549, H1299, and HEK293 cells were chosen for cell
viability studies. The cell lines were incubated for about 48 h
with increasing dose of harmaline (0−200 μM). MTT assay
revealed that harmaline reduces the growth of H1299 and
A549 cells selectively without much affecting the growth of
HEK293 cells (Figure 5), although the viability of HEK293
cells was affected (up to 15%) at relatively high concentrations
(>150 μM). The IC50 values of harmaline were assessed from
the cell growth curve and estimated to be 48.16 ± 1.76 and
67.9 ± 2.91 μM for H1299 and A549 cells, respectively.

Interestingly, these results direct that H1299 cells are more
sensitive to treatment with harmaline compared to A549 cells.
The results presented here suggested that harmaline obstructs
the growth of cancerous cells and resonates well with earlier
studies from other groups.63,64

2.6. Determination of Caspase-3 Activity. The evasion
of cell death is one of the 10 important hallmarks of cancer that
guides the process of cell immortalization.73 Caspases are the
biochemical markers of both the early and late stages of
apoptosis.74 Caspase-3, the downstream effector caspase,
cleaves and inactivates the proteins important for signal
transduction, DNA repair, and cell cycle control.75,76 Caspase-
3 activity through colorimetry77 was utilized to deduce the
mechanism of apoptotic induction by harmaline in A549 and
H1299 cells. The caspase-3 activity was evaluated by
monitoring the absorbance of free pNA at wavelength 405
nm since the amount of free pNA is proportional to the
amount of caspase activity present in the sample (Figure S6A).
The standard pNA curve shown in Figure S6B gives
absorbance values of nanomoles of free pNA at varying
concentrations. pNA released in nanomole that corresponds to
the caspase-3 activity was calculated from the standard curve
and the final plot was obtained that clearly shows a gradual
increase in the caspase 3 activity per hour (Figure 6). It can be
seen that with increasing dose of harmaline, there was a
gradual increase in the caspase-3 activity in both cell lines
compared to untreated cells. The increase in the caspase 3
activity was more profound in H1299 cells in contrast to A549
cells on treatment with harmaline. Our results correlate well
with cell viability studies and direct that the harmaline-induced
apoptosis is more likely to proceed through the intrinsic
pathway.

2.7. Interaction of Harmaline with SphK1. The
molecular docking of harmaline with SphK1 was performed
to see the binding pattern and identify important amino-acid
residues involved in the ligand binding and subsequent
inhibition. A set of 10 docking runs, each with 20 iterations,
generates 200 possible docked conformations of the harmaline,
which were clustered in 4 plausible binding sites on SphK1
(Figure S7). The major hydrogen bonding interactions
between the SphK1-interacting residues and harmaline for all
four clusters are also given in Figure S7. At cluster 1, harmaline
shows the highest binding affinity (−7.9 kcal/mol) with SphK1
and preferentially occupies the substrate-binding pocket with a
significantly higher number of noncovalent interactions. It is
interesting to note that harmaline is binding at the same place
where cocrystallized D-sphingosine ((2S,3R,4E)-2-aminoocta-
dec-4-ene-1,3-diol) is bound to SphK1.12 Harmaline shows
type 1 binding and forms a direct hydrogen bond with Asp178,
which is the part of the SphK1 substrate-binding site (Figure
7A). In addition, many hydrogen bonds, alkyl, and van der
Waals interactions are offered by Asp81, Gly82, Ser112,
Gly113, Ala115, Leu167, Ser168, Asp178 (substrate-binding
pocket), Arg191 (ATP-binding site), Phe192, Leu268,

Figure 3. Titration of SphK1 by harmaline in the ITC experiment.
The upper panel depicts the heat produced against time for the
titration of SphK1 with increasing amount of harmaline. The bottom
panel shows the binding isotherm formed by the integration of peak
area and its normalization to yield molar enthalpy change. The red
color line represents the fitted curve.

Table 1. Thermodynamic Parameters Obtained from the Calorimetric Titration of Harmaline with SphK1

complex
number of binding

sites (N) association constant Ka (M
−1)

dissociation
constant KD (μM)

enthalpy change ΔH
(cal/mol)

ΔS
(cal/mol/deg)

ΔG (free energy
change) (kcal/mol)

harmaline 4 Ka1 = 1.89 × 104 ± 1.3 × 103 KD1 = 52.9 ΔH1 = −3205 ± 197 ΔS1 = 8.82 ΔG1 = −5.83
Ka2 = 1.49 × 105 ± 8.6 × 103 KD2 = 6.7 ΔH2 = 1895 ± 257 ΔS2 = 30.0 ΔG2 = −7.04
Ka3 = 3.50 × 104 ± 2.0 × 103 KD3 = 28.6 ΔH3 = 272.3 ± 190 ΔS3 = 21.7 ΔG3 = −5.99
Ka4 = 4.58 × 103 ± 2.9 × 102 KD4 = 218.3 ΔH4 = −9574 ± 467 ΔS4 = −15.4 ΔG4 = −4.98
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Met272, Asp341, and Gly342 to harmaline (Figure 7B).
Henceforth, it is understandable that harmaline is bound to
SphK1 at the catalytic site via interaction between its active site
residues Asp178 and Arg191, which hampers the sphingosine
and ATP availability, ultimately leading to SphK1 inhibition.

3. DISCUSSION
SphK1 is upregulated in NSCLC cells and imparts resistance to
doxorubicin-mediated apoptosis via activation of the PI3K/
Akt/NF-κB pathway.78 Ni et al.33 have linked the high

expression of SphK1 with enhancement in the invasiveness
potential of A549 cells and another group has associated the
migration of the NSCLC cells via AKT pathway by regulation
of E-cadherin and Snail expression.35 In another study,
overexpression of LncRNA HULC was linked to upregulation
of SphK1, which activated the PI3K/Akt pathway, ultimately
leading to NSCLC cell proliferation.79 FTY720 is a known S1P
modulator, which has been reported recently to reduce the
tumor growth in the urethane-induced lung cancer murine
model.80 SphK1 is an attractive drug target, but so far, none of
the inhibitors have achieved the required potency to treat
cancer clinically.48 There still exist challenges to develop
potent SphK1 inhibitors that can decrease the S1P levels in
target tissues.81 Many drug pharmaceutical companies have
started to explore the potential of natural product-based
compounds against cancer, inflammation, and other diseases.
They have several advantages, given the low toxicity toward
normal cells, metabolic stability, and fewer side effects, and the
only problem is bioavailability, which can be tackled by
nanotechnology-based drug delivery systems.82

Medicinal plants constitute the largest source of natural
agents that are proven to have potent effects against diverse
forms of diseases, including cancer.83 Several dietary agents
have been reported to reduce the growth of prostate cancer
cells, for example, epigallocatechin gallate, resveratrol, and
polyphenols from green tea via inhibition of S1P pathway.84

Alkaloids have also gained importance in cancer treatment due
to their antiproliferative and antiangiogenic effects.85−87 In the
current study, we have selected a β-carboline alkaloid,
harmaline, because it has well-established pharmacological
importance and antioxidant and anticancerous activity. Harma-
line is known to induce antitumor effects and apoptosis in
HepG2, SGC-7901, HeLa, and MDA-MB-231 breast cancer
cells.63,64,88

We observed that harmaline binds to SphK1 with high
affinity. The binding enthalpy (ΔH) also clearly reveals that
the binding of harmaline with SphK1 is a favorable enthalpy-
driven process. Fluorescence binding data analysis revealed a
single binding site (Figure 2B and Table S1), while ITC
analysis determined four binding sites (Table 1) for harmaline.
Moreover, a notable difference in the thermodynamic
parameters estimated from ITC and fluorescence was also
observed. It is well known that fluorescence spectroscopy
measures the local changes that occur around the micro-
environment of the fluorophore. Hence, the variation observed
in fluorescence and ITC measurements can be because

Figure 4. Enzyme inhibition assay of SphK1 in the presence of harmaline. (A) Decrease in the activity of SphK1 with increasing harmaline
concentration (0 to 30 μM). (B) The plot represents the percent inhibition in the ATPase activity of SphK1 with increasing harmaline
concentrations. The IC50 value was calculated by fitting the curve obtained from three independent experiments.

Figure 5. Plot of cell viability with ligand concentrations in MTT
assay to assess the anticancer activity of harmaline on A549, H1299,
and HEK293 cells. Each cell line was given a dose of harmaline (0−
200 μM) for 48 h. The percentage of live cells was evaluated
concerning the control cells without any treatment. Each data point
shown is the mean ± SD from n = 3.

Figure 6. Harmaline induces caspase-3-mediated cell apoptosis in
non-small-cell lung cancer cell lines (A549 and H1299). Plot of
caspase-3 activity (free pNA liberated per hour) in harmaline-treated
A549 and H1299 cancer cells.
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fluorescence probes the change in the microenvironment
around the aromatic residues (local changes) upon ligand
binding, whereas ITC measures the global change in terms of
heat absorbed/released during bond formation or breaking
upon protein−ligand interaction.89 In fact, such variations in
thermodynamic parameters obtained from fluorescence spec-
troscopy and ITC have also been observed in various other
protein−ligand interaction studies.90,91

Molecular docking predicted four possible binding sites for
SphK1 (Figure S7) and cluster 1 (sphingosine binding site)
binds with high affinity with harmaline. SphK1 activity was
found to be inhibited by harmaline with IC50 calculated to be
6.1328 ± 0.33 μM (Figure 4B). Harmaline is a tricyclic
aromatic compound and has a methoxyl ligand at the C-7
position and a methyl group at the C-1 position.92 The H-
bond donor groups of harmaline form hydrogen bonding
interactions with Asp178 (sphingosine-binding residue),
Ser168, and Ser112, which are active site residues of SphK1
(Figure 7B). Additionally, harmaline forms van der Waals
interaction with ATP-binding site residues including Arg191,
Asp81, and Gly82. It is well known that Asp81 is a catalytically
critical residue for SphK1 kinase function and plays an
important role in the phosphoryl transfer step, while Gly82 is
essential for ATP binding.12 Henceforth, harmaline reduces the
substrate as well as ATP access to SphK1 and consequent
inhibition.
Harmaline treatment proved to be cytotoxic toward

NSCLCs (A549 and H1299), while a little (∼15%) loss in
the cell viability of HEK293 cells was observed at
concentrations >150 μM (Figure 5). P. harmala seed extracts
when administered at a dose of 150 mg/kg to albino mice
repeatedly for 3 weeks is reported to induce hemorrhage,
degeneration, and necrosis in kidney and liver cells.93 The IC50
value of harmaline against HEK293 as studied by Storch et
al.94 was found to be above 200 μmol/L after 72 h of
treatment. Thus, based on the previous reports and from our
studies, we can suggest that harmaline may be harmful at a
relatively higher concentration (>200 μM). Interestingly, we
observed a significant difference in the sensitivity of the H1299
and A549 cells toward harmaline treatment (Figure 5).
Although the cytotoxic effect of harmaline toward A549 cells
has been reported and we found a similar effect but with low
potency,95,96 this is the first report where harmaline is found to
be cytotoxic for H1299 cells. The caspase-3 activity was found
to be higher in H1299 cells compared to A549 cells, thus
correlating well with the MTT assay. Hence, harmaline acts as
an effective inhibitor of SphK1 and induces apoptosis in
NSLCs via the intrinsic pathway.

4. CONCLUSIONS

In conclusion, our findings indicate that harmaline is a
promising molecule for targeting SphK1 inhibition. Harmaline
can be further improved and used as a scaffold for designing
selective and effective molecules for therapeutic management
of lung cancer. This study would further assist in designing
new anticancer drugs of semisynthetic origin to enhance their
specificity with reduced cytotoxicity and improved antineo-
plastic abilities.

5. MATERIALS AND METHODS

Harmaline, DMSO, MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide), N-lauroyl sarcosine, and Tris
buffer were procured from Sigma Aldrich (St. Louis, MO,
USA). BIOMOL was purchased from Enzo (New York, USA).
Luria broth was bought from Himedia (Mumbai, India). FBS,
DMEM/F-12K medium, trypsin, and an antibiotic cocktail
were procured from Gibco-Life Technologies, Thermo Fisher
Scientific (USA). HEK293, A549, and H1299 cells were
acquired from the NCCS, Pune-411,007, India. APOPCYTO
Caspase-3 Colorimetric Assay Kit (code no. 4800) was bought
from MBL Life Science (Japan). Plasmid pET28b+, DH5α,
and BL21-Gold cells were bought from Qiagen. The Jasco
spectrofluorometer (FP-6200, Japan), VP-ITC microcalorim-
eter (GE, MicroCal, USA), and ELISA reader (BioRad) were
used in instrumentation. SigmaPlot 10.0, MicroCal Origin 7.0,
and Graph Pad Prism were used for data analysis. All the
reagents used for buffer preparation were of analytical grade.

5.1. Expression and Purification of SphK1. Plasmid
pET28b+ containing SphK1 gene insert was successfully
expressed in BL21-Gold cells and later purified by Ni-NTA
affinity chromatography, as described in our previous
communication.97 The purity of the protein was checked by
SDS-PAGE and its concentration was measured by using a
Jasco V-660 UV−visible spectrophotometer with a molar
absorption coefficient of 48,275 M−1 cm−1 at 280 nm.

5.2. Fluorescence Measurements. The binding study of
harmaline with SphK1 was performed on the Jasco
spectrofluorometer (FP-6200) at 25 ± 0.1 °C. Stock solution
(100 mM) of harmaline in DMSO was used for the
preparation of working solution (1 mM) in 20 mM Tris and
100 mM NaCl buffer (pH 8.0). A fixed concentration of
SphK1 (4 μM) was titrated with increasing harmaline
concentration (3.56 to 19.26 μM). SphK1 was excited at 280
nm and the emission spectra were collected from 300−400
nm. SphK1 showed an emission peak at 342 nm. The blank

Figure 7. Interaction of harmaline with SphK1. (A) Cartoon illustration of docked SphK1−harmaline complex and important residues participating
in polar interactions. (B) Detailed interactions and their types formed between harmaline and SphK1.
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titration (buffer with harmaline) was subtracted to obtain the
final spectra.
Obtained data were corrected for the inner filter effect by

harmaline according to the formula F = Fobs antilog [(Aex +
Aem)/2], where Aex is the absorbance of harmaline at the
excitation wavelength, and Aem is the absorbance of harmaline
at the emission wavelength (Figure S2).98,99 The decrease in
the fluorescence intensity of SphK1 with increasing harmaline
concentration was plotted and the value of the binding
constant (Ka) and the number of binding sites (n) for the
harmaline−SphK1 interaction were calculated by analyzing the
corrected fluorescence spectra by fitting into eqs 1−7.
Equation 1100 and modified Stern−Volmer eq 2 were used
to analyze the quenching data and the fraction of SphK1
molecules accessible to harmaline, respectively. Equations 3−6
represent the modified Stern−Volmer equation, Lineweaver−
Burk modified Stern−Volmer, Johansson equation, and
Scatchard equation, respectively, as desciribed.101
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Here, F0 denotes fluorescence intensity of SphK1 without
harmaline, F is the fluorescence intensity of SphK1 at a specific
concentration of harmaline at 342 nm, KSV is the Stern−
Volmer quenching constant, [harmaline] denotes the concen-
tration of harmaline titrated, K is the quenching constant, and f
is the fraction of accessible SphK1 molecule to harmaline.
[harmalinet] is the total quencher concentration and [SphK1t]
is the total protein concentration, while Fmax denotes the
concentration when the interaction is complete.
In terms of fluorescence quenching, the Langmuir

isotherm102,103 can be expressed in the form of eq 7 (for
one-site saturation).

y K%Quenching /1 ( / harmaline )max d= + [ ] (7)

Here, ymax is the maximum fluorescence observed and Kd is
the equilibrium dissociation constant. The binding constants
from all equations are given in Table S1.
5.3. Isothermal Titration Calorimetry. The interaction

of harmaline binding to SphK1 was evaluated by a VP-ITC
microcalorimeter from MicroCal, Inc. (GE, MicroCal, USA),
at 25 °C. The protein and ligand samples were prepared in a
buffer comprising 20 mM Tris and 100 mM NaCl. DMSO
(0.75%, v/v) was added to the protein solution (same as in
ligand solution) to minimize the signal-to-noise ratio during
ITC experiments. For analysis, the heat released during the
interaction of harmaline with buffer was measured to obtain
the final heat of dilution during harmaline−SphK1 titrations, as
described.104 The titration data were analyzed to determine the
values of association constant (Ka), enthalpy change (ΔH),
and entropy change (ΔS) using MicroCal Origin 7.0.

5.4. Enzyme Inhibition Assay. The SphK1 inhibitory
potential of harmaline was studied with standard Malachite
Green (BIOMOL GREEN reagent, Enzo Life Sciences)
microtiter-plate assay, as described in our previous communi-
cations.97,105 The kinase activity of SphK1 was plotted as a
function of percent inhibition using a standard phosphate
curve (Figure S5) in SigmaPlot 10.0. The data points were
calculated from three independent experiments in triplicates
and their average was taken for data analysis.

5.5. Cell Viability Studies. The HEK293, A549, and
H1299 cancer cell lines were grown in a DMEM/F12 media
with 10% heat-inactivated FBS (Gibco) containing 1%
penicillin and streptomycin in a 5% CO2 humidified incubator
at 37 °C. Cells were cultured regularly to maintain culture
homogeneity and then trypsinized after 10 passages for MTT
to determine the cytotoxicity and antiproliferative activity of
harmaline. The 96-well cell culture plates were used for
seeding the cells at a density of 8000−10,000 cells/well and
incubated overnight. The next day, cells were treated with
harmaline (0−200 μM) in increasing concentration and
incubated for 48 h at 37 °C in a CO2 incubator. At the end
of the incubation, the culture medium was removed followed
by PBS (pH 7.4) washing. Successively, MTT (0.5 mg/mL)
mixed in DMEM/F12 media was added to all the wells and
incubated for 4 h. Finally, the formazan crystals were mixed
with DMSO (100 μL) by agitating the plate for 15−20 min on
an orbital plate shaker. The ELISA reader (BioRad) was
utilized for measuring the absorbance of the colored product at
570 nm. The absorbance was expressed in percentage viability
for all cell lines at different concentrations of harmaline in
comparison to the control cells. The graph of percent cell
viability against different concentrations of the harmaline was
utilized to evaluate the IC50 (50% inhibitory concentration)
values.

5.6. Determination of Caspase-3 Activity. The caspase-
3 assay of cell lysates was performed by using APOPCYTO
caspase-3 colorimetric assay kit as per the manufacturer’s
protocol. H1299 and A549 cells (approximately 1 million)
were given a dose of harmaline (50 and 100 μM) and the
untreated sample (media only) was used as a control. All the
samples were incubated for 24 h and, later, both floating and
adherent treated cells were collected in microcentrifuge tubes.
After the addition of 50 μL of chilled cell lysis buffer, samples
were incubated on ice for 10 min. The supernatant was
collected carefully in a fresh tube after completion of a lysis
reaction by centrifuging the samples for 1 min at 10,000 rpm.
Fifty micrograms from all samples (treated and untreated) was
added to the reaction mixture containing 10 mM DTT and
200 μM DEVD-p-NA substrate. The reaction was allowed to
proceed for 3 h at 37 °C in the dark followed by the
absorbance measurement at 405 nm. Three independent
experiments were performed and an average of data points was
taken for the calculation.

5.7. Molecular Docking. The crystal structure of human
SphK1 was downloaded from the RCSB Protein Data Bank
(PDB ID: 3VZB; resolution, 2.0 Å). This structure was
deposited in a trimeric form with several cocrystallized water
and ligand molecules including D-sphingosine, which was
preprocessed considering chain “A” and deleting heteroatoms.
The harmaline structure was processed in MGL tools after
retrieving it from the PubChem database.106 AutoDock
Vina107 was utilized for the docking experiment to produce
the ligand−receptor interaction model. The docking was

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://dx.doi.org/10.1021/acsomega.0c02165
ACS Omega 2020, 5, 21550−21560

21556

http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02165/suppl_file/ao0c02165_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02165/suppl_file/ao0c02165_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02165/suppl_file/ao0c02165_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c02165?ref=pdf


structurally blind with the search space having grid sizes of 50,
58, and 56 Å, centralized at 53.15, 51.79, and −1.54 for X, Y,
and Z coordinates, respectively. We performed 10 docking
runs, each with 20 iterations to generate 10 × 20 = 200
possible docked conformations of harmaline on SphK1. We
clustered all the docked conformations of the harmaline based
on their binding energy and binding mode and finally selected
a docked pose having the highest affinity toward the SphK1
binding pocket. PyMOL and Discovery Studio Visualizer
(Dassault System̀es, 2016) were used for analysis to identify
the structural features of the SphK1−harmaline complex to
determine some important interactions.
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