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Abstract Novel conjugate 2,6-Diisopropylphenol-Oleic acid
(2,6P-OLA) has shown potent anticancer activity on various
cancer cell lines (Khan et al. Lipids 47:973–986, 2012). In the
present study, the protein-or/ and DNA-binding property of 2,
6P-OLA was evaluated that could predict its potential toxic
effect, in vitro. Preferential structural stability and interaction
mechanism of 2,6P-OLA to human serum albumin (HSA) and
calf thymus DNA (CT-DNA) was used as model molecules,
employing fluorescence spectroscopy (FS) and circular di-
chroism (CD) methods. The binding and apoptotic activities
of conjugate were determined on bacterial recombinant DNA,
pBR322 and human cancer cell line, HeLa, respectively. FS
studies showed a strong conjugate binding affinity to HSA
with overall binding constant of K=7.66 (±0.03)×102 M−1.
Higher concentration induced detectable changes in the CD
spectrum of HSA. The conjugate complexation altered HSA
secondary conformation by an increase in α-helices and de-
crease in β-sheets. Flourescence quenching studies with CT-

DNA exhibited K=1.215×102 L mol−1 where 2,6P-OLA ef-
ficiently displaced the ethidium bromide (EtBr) bound DNA
indicating its strong competition with EtBr for intercalation.
Similarly, 2,6P-OLA was able to partially bind pBR322,
resulting in decrease the intensity of EtBr gradually. The con-
jugate significantly reduced survival of HeLa cells.
Morphological studies revealed altered cell morphology, sug-
gesting apoptotic death of HeLa cells. Overall, our data shows
that 2,6P-OLA bind well with both HSA and DNA and pos-
sessed anticancer activities.
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Introduction

For effective targeting of any of the newly synthesized
drug/conjugate, an understanding of its modes of action is a
necessity that can be achieved by studying its interactions with
proteins, hormones, peptides, deoxyribonucleic acid etc. 2,6-
Diisopropylphenol-Oleic acid (2,6P-OLA); is a novel oleic
acid conjugate that possess potent antineoplastic properties.
Because of its inhibitory and apoptotic action on cancer cells,
in vitro [1], it has a potential of being characterised as a mem-
ber of a new class of fatty acid based anticancer agents [2–7].
2,6P-OLA as of now, has not been exploited for its interaction
abilities with various biological targets. In the present study,
we have tried to evaluate the mechanism of action of 2,6P-
OLA at the protein and molecular level that will probably
predict its plausible effect as an anticancer agent.

Drug-protein interaction is an important pharmacological
parameter that helps in elucidating the metabolism, distribu-
tion and transportation of a drug [8]. Among proteins, serum
albumin is the principal extracellular protein of the circulatory
system that has been extensively studied. It functions as a
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physiological carrier for numerous endogenous and exoge-
nous compounds such as fatty acids, amino acids, steroids,
metal ions, and drugs [9–11]. Human serum albumin (HSA)
is a single chain 66 kDa non-glycosylated α-helical polypep-
tide. The presence of aromatic amino acids provides HSA
inherent property to fluoresce. HSA has also shown varied
binding affinities, for instance, the weak binding result in poor
distribution and strong binding decrease the concentration of
free drug in plasma [12] and, improve the pharmacodynamics
and pharmacokinetics of the biomolecule [13]. These impor-
tant properties make HSA, a preferred target protein molecule
for exploring the fate of bound molecule. Besides HSA, de-
oxyribonucleic acid (DNA) is also a primary intracellular tar-
get molecule upon which most of the anticancer drugs exert
their cytotoxic effects [14, 15]. Drug or small molecules react
with DNA mostly through non-covalent interactions on
several sites in the DNA molecule. Based on interaction
site, compounds can intercalate between two base pairs
or bind with minor and major groove or can show elec-
trostatic binding [16]. Most of the DNA interacting mol-
ecules like intercalators, groove binders and alkylating
compounds act as an antitumor agents [17, 18]. The mode of
binding of drug/compound with DNA will therefore help
in understanding the action mechanism of DNA targeted
antitumor drugs.

In the present study, the interaction of conjugate with HSA,
calf thymus DNA (CT-DNA) and pBR322 DNA in aqueous
solution at physiological conditions has been evaluated
employing fluorescence spectroscopy (FS), circular dichroism
(CD) and electrophoretic methods. The study, also deals with
cytotoxic and apoptotic activities of 2,6P-OLA on HeLa can-
cer cells.

Materials and Methods

Chemicals

Fat free human serum albumin (HSA), calf thymus DNA (so-
dium salt, average molecular weight 1X106), RPMI 1640 me-
dium, fetal bovine serum (FBS), MTT dye, trypsin EDTA
solution, ethidium bromide, Tris base (Tris-(hydroxymethyl)
-amino-methane-hydrogen chloride) and agarose were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). All other
chemicals used for analysis were also from Sigma-Aldrich (St.
Louis, MO, USA).

Cell Culture

HeLa cells (Human cervical carcinoma) were obtained from
the American Type Culture Collection (Rockville, MD). The
cells weremaintained in RPMI 1640medium containing 10%
(v/v) heat-inactivated FBS, 2 mM L-glutamine, 100 U/ml

penicillin and 100 µg/ml streptomycin at 37 °C in a 95 %
humidified atmosphere containing 5 % CO2.

Preparation of Stock Solutions

A stock solution of 5 mM of 2,6P-OLA (in ethanol) was
prepared in 10 mM Tris–HCl and further diluted to various
concentrations in the same buffer. As already reported [19], a
solution containing low amounts of ethanol does not affect the
secondary structure of HSA. A stock solution of 0.5 mMHSA
was prepared in aqueous solution containing 10mMTris–HCl
(pH 7.4) and equilibrated overnight. The protein concentration
was spectrophotometrically determined on NanoDrop 2000
(Thermo Scientific, USA). Calf thymus DNA (CT-DNA) so-
lution of 1 mg/ml was dissolved in 10 mM Tris–HCl (pH 7.4)
and stored at 4 °C. UV absorbance values of approximately
1.89:1 (A260: A280 nm) of CT-DNA solutions indicates
DNA to be satisfactorily protein-free [20]. Ethidium bromide
(EtBr) solution of 1 mg/ml was dissolved in 10 mM Tris–HCl
(pH 7.4) and stored at 4 °C. The working standard solutions of
the complexes were prepared freshly when used.

Fluorescence Measurements

Fluorescence emission spectra were recorded on Jasco FP-
8200 fluorescence spectrophotometer with a constant
temperature-holder and 1 cm path length cell. The excitation
and emission slits were set at 5 and 10 nm, respectively.
Intrinsic fluorescence for the HSA-conjugate complex was
measured by exciting the protein solution at λexc 295 nm.
The emission (λem) was recorded from 300 to 400 nm.
Intrinsic fluorescence for CT-DNA-conjugate complex was
measured by exciting the DNA solution at λexc 395 nm and
recording λem from 395 to 530 nm.

2,6P-OLA and HSAwere incubated for 10 min maximum
for forming complexes. A fixed HSA concentration of 20 μM
and 1–100 μM increasing concentrations of conjugate was
used. For the interaction of conjugate with CT-DNA, initially,
10 μl of EtBr was mixed with 30 μl of CT-DNA, and then
increasing concentrations of 2,6P-OLA from 1 to 10 μM was
used for recording the emission spectra. Considering the max-
imum binding time of 1 h after standardizing via UV–vis
absorption, the conjugate and CT-DNA-EtBr were incubated
for 1 h maximum for all the experiments. The Stern-Volmer
constant values were calculated from averages of four repli-
cate runs for the conjugate-HSA/ conjugate-DNA complexes
at different concentrations of conjugate. All experiments were
conducted at 25±1 °C.

Circular Dichroism Measurements

CD spectra were recorded on Jasco J-815 spectropolarimeter.
Spectra were collected with 50 nm/min scan speed, 0.1 nm
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data pitch and a response time of 2 s. Each spectrum was the
average of 3 scans. For measurements in the far-UV region
(190–250 nm), a quartz cell with a path length of 0.1 cm was
used. Far-UVCD spectra were recorded by incubating HSA at
a fixed concentration of 20 μM with three different concen-
trations of 2,6P-OLA viz., 10, 20 and 40 μM.

pBR322 DNA Interaction Studies

Interaction between 2,6P-OLA and pBR322 DNA was visu-
alized on agarose gel electrophoresis. Increasing concentra-
tions of conjugate (1–10 μM) were added to the DNA
(0.5 μg/ 500 μl) in TE (10 mM Tris–HCl, 0.1 mM EDTA,
pH 7.4) buffer solution. After incubating each reaction mix-
ture for 2 h at 37 °C, the reaction was stopped by the addition
of sample loading buffer. The aliquots from each sample were
electrophoresed on 0.8 % agarose gel. After electrophoresis,
gels were stained with ethidium bromide and visualized on
Alpha Imager gel documentation system (ProteinSimple,
CA, USA).

Cell Proliferation Assay

The proliferation of HeLa cells was assessed usingMTTassay
according to Mosmann [21]. Briefly, 5×105 cells/ well in ex-
ponential growth were seeded into 96-well plates and were
treated with increasing concentration of 2,6P-OLA from 0 to
15 μM [1]. After 94 h, MTT reagent (5 mg/ml PBS) was
added to each well at the ratio of 1:10 (v/v). Absorbance was
measured at 620 nm in a multi-well plate reader. Drug sensi-
tivity was expressed in terms of the concentration of 2,6P-
OLA required for a 50 % reduction in cell survival (IC50).

Microscopy Studies

The cells were seeded in 6-well plates and allowed to adhere at
37 °C in CO2 incubator. After 24 h, each well was treated with
4.6 μM 2,6P-OLA and incubated for the indicated time. After
12 and 24 h, the cells were imaged by phase contrast micro-
scope (Olympus CLX 41) to visualize morphological changes
in HeLa cells.

Results and Discussion

Fluorescence Quenching of HSA in Presence of 2,6P-OLA

When a drug binds with serum albumin, it undergoes various
pharmacological changes like increased solubility in plasma,
decreased toxicity and protection against oxidation.
Moreover, strong binding of drug stops its release in tissues
[22]. In the present study, the level of interaction of 2,6P-OLA

Fig. 1 Fluorescence emission spectra of 2,6P-OLA-HSA complex
in10 mM Tris–HCl (pH 7.4) excited at 295 nm. There was a decrease
of HSA fluorescence during the binding with the conjugate at 1, 5, 10, 15,
20, 30, 40 and 50 μM

Fig. 2 Stern-Volmer plot of Fo(Fo-F) as a function of 1/(2,6P-OLA)
−1 in

the determination of the fluorescence quenching constant (K) for the
conjugate during binding at different concentrations with HSA

Fig. 3 The changes of Far-UV CD spectra of HSA in the presence of
2,6P-OLA. CD spectra were recorded at three different molar ratios of
HSA vs conjugate viz., 1:5, 1:10 and 1:20
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with HSA was determined by FS. The fluorescence of HSA
comes from the tryptophan, tyrosine, and phenylalanine resi-
dues. Actually, the intrinsic fluorescence of HSA is almost
contributed by tryptophan alone, because phenylalanine has
a very low quantum yield and the fluorescence of tyrosine is
almost totally quenched if it is ionized or near an amino or a
carboxyl group, or a tryptophan. This viewpoint is well sup-
ported by the experimental observation of Sulkowska [23].
This implies, the change of intrinsic fluorescence intensity of
the HSA is that of a tryptophan residue when small molecule
substances bind to HSA. HSA alone shows a strong fluores-
cence emission band at 340 nm while 2,6P-OLA has no in-
trinsic fluorescence at the excitation wavelength of 280 nm.
Figure 1 shows the fluorescence emission spectra of HSA in
the absence and in presence of different concentrations of 2,
6P-OLA. The fluorescence emission intensity of HSA de-
creases gradually with the increase of concentration of 2,6P-
OLA, depicting that emission intensity is quenched in a
concentration-dependent manner (Fig. 1). The strong
quenching of the HSA fluorescence also indicates that the
microenvironment around Trp 214 residue changes after the
addition of the conjugate.

The quenching data from the fluorescence titration experi-
ments was analyzed according to the modified Stern-Volmer
equation [24].

F0= F0−Fð Þ ¼ 1= f K Q½ � þ 1= f

Where F0 and F are the relative fluorescence intensities of
HSA in the absence and presence of quencher, respectively; K
is the Stern-Volmer binding constant; [Q] is the quencher con-
centration and f is the fractional maximum fluorescence

intensity of the protein summed up. Binding constant K is a
quotient of intercept 1/f and slope (1/fK). The obtained K=7.66
(±0.03)×102 M−1 is comparatively high binding constant sug-
gesting that 2,6P-OLA is a better ligand for HSA [13, 25, 26].
The plot of F0/ (F0 – F) versus 1/[Q] shows good upward linear
relationship (r=0.998) (Fig. 2) indicating the binding between
2,6P-OLA and HSA complex to be mainly static [27].

Change in Secondary Structure of HSA in Presence
of 2,6P-OLA by far-UV CD

To study the effect of 2,6P-OLA on the conformational changes
in secondary structure of HSA, molar ratios of 1:5, 1:10 and
1:20 for HSA to conjugate were taken. The results were
expressed as MRE (mean residue el l ip t ic i ty) in
deg.cm2.dmol−1, which is given by:

MRE ¼ θobs mdegð Þ=Cpnl � 10

Where θobs is the observed ellipticity in degrees, Cp is the
molar fraction, n is the number of amino acid residues and l is
the length of the light path in centimeter [28]. The protein
secondary structure was calculated using CDNN 2.1 software.
Figure 3 shows the CD spectra of HSA in the absence and
presence of conjugate. The CD spectra of HSA exhibit two
negative peaks in the ultraviolet region at 209 and 222 nm,
which is a characteristic of α-helical structure [29]. The

Fig. 4 Fluorescence emission spectra of 2,6P-OLA-CT-DNA complex
in 10mMTris–HCl (pH 7.4) excited at 395 nm. The decrease of EtBr-CT-
DNA fluorescence during the bindingwith the conjugate from 1 to 10μM
show a competition between conjugate and EtBr

Fig. 5 Stern-Volmer plot of Fo(Fo-F) as a function of 1/(2,6P-OLA)−1 in
the determination of the fluorescence quenching constant (K) for the con-
jugate during binding at different concentrations with EtBr-CT-DNA

Fig. 6 Binding studies of pBR322 DNA in the presence of 2,6P-OLA.
Lane 1: control, Lane 2–6: 1, 2, 4, 6, 10 μM concentration of the conjugate
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present data also shows the presence of two negative peaks of
the HSA at its original position. However, the tested molar
ratios of HSA-conjugate complex resulted in change of α-
helical content of the protein. It was observed that upon bind-
ing with 2,6P-OLA % α-helices increased from 60.98 % in
the native HSA to 62.25, 63.10 and 63.98 % with an increase
in molar ratios (1:5, 1:10, 1:20, respectively). Similarly, % β-
sheets in complex slightly reduced from 4.02% in native HSA
to 3.68, 2.65 and 2.02 % with an increase in molar ratios (1:5,
1:10, 1:20, respectively). This confirms that, with the
increase in concentration of conjugate, interaction with
HSA causes a slight increase in the ellipticity. Because
of this HSA undergoes folding at high conjugate con-
centrations which can be probably due to the electrostat-
ic binding of the conjugate to the exposed binding sites of
HSA [30].

Fluorescence Quenching of CT-DNA in the Presence
of 2,6P-OLA

In order to investigate the interaction modes between 2,6P-
OLA and DNA, the ethidium bromide (EtBr) fluorescence
displacement experiments were used. Upon excitation, 2,6P-
OLA is non-emmisive in aqueous solution. In general, the

intrinsic fluorescence intensity of DNA is also very low, and
that of EtBr in solution is also not high due to quenching by
the solvent molecules. However, upon addition of DNA, the
fluorescence intensity of EtBr enhances because of its interca-
lation into the DNA. Moreover, when EtBr is displaced from
its intercalation site there is 24-fold decrease in its fluores-
cence [31]. Thus, EtBr is suitably used as a reporter to probe
the interaction of drug with DNA.

In the present study, as illustrated in Fig. 4, the fluorescence
emission spectra significantly increased upon addition of EtBr
to CT-DNA. When increasing concentration of conjugate was
added to CT-DNA-EtBr complex the fluorescence intensities
of EtBr bound to CT-DNA showed a remarkable decreasing
trend at 460 nm. The decrease in spectra indicates that some
EtBr molecules were released into solution after an exchange
with the conjugate resulting in the fluorescence quenching of
EtBr. The obtained value of binding constant K is equal to
1.215×102 L mol−1 depicting the magnitude of the binding
strength. Figure 5 shows the Stern-Volmer plot where good
upward linear relationship (r=0.996) is seen upon binding
CT-DNA with increasing concentration of conjugate. The
fluorescence intensity of EtBr is quenched by the addition of
conjugate due to the decrease in the binding sites of DNA
available for EtBr [32]. Since EtBr interacts with DNA
through intercalation into the minor groove, its displacement
by compound indicates an intercalative type of binding [33]
where conjugate intercalates into the adjacent base pairs of
DNA easily.

Interaction of 2,6P-OLAWith pBR322 Plasmid DNA

The interaction of the conjugate was also studied on pBR322
plasmid DNA using agarose gel electrophoresis. pBR322 at
fixed concentration was incubated with different concentra-
tions from 1 to 10 μM of 2,6P-OLA. After incubation, ali-
quots of 10 μl were run on 0.8 % agarose gel. In Fig. 6; with
increase in concentration of the conjugate (lanes 1–6), the
intensity and mobility of plasmid DNA decreases. This de-
crease in EtBr intensity supports the fluorescent spectroscopy
observations. The conjugate acts as an intercalator where it
replaces EtBr and effectively binds with the plasmid DNA at
as low as 1 μM.

Fig. 7 Dose-dependent viability curve of HeLa cells after treatment with
2,6P-OLA. Viability was checked by MTT assay after 48 h

Fig. 8 Morphological changes in HeLa cells treated with 2,6P-OLA. a untreated cells, b cells after 12 h and c cells after 24 h
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Cytotoxic Effects of 2,6P-OLA on HeLa Cells

Cancer HeLa cells were treated with increasing concentration
of conjugate. As shown in Fig. 7, the conjugate has a signif-
icant inhibitory effect (p<0.05) on the growth of HeLa cells in
a dose-dependent manner. The IC50 value of 4.6 μM clearly
marks the potent nature of 2,6P-OLA on HeLa cells. The
cytotoxic effect of conjugate on HeLa cells is in agreement
with its previously reported results on other cancer cell lines
[1]. The structural modifications of propofol and oleic acid
impart extra edge on the final product, thereby placing it in a
class of anticancer agents depicting selectivity and specificity.

Morphological Changes

HeLa cells after treatment with 2,6P-OLA were studied
for morphological variations using phase contrast mi-
croscopy. Changes in surface morphology were ob-
served after 12 and 24 h (Fig. 8). Many characteristic
features occur in cell undergoing series of biochemical
events during apoptosis. Various morphological changes
like blebbing, loss of membrane asymmetry, cell shrink-
age, nuclear fragmentation, chromatin condensation, and
chromosomal DNA fragmentation occur. In Fig. 8b,
cells exposed to 4.6 μM of conjugate for 12 h shows
the onset of apoptotic characteristics where most of the
cells loose their typical branch shaped morphology and
cause shrinking of cell. After 24 h exposure (Fig. 8c), blebbing
and loss of basal attachment and membrane asymmetry is
markedly seen.

Conclusion

The present spectroflouroscopic results suggest that 2,6P-
OLA binds well with both HSA and CT-DNA. Conjugate-
HSA binding shows the formation of more stable complexes
but at high conjugate concentrations, HSA undergoes slight
conformational change due to increase in ellipticity. 2,6P-
OLA acts as an intercalator where it replaces EtBr and binds
with CT-DNA as well as the plasmid DNA. Moreover, the
conjugate is able to significantly inhibit the growth of HeLa
cells and acts as the basis of apoptotic activities in cancer cells.
Hence, the current study regarding protein-or/and DNA-
binding interaction of 2,6P-OLA helps in elucidating the im-
portant aspect of its pharmacokinetics.
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