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Abstract

DNA thermal denaturation was evaluated as a measure of the effect of antitumor drug actinomycin D on the stability of
the double helix and also the effect of SDS micelles on actinomycin D - DNA complexes. The results indicated that the
melting temperature of DNA was dependent on drug concentration, increasing with actinomycin D concentration. High
thermal stabilization (about 10 °C) of the DNA helix after the association with actinomycin D clearly demonstrates the
intercalative binding mode. The presence of SDS micelles leads to the release of intercalated actinomcyin D molecules
from DNA double helix and their further relocation in surfactant micelles. These results highlighted that the drug release
can be controlled in time and by varying the concentration and nature of surfactant.
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1. Introduction

Actinomycin D (ActD) is a chromopeptide anti-
cancer drug used for the treatment of pediatric rhabdo-
myosarcoma and Wilms™ tumor as a component of VAC
(vincristine, actinomycin D, cyclophosphamide) therapy.!
Structurally, actinomycin D contains a 2-aminophenoxaz-
in-3-one chromophore and two identical cyclic pentapep-
tide lactones (Fig. 1). Actinomycin D exerts the anticancer
activity by tight binding to DNA which determines the in-
hibition of transcription elongation by blocking RNA pol-
ymerase.>® The interaction of actinomycin D with DNA
in terms of binding mode and sequence specificity was
extensively investigated using different experimental tech-
niques.*8 The actinomycin D-DNA complex is made by
intercalation of planar phenoxazone ring between 5’GpC3’
sequence and strong hydrogen bonds are formed in the
minor groove between the guanine 2-amino groups and
the carbonyl oxygen atoms of the L-threonine residues of
the pentapeptides chains.*> Additional stabilization of this
complex are acquired from hydrophobic interactions be-
tween groups on the pentapeptides and sugar residues and
from other specific hydrogen bonding and atom-atom
intermolecular interactions.*® Actinomycin D also binds
to some DNA sequences that do not contain G-C sites!%!!
and to single stranded DNA.!213

Stopped-flow kinetic studies indicate that the bind-
ing of actinomycin D to DNA is characterized by five rate
constants with three slow processes.!*!> As these slow
processes are absent in the binding of actinomine (a pep-
tide-lacking analog of actinomycin D) to DNA, the slow
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Figure 1. Molecular structure of actinomycin D (ActD).
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kinetics of interaction of actinomycin D with DNA was ex-
plained by conformational changes in the peptide chains
of actinomycin D during the accommodation of molecules
into double helix of DNA. Also, SDS induced actinomy-
cin D dissociation from DNA presents multiexponential
decay, with the slowest rate of 1500 seconds.!®

In the present work, the thermal denaturation profile
of DNA is used to evaluate the effect of anticancer drug
actinomycin D on the stability of the DNA double helix.
These results together with our previous research can pro-
vide information about the nature and the strength of in-
teraction between actinomycin D and DNA. Moreover, the
effect of SDS micelles on actinomycin D - DNA complex-
es is investigated taking into account that micelle-induced
sequestration can be applied as a simple method for the
removal of drug molecules from DNA.!7

2. Materials and Methods

2. 1. Materials

Actinomycin D (ActD), deoxyribonucleic acid
(DNA) sodium salt from calf thymus and sodium dodecyl
sulphate (SDS) were purchased from Sigma-Aldrich. The
concentration of the prepared DNA stock solutions was
determined by measuring the absorbance at 260 nm using
the molar absorbance coefficient, £ = 6600 M~! cm™! (in
nucleotide concentration). All the sample solutions were
prepared in 0.1 M phosphate buffer, pH 7.4. All chemi-
cals used were of analytical grade or higher and were used
without further purification. The concentration of actin-
omycin D was determined spectrophotometrically using
the molar absorption coefficient at 440 nm, € = 24400 M~!
cm™.

2. 2. Thermal Denaturation Experiments

Thermal denaturation experiments were performed
in stoppered quartz cuvettes on a Jasco V-550 UV-VIS
spectrophotometer equipped with a Jasco ETC-505T
cell-temperature controller. The temperature of DNA
solutions alone and in the presence of actinomycin D at
ratios (R) of [ActD]/[DNA]: 0.05, 0.1, 0.2, 0.5 and 1.00 was
increased gradually from 25 to 103 °C at a speed of 1 °C/
min and the absorbance at 260 nm was read automatically.
The melting temperature (T,,) of DNA in the absence and
the presence of actinomycin D was determined using the
second derivative method in the frame of Melting Tem-
perature Calculation Program provided by the spectro-
photometer. All measurements of T, were repeated three
times and the data presented are the average values.

The hyperchromicity (%H) of DNA was calculated
in the absence and presence of the different concentrations
of actinomycin D at 260 nm using the equation (1):!3

Ay-A
%H =%x100 (1)

L

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

3. Results and Discussion

The DNA helix is a fairly stable structure due to hy-
drogen bonds between base-pairs and base stacking in-
teractions. Thermal DNA denaturation or DNA melting
is the process of the dissociation of double helix of DNA
into two single strands by the breaking of hydrogen bonds
between the bases when temperature is raised. The ther-
mal behavior of DNA in the presence of different ligand
molecules can give information about the nature and the
strength of the interaction of ligands with DNA. In gener-
al, the intercalation binding stabilize the DNA double helix
leading to a significant rise in T,, by about 5-8 °C, while
in the case of non-intercalative interaction (groove bind-
ing or electrostatic binding at the DNA surface), a small
change in the T,, is observed.!>?

The experimental melting curves of DNA upon ad-
dition of actinomycin D within the concentration range 0
<R <1, where R = [ActD]/[DNA] ratios are presented in
Fig. 2. The parameters of the helix-to-coil transition (the
melting temperature (T;,), the melting shift (AT, - the
difference between the melting temperatures of actinomy-
cin D - DNA complexes and DNA alone) and the hyper-
chromicity (%H)) are reported in Table 1 and Fig. 2. In the
present work, the melting temperature of DNA is about
86.51 °C under our experimental conditions. The addition
of actinomycin D to DNA solution results in an increase in
the Ty, of DNA with the increasing R ratio. The high posi-
tive AT, values (Fig.3) indicate the stabilization of double
helix of DNA by intercalation mode of binding of actin-
omycin D drug. The value of AT, ~ 10 °C is in the range
of the values corresponding to other intercalative antican-
cer drugs, such as mitoxantrone, doxorubicin, daunomy-
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Figure 2. Thermal melting profile of DNA alone and in the presence
of actinomycin D at different molar ratio (R = [ActD]/[DNA]).
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cin.?!?2 In addition, it can also see that the maximum val-
ue of AT, is reached at R = 1. However, the magnitude of
AT, in the range of R = 0.2 - 1 does not differ significantly.
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Figure 3. The melting shift AT, at different molar ratios, R =
[ActD]/[DNA].

Table 1. DNA melting temperature (Tj,) and the hyperchromicity
(%H) at different molar ratios (R = [ActD]/[DNA]).

R = [ActD]/[DNA] T,, (°C)? %H
DNA alone 86.5+0.3 53.3
0.05 90.4+0.4 42.4
0.1 92.3+0.2 24.3
0.2 95.1+0.2 18.6
0.5 95.6%0.1 13.0
1 96.1+0.3 7.87

2 All values are the average + standard deviation of three experi-

ments.

Also, in Fig. 2 a decrease of the hyperchromicity
(%H) is observed. In the absence of the drug, the hyper-
chromicity of DNA calculated using the equation (1) is
about 53.3% (Table 1). As the concentration of actinomy-
cin D increases (R ratio increases), the hyperchromicity of
DNA significantly decreases. These results suggest that the
dissociation of double helix in the DNA solutions contain-
ing actinomycin D is obstructed to take place completely.

The reduction of hyperchromicity and high increase
of Ty, clearly indicate that the interaction of actinomycin D
with DNA determine a high stabilization of double helix of
DNA. These results are in agreement with the intercalation
mode of binding of actinomycin D molecule between the
base pairs of DNA. Also, specific hydrogen bonding and
other atom-atom intermolecular interactions contribute to
the stabilization of the actinomycin D-DNA complexes.’

Further, the influence of SDS concentration on
(ActD-DNA) complexes was investigated. The use of sur-

factant micelles to sequestrate the drug molecules disso-
ciated from DNA is a well-established method to study
the kinetics of dissociation of drug - DNA complexes.!>?3
Also, the interaction of drug molecules with surfactant
micelles is important to understand the nature of drug-bi-
omembrane interactions but can also help in the case of
drug overdoses to remove the excess of the drug and the
removal of mutagens.?#?> Previous studies (absorption,
thermal denaturation and circular dichroism) indicate that
the native B-form of DNA is not altered by the presence of
SDS micelles.?! Also, DNA hold its native B-form even in
the presence of the highest SDS concentration (6.98 x 1073
M) used in the present study, as is indicated by the melting
curve (Fig. 4) and the value of melting temperature (85.87
°C) which is very close to the value of melting temperature
of DNA alone.

The critical micellar concentration (CMC) of pure
SDS in 0.1 M phosphate buffer (pH 7.4) was previously
determined from conductivity measurements and it is 9.28
x 10~* M.%6 This value is smaller than the CMC of SDS in
pure water (8.08 x 107> M) and it is an agreement with lit-
erature data which indicate that the CMC value decreases
in phosphate buffer as the concentration of electrolyte in-
creases.?” Submicellar (6.09 x 10~% M) and micellar (2.24
x 1073 M, 4.38 x 1073 M, 6.98 x 10~ M) SDS concentra-
tions were used to assess the influence of SDS surfactant
on ActD - DNA complexes.

The presence of submicellar SDS concentration does
not change significantly the melting temperature and the
hyperchromicity of actinomycin D - DNA complexes
(Fig. 4). Instead, the presence of increasing micellar SDS
concentrations leads to the continuous decrease of melt-
ing temperature of actinomycin D-DNA complexes up to
almost the melting temperature value of DNA alone. This
decrease of T, after SDS micelles addition signifies that
actinomycin D - DNA complex is disrupted and actino-
mycin D molecules are relocated from DNA into SDS mi-
celles. In other words, the deintercalation of actinomycin
D molecules from DNA takes place in the presence of the
micelles and not in the presence of monomeric surfactant
molecules.

Also, in the presence of increasing micellar SDS con-
centrations, the hyperchromicity enhances but it does not
reach the value obtained for DNA in the absence of drug.
Similar with actinomycin D, the intercalative binding of
mitoxantrone to DNA induces the increase of melting
temperature with about 10 °C.2! The addition of SDS mi-
celles conducts to the exclusion of intercalated actinomy-
cin D and mitoxantrone from DNA helix, the melting tem-
perature decreases and reaches the value corresponding to
DNA alone. In the case of mitoxantrone - DNA complex,
the initial value of DNA hyperchromicity is restored in
the presence of SDS micelles,?! as against actinomycin D
- DNA complex when the hyperchromicity enhances in
the presence of micelles but is not recovered completely.
The most likely explanation for the lack of recovery of the
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hyperchromicity could be the fact that some actinomycin
D molecules are still associated with DNA. Also, this dif-
ferent behavior between the two drugs could be due to the
more complex structure of actinomycin D and hence prob-
ably a more complicated mode of interaction with DNA.

= DNA
o DNA+6.98x10° M SDS
ActD-DNA, R = 0.5
(ActD-DNA)+6.09x10* M SDS
v (ActD-DNA)+2.24x10° M SDS
A (ActD-DNA)+4.38x10° M SDS

*  (ActD-DNA)+6.98x10° M SD§
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Figure 4. Thermal melting profile of DNA alone, in the presence of
6.98 x 10 M SDS, actinomycin D, and actinomycin D and different
SDS concentrations.

Table 2. The DNA melting temperature (Tj,), the melting shift
(AT,,) and the hyperchromicity (%H) of actinomycin D-DNA com-
plexes (R = 0.5) in the presence of different SDS concentrations.

System T, (°C) AT, (°C) %H
(ActD-DNA) 95.56 9.05 12.96
(ActD-DNA) + 94.92 8.41 12.37
6.09 x 1074 M SDS
(ActD-DNA) + 92.07 5.56 20.43
2.24 x 1073 M SDS
(ActD-DNA) + 89.12 2.61 21.72
4.38 x 1073 M SDS
(ActD-DNA) + 87.12 0.61 23.68

6.98 x 10> M SDS

The deintercalation of actinomycin D molecules
from DNA helix is also observed in the absorption spectra
when SDS micelles are added to intercalated (ActD-DNA)
complex.

The absorption spectrum of actinomycin D is char-
acterized by a broad absorption band around 440 nm. The
formation of actinomycin D - DNA complex results in a
hypochromic effect and a shift of the maximum towards
longer wavelength. In our previous study, these changes
in absorption spectra accompanying the titration of ac-
tinomycin D with DNA were used to calculate binding
constant and the size of binding site.?® The addition of mi-
cellar concentrations of SDS leads to an increase in the ab-
sorbance and the splitting of the absorption maximum in
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Figure 5. Absorption spectra of actinomycin D, (ActD-DNA) com-
plex, and actinomycin D and (ActD-DNA) complex in the presence
of micellar SDS concentration (SDS,,)).

two peaks. The spectral modulation in Fig. 5 suggests that
upon addition of SDS micelles, actinomycin D molecules
experiences a different environment than that in DNA,
the absorption spectrum being similar with the spectrum
of actinomycin D in SDS micelles.? These results are in
agreement with melting experiments and lead to the con-
clusion that the presence of SDS micelles induces the dein-
tercalation of actinomcyin D molecules from DNA double
helix and their further relocation in surfactant micelles.

4. Conclusions

The consequences of actinomycin D - DNA complex
formation on the stability of the double helix of DNA as
well as the influence of anionic surfactant SDS on drug-
DNA complexes were evaluated by recording the DNA
melting profiles. The melting temperature values indicate
an increasing stabilization of DNA as the concentration
of added actinomycin D increases. Also, the large values
of melting shift (~10 °C) point out for the intercalation
mode of binding of actinomycin D to DNA. Addition of
SDS micelles to actinomycin D — DNA complexes leads
to the deintercalation of drug molecules from DNA helix
and their further relocation into surfactant micelles. Be-
sides providing an insight into the stability of actinomycin
D - DNA complexes, the present work also demonstrates
the excretion of the drug molecules from the biomacro-
molecular assembly using surfactant micelles.

5. References

1. H. Hosoi, Pediatr. Int. 2016, 58, 81-87.
DOI:10.1111/ped.12867

Toader et al.: Effect of SDS Micelles on Actinomycin D - DNA Complexes


https://doi.org/10.1111/ped.12867

Acta Chim. Slov. 2022, 69, 331-335

2.

10.

11.

12.

13.

14.

15.

T. Bunte, U. Novak, R. Friedrich, K. Moelling, Biochim. Bio-
phys. Acta 1980, 610, 241-247.
DOI:10.1016/0005-2787(80)90006-4

.H. M. Sobell, Proc. Natl. Acad. Sci. U.S.A. 1985, 82, 5328-

5331. DOI:10.1073/pnas.82.16.5328

. H. M. Sobell, S. C. Jain, T. D. Sakore,C. E. Nordman, Nat. New

Biol. 1971, 231, 200-205. DOI:10.1038/newbio231200a0

. H. M. Sobell, S. C. Jain, J. Mol. Biol. 1972, 68, 21-34.

DOI:10.1016/0022-2836(72)90259-8

. S. Kamitori, F. Takusagawa, J. Am. Chem. Soc. 1994, 116, 10,

4154-4165. DOI:10.1021/ja000892002

. T. R. Krugh, E. S. Mooberry, Y.-C. C. Chiao, Biochemistry

1977, 16, 740-747. DOI:10.1021/bi00623a028

. E. M. Chen, Biochemistry 1998, 37, 3955-3964.

DOI:10.1021/bi972110x

. E. Sha, E M. Chen, Biophys. J. 2000, 79, 2095-2104.

DOI:10.1016/50006-3495(00)76457-5

. C. Bendic, M. Enache, E. Volanschi, J. Mol. Graph. Model.

2005, 24, 10-16. DOI:10.1016/j.jmgm.2005.03.004

J. G. Snyder, N. G. Hartman, B. L. D’Estantoit, O. Kennard, D.
P. Remeta, K. J. Breslauer, Proc. Natl. Acad. Sci. U.S.A. 1989,
86, 3968-3972. DOI:10.1073/pnas.86.11.3968

S. A. Bailey, D. E. Graves, R. Rill, Biochemistry 1994, 33,
11493-11500. DOI:10.1021/bi00204a011

R. L. Rill, K. H. Hecker, Biochemistry 1996, 35, 3525-3533.
DOI:10.1021/bi9530797

R. M. Wadkins, E. A. Jares-Erijman, R. Klement, A. Riidiger,
T. M. Jovin, J. Mol. Biol. 1996, 262, 53-68.
DOI:10.1006/jmbi.1996.0498

R. Bittman, L. Blau, Biochemistry 1975, 14, 2138-2145.
DOI:10.1021/bi00681a015

W. Muller, D. M. Crothers, J. Mol. Biol. 1968, 35, 251-290.
DOI:10.1016/S0022-2836(68)80024-5

Povzetek

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

K. R. Fox, M. J. Waring, Eur. J. Biochem. 1984, 145, 579-586.
DOI:10.1111/j.1432-1033.1984.tb08596.x

P. Kundu, S. Das, N. Chattopadhyay, Int. . Pharm. 2019, 565,
378-390. DOI:10.1016/j.ijpharm.2019.04.058

H. K. S. Souza, Thermochim. Acta 2010, 501, 1-7.
DOI:10.1016/.tca.2009.12.012

S. U. Rehman, T. Sarwar, H. M. Ishqi, M. A. Husain, Z. Hasan,
M. Tabish, Arch. Biochem. Biophys. 2015, 566, 7-14.
DOI:10.1016/j.abb.2014.12.013

R. Anwer, N. Ahmad, K. I. Al Qumaizi, O. A. Al Khamees, W.
M. Al Shagha, T. Fatma, J. Mol. Recognit. 2016, 1-6.
DOI:10.1002/jmr.2599

M. Enache, S. Ionescu, E. Volanschi, J. Mol. Lig. 2015, 208,
333-341. DOI:10.1016/j.molliq.2015.05.006

G. P. Sartiano, W. E. Lynch, W. D. Bullington, J. Antibiot.
1979, 32, 1038-1045. DOI:10.7164/antibiotics.32.1038

F. Westerlund, L. M. Wilhelmsson, B. Norden, P. Lincoln, J.
Am. Chem. Soc. 2003, 125, 3773-3779.
DOI:10.1021/ja029243c¢

A. K. Mora, P. K. Singh, S. Nath, J. Phys. Chem. B 2016, 120,
4143-4151. DOI:10.1021/acs.jpcb.5b12689

M. Varshney, T. E. Morey, D. O. Shah, J. A. Flint, B. M. Moudg-
il, C. N. Seubert, D. M. Dennis, J. Am. Chem. Soc. 2004, 126,
5108-5112. DOI:10.1021/ja0394479

A. M. Toader, P. Oancea, M. Enache, Acta Chim. Slov. 2020,
67, 629-637. DOI:10.17344/acsi.2019.5641

E. Fuguet, C. Rafols, M. Roses, E. Bosch, Anal. Chim. Acta
2005, 548, 95-100. DOI:10.1016/j.aca.2005.05.069

M. Enache, M. Hillebrand, E. Volanschi, Romanian J. Biophys.
2001, 11,93-105.

M. Enache, D. Bulcu, L. Serbanescu, E. Volanschi, Rev. Rou-
maine Chim. 2007, 52, 725-731.

Termi¢no denaturacijo DNA smo ovrednotili kot merilo u¢inka protitumorske u¢inkovine aktinomicina D na stabilnost
dvojne vija¢nice in tudi u¢inka micel SDS na komplekse aktinomicin D - DNA. Rezultati so pokazali, da je bila temper-
atura taliS¢a DNK odvisna od koncentracije zdravila, ki se povecuje s koncentracijo aktinomicina D. Visoka toplotna
stabilizacija (priblizno 10 °C) vija¢nice DNA po vezavi z aktinomicinom D jasno kaZe interkalativni nacin vezave. Prisot-
nost micel SDS vodi do sprosc¢anja interkaliranih molekul aktinomciina D iz dvojne vija¢nice DNA in njihove nadaljnje
premestitve v micele povrsinsko aktivne snovi. Ti rezultati so pokazali, da je sprosc¢anje zdravila mogoce nadzorovati
pravocasno in s spreminjanjem koncentracije in narave povrsinsko aktivne snovi.
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