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Abstract: The interactions of actinomycin D (ActD) anticancer drug with two
bile salts of different hydrophobicity (sodium cholate (NaC) and sodium deox-
ycolate (NaDC) and the influence of these bile salts aggregates on the ActD—
—DNA complex was investigated in 10 mM phosphate buffer (pH 7.4) by UV—
—Vis spectroscopy (absorption and thermal denaturation). The binding strength
of ActD to NaDC is higher than for NaC, and this difference attests stronger
hydrophobic interactions between ActD and NaDC micelles. Also, the partition
coefficient is significantly higher for NaDC micelles than for NaC micelles, in
line with larger aggregates formed by NaDC. The spectral profile of ActD
molecules in NaC and NaDC micelles, in comparison with different solvents,
implies that ActD molecule experiences a hydrophobic environment in bile
salts aggregates. Regarding the influence of NaC and NaDC aggregates on the
ActD-DNA complex, it was shown that the presence of both bile salts micelles
do not induce the deintercalation of ActD molecules from DNA duplex.

Keywords: binding constant; partition coefficient; deintercalation.

INTRODUCTION

Actinomycin D or dactinomycin (ActD), isolated from Streptomyces species,
is a well-known antibiotic that exhibits high antitumor and antibacterial activity.
ActD is used alone, or in combination with other drugs to treat many tumors,
such as Wilms and Ewing tumors, testicular cancer, sarcomas and choriocarcin-
oma.!=3 Structurally, ActD contains a 2-aminophenoxazin-3-one chromophore
and two identical cyclic pentapeptide lactones (Fig. 1).

ActD exerts its biological activity via the inhibition of transcription by bind-
ing DNA at the transcription initiation complex and via the prevention of elon-
gation of RNA chain by RNA polymerase.4
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Fig. 1. Molecular structures of ActD, sodium cholate (NaC) and sodium deoxycholate
(NaDC).

Bile salts are naturally occurring amphiphilic molecules, synthesized from
cholesterol in the liver, deposited in the gall bladder, and then secreted into the
small intestine. Unlike conventional surfactants, bile salts have a rigid nonplanar
steroidal skeleton with a convex side of hydrophobic groups and a concave side
which is made up of hydrophilic polar groups (typically two or three hydroxyl
groups). Beside the physiological functions like solubilization and digestion of
fats and lipids, hydrolysis of triglycerides, cholesterol elimination from the
body,3-¢ bile salts aggregates play a significant role in pharmaceutical, biochem-
ical and cosmetic fields.”-8 Due to their biocompatible and biodegradable nature,
there has been a growing interest in using bile salts aggregates as drug carrier
vehicles to increase drug transport across various biological barriers such as the
blood-brain, nasal, pulmonary and intestinal membranes.® As a result of their
particular structure and the rigidity of molecules, bile salts exhibit distinct pro-
perties of aggregation in comparison with those of traditional surfactants.!0 Vari-
ous models have been proposed to explain the uncommon aggregation behaviour
of bile salts. The primary and secondary aggregate model proposed by Small et
al. is the most widely accepted one.!!-16 According to this model, in the first
step the small primary aggregates containing 2 to 10 monomers are formed
around the critical micellar concentration (CMC) by the hydrophobic interaction
between the convex hydrophobic surfaces of monomers. In the second step at
higher concentration of bile salts, the larger secondary aggregates are formed by
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the interaction of the primary aggregates via the formation of hydrogen bonds
between the hydroxyl groups.

Due to the presence of different binding sites, bile salt aggregates are inter-
esting host systems capable to bind both hydrophobic and hydrophilic guest
molecules depending on the structure and size of the guests.!7-20

Taking into account the intracellular damage caused by reactive oxygen spe-
cies or reactive radical intermediates generated by the bioreduction of the quin-
one—imine structure of ActD,2! a possible way to overcome these toxic side
effects is to use the bile salts aggregates as drug carrier systems. Bearing this in
mind and in continuation of our interest in the study of the interaction of drugs
with biomimicking assemblies (surfactant and bile salts micelles), in this work
we have investigated the interaction of ActD with two different bile salts, sodium
cholate (NaC) and sodium deoxycholate (NaDC). NaC and NaDC bile salts con-
tain the same head group (—CH,—CH,—COO™) but NaC contains one hydroxyl
group more in the hydrophilic surface making NaC more hydrophilic than NaDC.
The present paper is divided into two parts: the first part describes the interaction
of ActD with NaC and NaDC micelles, and the second part deals with the influ-
ence of these bile salts micelles on the ActD-DNA complexes. Spectral (absorpt-
ion and thermal denaturation) measurements were used to accomplish the pro-
posed aims.

EXPERIMENTAL
Materials

Actinomycin D (98 % purity, ActD), sodium cholate (99 % purity, NaC), sodium deoxy-
cholate (97 % purity, NaDC), deoxyribonucleic acid (DNA) sodium salt from calf thymus,
pyrene and other chemicals were purchased from Sigma—Aldrich and employed as received.
Experiments were performed in 10 mM phosphate buffer (pH 7.4) and deionized water (Mili-Q
water purification system) was used for the preparation of solutions. The concentration of
ActD solution was determined using its molar absorption coefficient, & = 24450 M-! cm'! at
440 nm.?2 DNA stock solution was prepared by dissolving solid DNA in 10 mM phosphate
buffer and the exact concentration of DNA solutions was determined by measuring the abs-
orbance at 260 nm and using the molar absorption coefficient & = 6600 M-! cm'!.

Apparatus and methods

Spectrophotometric measurements were made on a Jasco V-630 spectrophotometer
equipped with a Peltier-controlled ETCR-762 model accessory (Jasco Corporation, Tokyo,
Japan) using a matched pair of quartz cuvettes with a path length of 1 cm. The absorption
spectra of ActD in 10 mM phosphate buffer (pH 7.4) and in the presence of different concen-
trations of NaC and NaDC were recorded in the wavelength range of 300—600 nm.

For thermal denaturation experiments, the absorbance at 260 nm of DNA solution,
ActD-DNA complex and ActD-DNA complex in the presence of bile salts aggregates was
measured in the temperature range 20 to 95 °C with heating speed of 1 °C/min. The melting
temperature (7,,) was taken as the midpoint of the melting curve. All measurements of T,
were repeated three times and the data presented are average values.

The hyperchromicity (H) of DNA was calculated as:?3
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Ay—4
= y
L

where Ay and Ay are the absorbance of the upper baseline and the absorbance of the lower
baseline, respectively.

H=100

RESULTS AND DISCUSSION
Binding interaction of actinomycin D with NaC and NaDC micelles

Fig. 2 displays the absorption spectra of ActD in the presence of different
increasing NaC (Fig. 2a) and NaDC concentrations (Fig. 2b). In 10 mM phos-
phate buffer (pH 7.4) ActD presents a broad absorption maxima around 440 nm,
including at least three different electronic transitions: one is centred at about 372
nm is localized to a large degree on the benzenoid part of the phenoxazone chro-
mophore; the second one located at about 490 nm is predominantly centred on
the quinoid ring and the third transition occurs in the range 425445 nm is ext-
ensively delocalized across the entire chromophore.24 The incremental addition
of NaC and NaDC leads to the following spectral behaviour: for bile salts con-
centrations less than CMC, a minor influence on the absorption spectra of ActD
is noticed (data not shown), while for micellar bile salts concentrations a dec-
rease of absorbance of ActD coupled with a splitting of the absorption maxima
into two peaks and a bathochromic shift of these new absorption peaks (insets in
Fig. 2) are observed. It can be observed that the addition of bile salts yields an
isosbestic point at about 370 nm in the case of the interaction with NaC and at
about 355 nm in the case of the interaction with NaDC. These spectral changes
confirm the occurrence of interaction of ActD molecules with NaC and NaDC
bile salts, which further indicates the new complex formation between drug
molecules and bile salts. Also, the red shifts in the absorption maximum (insets
in Fig. 2a and b) imply the transfer of ActD molecules from the aqueous solution
into the bile salt assemblies with lower polarity.

The changes in the absorption maximum of ActD at 440 nm in the presence
of varying bile salts concentrations were used to calculate the binding constant
(Kp) and the partition coefficient (Ky), and the respective thermodynamic para-
meters, thus obtaining a quantitative characterization of the interaction between
ActD and bile salt micelles.

The binding constant was determined using the Benesi—Hildebrand equat-
ion:25

I 1 N 1 @)
do—A  Ky(dg—A)egs Ao~ 4
where cgg is the concentration of bile salts, Ay is the absorbance value in the

absence of bile salts, 4 is the absorbance value in the presence of bile salts and
A is the absorbance value at infinite concentration of bile salts.
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Fig. 2. Absorption spectra of ActD (17.7 uM) in 10 mM phosphate buffer (pH 7.4) with
increasing concentration of bile salts: a) NaC (0—19.29 mM), b) NaDC (0—31 mM). Insets
show the normalised absorption spectra of ActD in NaC and NaDC micelles.

The Benesi—Hildebrand plots of 1/(4¢g—A) versus 1/cgg are shown in Fig. 3a
and indicate a straight line for both bile salts which attest a 1:1 stoichiometric
complexation between ActD and bile salts. The obtained binding constant values
are listed in Table I and illustrate a stronger interaction of ActD with NaDC mic-
elles than NaC micelles. The head groups of NaDC and NaC are the same
(~COONa) but NaC contains one more hydroxyl group in its hydrophilic surface,
making NaC less hydrophobic as compared to NaDC. The hydrophobicity index
of NaDC and NaC are 0.72 and 0.13, respectively. Therefore, this difference in
the hydrophobicity of NaC and NaDC leads to their distinct binding abilities and
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Fig. 3. a) Benesi—Hildebrand plots and b) Relation between 1/(4;—A4) and
1/(c1 + cgg — CMC) for the interaction of ActD with NaC and NaDC micelles.
R is the correlation coefficient.
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prove that the hydrophobic interactions between ActD and NaDC micelles are
much stronger compared to that between ActD and NaC micelles. The hydro-
phobic interactions between the planar aromatic chromophore of neutral ActD
and the hydrophobic surface of bile salts are the main interaction forces respon-
sible for the formation of ActD—bile salts complexes. Also, hydrogen bonds can
be formed between the carbonyl oxygen atoms of the L-threonine residues of the
pentapeptides chains of ActD and the hydroxyl groups of bile salts.

TABLE 1. Binding constant (K,), change in free energy of binding (AGY), partition coef-
ficient (K, ) and change in free energy of partition (AG,?) for the interaction of ActD with NaC
and NaDC micelles

System K£SD?* / M"! AG,?/ kJ mol! K. £SD? AG,%/kJ mol!
ActD + NaC 68+5 -10.28 7294+187 -21.67
ActD + NaDC 281+12 —13.74 37822+2147 —25.68

“Standard deviation of the mean of three determinations

The partition coefficient (Ky) was determined according to the pseudo-phase
model:26:27
1 1 Ny

= +
do—A Ay—A4 Ky (4y— 4 )(cgs +cp —CMC)

In Eq. (3), ct is the total ActD concentration and ny = 55.5 M is the molarity
of water.

The magnitude of partition coefficient (Table I) is very high for both bile
salts and this result clearly suggests that the drug molecule resides into the hydro-
phobic environment of micelles rather than the aqueous medium. The partition
coefficients value is significantly higher for NaDC micelles than NaC micelles,
suggesting a larger affinity of ActD towards the more hydrophobic environment
of NaDC. A larger degree of partitioning implies a greater number of ActD mole-
cules accommodated into the hydrophobic core of NaDC micelles. Moreover,
NaDC aggregates are known to be larger than the aggregates formed by NaC, as
a consequence of the larger hydrophobic surface area?8 which supports the higher
extent of partitioning of ActD molecules into NaDC aggregates. Both binding
constant and partition coefficient parameters indicate that neutral ActD mole-
cules are entrapped more efficiently into more hydrophobic core of NaDC aggre-
gates than that of NaC aggregates. Studies performed by Thakur et al.l7 showed
that the neutral ellipticine is entrapped in the hydrophobic pocket of micellar
aggregates of bile salts, while the cationic species are solubilized in the hydro-
philic surface. The difference in the strength of binding and the partitioning of
ActD molecules into NaC and NaDC aggregates can be explained by the differ-
ences in the micellar structures between dihydroxy and trihydroxy bile salts.
Theoretical studies indicated that NaDC aggregates have a spherical structure

)
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whereas NaC aggregates were disklike, oblate or flattened in shape and this dif-
ference is due to the various distributions in the hydrophilic moieties: for trihyd-
roxyl bile salt NaC, the three hydroxyl groups and the headgroup form a plane of
hydrophilic moieties whereas in the case of dihydroxyl bile salt NaDC, the
hydrophilic groups are lined on the edge of the monomer.28.29

From the values of K}, and Ky, change in free energy of interaction (AGy?)
and change in free energy of the transfer of drug from bulk aqueous phase to
micellar phase (AGy?) were calculated employing the following equation:

AGY=-RTIn K 4)

The negative values of AGO for both binding and partitioning of ActD to
NaC and NaDC micelles indicate the spontaneity and thermodynamic feasibility
of both processes.

In order to obtain information about the possible positioning of ActD mole-
cules into bile salts micelles we compared the absorption spectrum of the drug in
surfactant micelles with the adsorption spectra in solvents with different polar-
ities, which mimic the polarity of different parts of the micelles. Fig. 4 shows that
the absorption spectra of ActD in 10 mM phosphate buffer present a broad max-
imum around 440 nm. In NaC and NaDC micelles, the absorption maximum of
the drug is split into two peaks and these peaks are shifted to higher wavelength
with about 10—11 nm. Also, it can be observed that the shape of ActD spectrum
in solvents with different polarities is similar to the absorption spectrum in bile
salts micelles, but the cleavage of the absorption maximum is more evident and
the shift of the two newly appeared peaks towards longer wavelengths increases
as the polarity of the solvents decreases. The absorption spectrum of ActD in
NaC and NaDC micelles presents quite similar characteristics with the spectra in
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Fig. 4. Absorption spectra of ActD in different solvents and NaC and NaDC micelles.
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non-polar solvents with dielectric constants smaller than 10 (tetrahydrofuran and
toluene), thus we can say that ActD molecules are located in a hydrophobic mic-
roenvironment meaning that ActD molecules are more probable solubilized in the
hydrophobic region, rather than in the hydrophilic region of micelles.

Determination of critical micellar concentration (CMC) of bile salts using
pyrene probe

The UV spectral characteristics of pyrene in aqueous surfactant solutions are
used for the estimation of CMC of cationic, ionic and nonionic surfactants.30-31
The absorption spectrum of pyrene in 10 mM phosphate buffer shows eight
strong and weak peaks at 232, 240, 252, 260, 272, 308, 320 and 335 nm, as
depicted in Figs. 5a and 6a. As the concentration of bile salts increases, pyrene
molecules are incorporated in micelles and the absorption peaks of pyrene are
shifted towards longer wavelengths and their intensities change. Plot of the sum
of absorbances of all four major pyrene peaks (A1) against the bile salts concen-
tration is presented in Figs. 5b and 6b. The profiles show a sigmoidal increase
and fitting them to the Sigmoidal-Boltzmann equation was used for CMC eva-
luation. Also, the absorbances of each major peak were also plotted separately
and were all sigmoidal in nature. The obtained CMC values in 10 mM phosphate
buffer (pH 7.4) are 0.0154 M for NaC and 0.0056 M for NaDC, respectively.
These values are in the range of CMC values reported in literature and deter-
mined in water or in the presence of salt using other methods.32-33 The presence
of ActD leads to the decrease of the CMC of NaC and NaDC bile salts. This dec-
rease in CMC could be explained by the hydrophobic interactions between ActD
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Fig. 5. a) Absorbance spectrum of pyrene (2.0 uM) in 10 mM phosphate buffer (pH 7.4), NaC
micelles and NaC micelles in the presence of ActD. b) Plots of At vs. concentration of NaC.
The values indicated on the graph are CMC of NaC and NaC in the presence of ActD.
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and bile salts which further strengthen the hydrophobicity of studied bile salts
and make their micellization process easier thereby lowering the CMC values.34
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Fig. 6. a) Absorbance spectrum of pyrene (2.0 uM) in 10 mM phosphate buffer (pH 7.4),

NaDC micelles and NaDC micelles in the presence of ActD. b) Plots of At vs. cnapc. The
values indicated on the graph are CMC of NaDC and NaDC in the presence of ActD.

Effect of NaC and NaDC micelles on ActD—DNA complex

Differing surfactant micelles,3>3% liposomes*0-#1 or surface active ionic

liquids#? were studied for the effective sequestration of drugs after their deinter-
calation from DNA double helix. The binding of to DNA leads to an increase of
melting temperature (77,) of DNA of about 10 °C and this high positive value
proves the intercalation binding mode of ActD to DNA. Also, the amplitude of
the melting curve, which measures the hyperchromism of the system decreases
(Fig. 7). When NaC and NaDC micelles are added to a pre-formed ActD-DNA

——DNA (a) ——DNA (b)

{ —— DNA+ActD 1 —&— DNA+ActD

. —@— (ActD-DNA)____+ NaC 5| —® (ACtD-DNA)_ +NaDC
g’ g

T
90 100 50 60 70 80 90
Temperature, °C Temperature, °C

Fig. 7. Thermal melting profile of DNA, ActD-DNA complex and ActD-DNA complex in
the presence of: a) NaC and b) NaDC micelles.
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complex, the melting temperature does not change significantly (80.56 °C for
NaC and 80.15 °C for NaDC as against 79.25 °C for ActD-DNA system), while
the hyperchromicity increases almost up to the value corresponding to DNA
alone (Table II). Also, the addition of NaC and NaDC micelles to ActD-DNA
system induce minor changes (a small increase in absorbance in the case of
NaDC micelles) in the absorption spectra (Fig. 8).

TABLE II. DNA melting temperature (7,,) and hyperchromicity (H) for DNA, ActD-DNA
complex and ActD-DNA complex in the presence of NaC and NaDC micelles

System Tm/°C H/%
DNA 69.58 23.04
ActD + DNA 79.25 15.97
ActD-DNA complex + NaC 80.56 22.94
ActD-DNA complex + NaDC 80.15 22.83
@ ActD (b) ActD
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Fig. 8. Absorption spectra of ActD, ActD-DNA complex and ActD and ActD-DNA complex
in the presence of: a) NaC and b) NaDC micelles.

These results show that the presence of NaC and NaDC micelles does not
induce the deintercalation of ActD molecules from DNA duplex, probable due to
the strong binding of ActD to DNA. In comparison with these results, the pre-
sence of SDS micelles induce the dissociation of the intercalated ActD molecules
from DNA and their relocation in SDS micelles as was evidenced from spectral
and thermal denaturation experiments.39

CONCLUSIONS

The prominent changes observed in the absorption spectra (the decrease in
absorbance, the red shift) of ActD in the presence of NaC and NaDC bile salts
are clear statement of the interaction between drug molecules and bile salts, and
the encapsulation of ActD molecules into the more hydrophobic environment
provided by the bile salt aggregates. The results indicate that the binding cons-
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tants and the partition coefficients are higher for NaDC aggregates and this dif-
ference can be explained by the difference in the micellar structure as well as the
hydrophobicity of two bile salts. Regarding the position of ActD molecules into
NaC and NaDC micelles, the spectral signatures of the drug in different solvents
suggest that ActD molecule experiences the hydrophobic environment of bile
salts micelles, rather than the hydrophilic medium. Considering the influence of
NaC and NaDC micelles on the ActD-DNA complex, it was shown that the pre-
sence of both bile salts micelles does not induce the deintercalation of ActD
molecules from DNA duplex.

U3BOJ

HWHTEPAKIIUJE BE3UBAIBA JIEKA AKTUHOMHUIIMHA [ [TIPOTHUB PAKA CA
MHUIETAMA XYYHUX COJIU

ANA MARIA TOADER, IZABELLA DASCALU, ELENA IONELA NEACSU n MIRELA ENACHE

Institute of Physical Chemistry “Ilie Murgulescu”, Romanian Academy,Splaiul Independentei 202,
Bucharest 060021, Romania

HcruTrBaHa je MHTepakuyja jeka akTHHOMuUIMHA [] (ActD) mpoTHB paka ca IBe Xy4He
conu pasnuunte xuapododuoctu: Harpujym-xonat (NaC) u Harpujym-neokcuxonat (NaDC),
Kao U yTHLAj arperaTta OBUX JKyYHUX cond Ha Komruiekc uamehy ActD u JHK y 10 mM doc-
dartHom mydepy (pH 7,4), xopuctehun UV-Vis cnexTpockorncke metone (amcopnuyje u Tep-
MaJiHe JeHaTypauuje). Jaue je Besusawe ActD 3a NaDC Hero 3a NaC, mrto ykasyje Ha jaue
xuppododHe nHTepakuuje usmehy ActD u NaDC munena. Taxohe, koeduuujeHT pacnoznesne
je snauajHo Behu 3a NaDC nero 3a NaC munene, mro je y ckiany ca dopmupamem Behux
arperata NaDC. ITpodwun cniektpa monekyna ActD y NaC u NaDC muuenama, y nmopehemy ca
CTeKTPOM y Pas3IMYUTHM pacTBapauyvma, yKkasyje fa je okpyxeme ActD y Munenama y4HHUX
conu xupgpododHo. TTokasaHo je ¥ fa MUIIENE OBUX )KY4YHE COJIM HE M3asuBajy AEeHHTepKaia-
uujy monekyna ActD us JHK aBocTpykor naHua, kafa ce Hanasu y kommnekcy ActD-JHK.

(ITpumibero 2. HoBemdpa 2022, pesuaupano 17. janyapa, npuxsaheno 25. janyapa 2023)
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