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MECHANISMS AND PARAMETERS
OF THE BINDING OF AMITOZINOBERAMID
TO DNA IN THE AQUEOUS SOLUTION

The interaction between the amitozinoberamid preparation (thiotepa-alkylated berberine) and a
DNA macromolecule in the aqueous solution has been studied, by using the optical spectroscopy
methods: electron absorption and fluorescence. The dependence of spectral characteristics on
the concentration ratio N/c between the DNA base pairs and the ligand molecules is plot-
ted. Using the system of modified Scatchard and McGhee—von Hippel equations, the parame-
ters of the binding of amitozinoberamid to DNA are determined. A comparative analysis of the
DNA interaction with amitozinoberamid, on the one hand, and berberine and sanguinarine al-
kaloids, on the other hand, is carried out. The structure and the spectra of electron absorption
of thiotepa, berberine, and amitozinoberamid molecules are calculated in the framework of the

density functional theory at the DFT B3LYP/6-81G(d,p) level.
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1. Introduction

The results obtained, when studying the binding of
various compounds to a DNA macromolecule, have a
wide range of applications. For instance, the research
of the DNA interaction with low-molecular ligands
is important for the development of antitumor and
immunomodulatory drugs, fluorescent probes, and
so forth.

The creation of low-toxic preparations with a broad
therapeutic effect is a challenging task for modern
pharmacy. This task cannot be successfully fulfilled,
if there is no understanding of the physical mecha-
nisms governing the interaction of those compounds
with DNA at the molecular level. Those preparations
include a number of celandine alkaloids (berberine,
sanguinarine, and others) that reveal the antiviral,
antiinflammatory, bactericidal [1, 2], and antitumor
[3-7] properties. Owing to their plant origin, those
alkaloids have a relatively low toxicity. The antitu-
mor effect of alkaloids is associated with their ability
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to build into the DNA double helix and, in such a
way, to violate and to block its functioning.

This work is a logic continuation of our previ-
ous researches [8-12], which dealt with the interac-
tion between a DNA macromolecule and low-mole-
cular compounds, and were performed making use
of optical methods such as electron absorption, fluo-
rescence, and Raman scattering. In this work, the
main attention is focused on the study of the in-
teraction between the amitozinoberamid preparation
(berberine, the celandine alkaloid, alkylated with
thiotepa) and a DNA macromolecule in the aque-
ous solution. Since the amitozinoberamid (in essence,
modified berberine) medicament is a successor of
its predecessors — in particular, berberine and ami-
tozine (the latter is a complex preparation contain-
ing celandine alkaloids, including berberine and san-
guinarine) — it is reasonable to make a comparative
analysis of the DNA interaction with the amitozi-
noberamid preparation and with the berberine and
sanguinarine alkaloids, the latter were studied by us
earlier [8-11]. Recent researches showed that modi-
fied alkaloids, including modified berberine [13, 14],
bind more strongly to DNA. No systematic studies of
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Fig. 1. Structural formulas of berberine (a), thiotepa (b), and
amitozinoberamid (c¢) (Rt-berberine)

the amitozinoberamid—DNA interaction using physi-
cal methods, in particular, optical spectroscopy, were
carried out earlier.

Amitozinoberamid of N’,N” N"’-tri-(N-berberinoe-
tyleneamid)thiophosphoric acid is a preparation ob-
tained at the Institute of Molecular Biology and
Genetics of the National Academy of Sciences of
Ukraine (IMBG NASU). It is a result of the alky-
lation of berberine (C20H19NOs5, an alkaloid of the
isoquinoline group) with thiotepa [15]; i.e., amitozi-
noberamid is a modified berberine. The berberine
molecule has three unsaturated rings and a par-
tially saturated one that contains a charged nitrogen
atom NT. Because of the partially saturated ring, the
berberine molecule is a little bent and has a half-
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armchair configuration [16,17]. Thiotepa (triethylene
thiophosphoramide, 1,1’,1”-phosphorothiolectriaziri-
dine) is an organophosphorous alkylating agent. As
a medical preparation, it demonstrates an antitumor
activity, although it is very toxic [18]. The thiotepa
formula is SP(NC,Hy),. It is composed of three aziri-
dine molecules, which are bound with the phosphor
and sulfur atoms. Thiotepa is connected to berber-
ine via the C13 atom. The structural formulas of the
berberine, thiotepa, and amitozinoberamid molecules
are exhibited in Fig. 1.

In this work, we obtained the dependences of the
spectral characteristics of amitozinoberamid (and, as
an auxiliary result, thiotepa) on the parameter N/c,
the ratio between the number of DNA base pairs and
the number of ligand molecules; the other widely
used notation for this quantity is P/D, i.e. Pho-
sphate/Drug. Spectral manifestations of the interac-
tion of amitozinoberamid (and thiotepa) with DNA
are detected. The data obtained with the use of the
spectral methods are applied to calculate the bind-
ing parameters. The calculations are carried out, by
using the system of modified Scatchard and McGhee—
von Hippel equations.

2. Experimental Specimens and Methods

In this work, the aqueous solutions of the amitozi-
noberamid (AmBe, IMBG NASU) and thiophospha-
mide (Thio, IMBG NASU) preparations were used.
We also used the DNA of calf thymus (“Serva”, Ger-
many) with the average molar mass of a base pair of
about 650 g/mol and a high purification degree. In
auxiliary experiments, the DNA of salmon sperm
(“Sigma-Aldrich”, USA) with a low purification de-
gree (7% of proteins) was used. Water for injection
(“Darnitsa”, Ukraine) was applied as a solvent. All
examined substances were used without their addi-
tional purification.

Specimens were prepared, by using mechanical
samplers of the MicroPette type (“ULAB”, Ukraine).
The charge mass was determined, by using an analyt-
ical torsion balance (“Techniprot WT”, Poland) with
an accuracy of 0.02 mg. Stock (concentrated) solu-
tions of examined preparations and DNA were pre-
pared by dissolving the preparation charge in water.

The concentration dependences for the AmBe +
+ DNA and Thio + DNA solutions were obtained
by varying the DNA concentration and leaving the
preparation concentration unchanged. The ratio be-
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tween the molar concentrations of DNA and the
preparation, N/c¢, was reckoned in the number of
DNA nucleotide pairs per one ligand molecule.

The absorption spectra were registered on a spec-
trophotometer “Specord UV VIS” (Carl Zeiss, Ger-
many) in a wavelength interval of 200-700 nm with
a resolution of about 1 nm. The fluorescence spectra
were obtained in an interval of 300-800 nm, by using
a fluorometer “Cary Eclipse” (Varian, Australia). The
spectral width of the slit for measuring the fluores-
cence parameters amounted to 5 nm.

3. Experimental Results

The specific manifestations of the interaction between
small ligands and DNA in the absorption and fluores-
cence spectra include such phenomena as the hypo- or
hyperchromism of ligand absorption bands, the “red”
or “blue” shifts of the absorption and fluorescence
maxima, and the change of the fluorescence quantum
yield.

3.1. Absorption
3.1.1. Thiotepa

The experimental absorption spectrum of thiotepa is
located in the interval A < 230 nm, and the corre-
sponding band maximum is observed at A < 200 nm,
i.e., the registration was carried out at the technical
frontier of a spectrometer “Specord UV VIS”. The-
refore, the absorption spectrum of thiotepa was cal-
culated (after the molecular structure optimization),
by using the density functional method at the theo-
retical level DFT B3LYP/6-31G(d,p). Taking into ac-
count that numerical calculation methods give a little
shifted values for the positions of absorption maxima,
we may say that the calculation and experimental re-
sults correlated quite well.

The calculated complex doublet absorption band of
thiotepa lies in an interval of 140-220 nm. Its main
maxima are located at about 160 and 190 nm. Its
long-wave component almost coincides with the po-
sition of the experimental band with a maximum
at about 200 nm. Figure 2 demonstrates the experi-
mental and calculated electron absorption spectra of
thiotepa.

8.1.2. Berberine

The manifestations of the interaction of berberine
with DNA in optical spectra were described in our
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Fig. 2. Experimental (the main panel) and theoretical (cal-
culated by the DFT method, in the inset) absorption spectra
of thiotepa

1.0 4
232
1.04
231
268 A
0.8 2 08
3487
S 06
A 3
*? 0.6 g 0.4
172
5 021
kS
T‘? 0.4+ 0.0 - .N .‘ I
=) 100 150 200 250 300 350 400 450 500 550 600
o R, HM
0.2
0.0 4
T T T T T T T T T T T T 1
200 300 400 500 600 700 800
A, nm

Fig. 3. Experimental [8] (the main panel) and theoretical (cal-
culated by the DFT method, in the inset) absorption spectra
of berberine

works [8, 9]. Here, for the sake of completeness, we
present only the electron absorption spectra (Fig. 3).

The absorption spectrum of berberine lies in the
interval A < 500 nm. Its first long-wave maximum is
located at Amax =~ 425 nm. Further, in an interval of
200—400 nm, there are three combined — at least two-
component — absorption bands with the maxima at
about 348, 268, and 231 nm.

The absorption spectrum of berberine calculated
in the framework of the DFT also contains four
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Fig. 4. Experimental (the main panel) and theoretical (cal-
culated by the DFT method, in the inset) absorption spectra
of amitozinoberamid
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Fig. 5. Dependences of the optical density of amitozi-
noberamid on N/c for the 344-nm (1) and 420-nm (2) bands

bands (see the inset in Fig. 3). One can observe a
good correlation between the experimental and cal-
culated spectra.

When DNA is added and the ratio N/c¢ increases,
the absorption spectra demonstrate hypochromic
changes of the optical density (up to 30%) and the
“red” shift of absorption maxima up to 22 nm [8].

3.1.3. Amitozinoberamid

In order to avoid the reabsorption and aggregation
phenomena, the AmBe concentrations did not exceed
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1073 mol/l, when measuring absorption spectra. A
linear dependence of the optical density at the ab-
sorption band maxima on the AmBe concentration
was observed in the examined interval. Hence, the
Bouguer-Lambert-Beer law was obeyed, and the so-
lution was molecular.

The absorption spectrum of amitozinoberamid
(Fig. 4) lies in an interval up to 600 nm. It consists of
a few combined bands, including two long-wave bands
with the maxima at about 420 and 344 nm. When
DNA is added and the ratio N/c increases, the both
bands demonstrate changes in their optical density
and have the ‘“red” shift of their absorption max-
ima. The corresponding relative changes are larger for
the long-wave band (420 nm). Those changes testify
to the interaction of DNA with the ligand, as well as
to the possible binding.

The magnitude of the “red” shift was about 15 nm
for the 344-nm band and about 20 nm for the 420-nm
one. The shift magnitude changed non-monotonically
at that: first, it rapidly grew to the maximum value
and then decreased and formed a plateau.

The optical density of both absorption bands
also changed non-monotonically (Fig. 5). The be-
havior of the optical density is similar to that of
the “red” shift. The hypochromic effect (the optical
density reduction) was observed at low N/c-values
(N/c < 2), and the hyperchromic one (the optical
density growth) at N/c > 2, which testifies to dif-
ferent mechanisms of complex formation in the two
indicated N/c-intervals. Note that such a type of the
dependence on N/c was also observed for changes in
the fluorescence intensity (see below).

By comparing the absorption spectra of thiotepa,
berberine, and amitozinoberamid, a conclusion can
be drawn that the absorption band of amitozinobera-
mid in an interval of 220-200 nm is associated with
the “thiotepa” component of the amitozynobamid
molecule, whereas the other, longer-wave bands with
the “berberine” one. The AmBe absorption bands are
shifted by 3-5 nm toward short waves with respect to
the corresponding Be bands. This result is confirmed
by calculations in the framework of the DF'T method.

3.2. Fluorescence

3.2.1. Thiotepa

For a better understanding of the interaction between
amitozinoberamid and DNA, auxiliary experiments
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were carried out in order to study the interaction of
DNA with one of the amitozinoberamid components,
thiophosphamide. The latter has a small molecule in-
teracting with DNA. The fluorescence spectrum of
thiotepa lies in an interval of 300-600 nm. It consists
of two closely located and unresolved bands with a
complex structure and a maximum at about 410 nm
(Fig. 6).

The fluorescence of the thiotepa-DNA complex was
characterized by the growth of the radiation emission
intensity by a factor of 10-20 as compared with free
thiotepa, depending on the excitation wavelength,
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Fig. 9. Dependence of the berberine fluorescence intensity on
N/ec 8]

concentration, and DNA type (Fig. 7). A shift of the
fluorescence peak by about 10 nm toward the red-
wave interval was also observed.

3.2.2. Berberine

The fluorescence spectrum of berberine lies in an in-
terval of 450-700 nm. It consists of two closely lo-
cated unresolved bands with a complex structure and
a maximum at about 556 nm (Fig. 8). The fluores-
cence of the berberin-DNA complex was character-
ized by the radiation emission intensity growth by a
factor of 100-200 as compared with free berberine, de-
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Fig. 11. Dependences of the amitozinoberamid fluorescence
intensity on N/c in the 550-nm (the main panel) and 375-nm
(the inset) bands

pending on the excitation wavelength, concentration,
and DNA type (Fig. 9). A shift of the fluorescence
peak by up to 30 nm toward the blue wavelengths
was also observed.

The fluorescence intensity growth occurs due to the
fixation of ligand molecules on the DNA matrix. The
formation of this complex diminishes the number of
vibrational degrees of freedom, which decreases the
probability of non-radiative excitation relaxation, so
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that the vibrational relaxation during the lifetime of
the excited state is also less effective. As a result, the
quantum yield of fluorescence increases.

3.2.8. Amitozinoberamid

The fluorescence spectrum of amitozinoberamid con-
sists of two combined bands: a short-wave band
with a maximum at about 375 nm (at N/c = 0)
and a long-wave band with a maximum at 550 nm
(Fig. 10). The position of the short-wave band almost
coincides with the fluorescence band of thiotepa, and
the long-wave band is close by its shape and position
to the berberine fluorescence band [9]. Taking those
facts into account and analyzing the fluorescence ex-
citation spectra, we may conclude that the contribu-
tions of the “thiotepa” and “berberine” components of
the molecule (the excitation transfer between them is
hampered) to the AmBe fluorescence spectrum can
be distinguished.

If DNA is added, the spectra change. Namely, the
radiation emission intensity increases, and the max-
ima shift: the 375-nm “thiotepa” band by up to
10 nm toward the “red” wavelengths, and the 550-nm
“berberine” band by up to 20 nm toward the “blue”
wavelengths, which corresponds to the behavior of
the thiotepa and berberine fluorescence bands. As
was in the absorption spectra when DNA was added,
the changes in the amitozinoberamid fluorescence in-
tensity and the shifts of bands’ maxima are non-
monotonic functions of the N/c ratio. In particular, if
this parameter is small (N/c < 1), the intensity dras-
tically increases to a maximum; afterward, the inten-
sity decreases and forms a plateau. The changes in the
fluorescence intensity and the shifts of the band max-
ima are observed for both AmBe fluorescence bands.
Therefore, we may assume that the both components
of the AmBe molecule are involved into the process
of interaction with DNA.

4. Binding Parameters

In order to determine the binding parameters, we
developed and used the software program BindFit,
which makes it possible to analyze direct experimen-
tal data making no use of “linearizing” transforma-
tions. As a result, the accuracy of the parameter de-
termination for processes that are characterized by
a nonlinear binding curve even after the linearization

ISSN 2071-0194. Ukr. J. Phys. 2018. Vol. 63, No. 8
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was made higher. The main idea of this program con-
sists in the approximation of experimental data by
means of corresponding binding equations.

A classical binding equation is the Scatchard equa-
tion [19]

Yo K@1-v). (1)
Cr

Here, v is the ratio between the concentration of
bound ligands ¢, and the total number of binding sites
N, ¢y the concentration of free ligands, and K the
binding constant. It is evident that the dependence of
v/cy on v has to be linear, and the binding constant is
determined from the slope of the straight line. If a lig-
and molecule occupies more than one binding site on
the matrix, namely, n sites, the equations is rewritten
in the form

z =K (1-nv). (2)
Cr

The original equation was derived for proteins, and
its application to analyze the molecular binding to
DNA is not always proper, because the number of
free binding sites can be underestimated, so that the
binding parameters can be determined improperly (in
particular, the binding constant value may be over-
estimated by a factor of 2n [20]). Note that, for the
binding processes of small ligands to DNA, those de-
pendences remain nonlinear, as a rule, even after the
linearization.

Using the methods of probability theory, McGhee
and von Hippel [20] extended the Scatchard approach
onto the cases n > 1. The number of free binding
sites was also determined correctly. The McGhee—von
Hippel equation is as follows:
for the non-cooperative binding,

n—1
v 1—nv
—=K(Q1- _ 3
Lo k- (=) 3
and, for the cooperative binding,
n—1

2w—1)(1— —
V:K(l—nu)((w (A ) +v R> X
cf 2(w-=1)(1—nv)

y (1 - 2(T(Ll+1215)+ R)i

(4)

where w is the cooperativity parameter, and

R:\/(1—(n+1)1/)2+4wu(1—n1/).
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4.1. Modified equations

The concentrations of bound and free ligands are
not experimentally observed quantities. What is mea-
sured experimentally is the dependences of optical
parameters on the concentrations of solution compo-
nents. As a rule, an optical parameter is calculated as
the sum of contributions made by ligands in different
states: bound and free. As an optical parameter, it is
convenient to choose either the fluorescence intensity
or the optical density (in the absorption spectra).

If a ligand can only be in one of two states (free or
bound), i.e. only one type of binding sites is realized,
then the expression for the optical parameter is rel-
atively simple and allows the concentrations of free
and bound ligands to be determined directly:

Cf Cp
A= -"LA —A 5
LA+ A (5)

where A is the optical parameter value for the mix-
ture, c the total concentration of ligands, A; the op-
tical parameter value for free ligands, c¢ the concen-
tration of free ligands, A, the optical parameter value
for bound ligands, and ¢, the concentration of bound
ligands (¢ = ¢y + ¢). Knowing the values of Ay and
Ay (the former is determined for the pure ligand so-
lution, and the latter is potentially determined for a
ligand solution of a significant DNA excess), we can
determine ¢y and ¢, and afterward change to the
Scatchard coordinates.

If a ligand can be in one of three states (free, bound
at a site of type 1, and bound at a site of type 2;
i.e. there are two types of binding sites), then the
expression for the optical parameter is more compli-
cated:

oA L,
A=TAp oAl oA, (6)

where Al(f) are the optical parameters of ligands that

are bound at the site of type i (i = 1,2), and cgl) are
the corresponding ligand concentrations. In this case,
it is difficult to determine the concentrations of lig-
ands in each state and, accordingly, to change to the
Scatchard coordinates, because it is impossible to de-
termine Al()l) and Az()2) by direct measurements. Howe-
ver, when experimental data are approximated, those
quantities can be calculated together with other pa-
rameters [9].
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The equations written in terms of the Scatchard
variables v and v/cy are not convenient for a numeri-
cal analysis, because those variables are related to ex-
perimental optical parameters (the fluorescence inten-
sity, the optical density, and others) in a quite com-
plicated manner. Moreover, the binding parameters
are determined from the equations for the Scatchard
variables with a rather large error. This occurs be-
cause the linearization “according to Scatchard” in the
general case of nonlinear dependences gives rise to a
significant distortion of the experimental errors and,
accordingly, the determination accuracy of binding
parameters, so that the latter are better to be deter-
mined from initial nonlinearized curves. Therefore, in
order to analyze the experimental data and approxi-
mate them directly, i.e. in terms of experimental vari-
ables, Egs. (3) and (4) were modified [9] and used in
the form of equations for the concentration of bound
ligands cp.

For the processes with one type of binding sites,
the basic equations are the McGhee—von Hippel equa-
tions transformed from their original form to a form
that contains only the variables directly associated
with the experiment. As was said above, what is typ-
ically measured in experiment is the dependence of a
certain optical parameter on the concentration ratio
between the solution components. Most often, this is
the ratio N/c between the total concentration of bind-
ing sites and the total concentration of ligands. By its
origin, this parameter is reciprocal to v, whereas it is
the component concentrations rather than the con-
centrations of bound or free ligands that are known
quantities. Therefore, for the numerical processing, it
is more appropriate to use such variables as the total
concentrations of ligands, ¢, and binding sites, N. In
this case, the equation contains one unknown variable
to be sought numerically.

After some transformations [9], the McGhee—von
Hippel equations bring about the following equations
for the variable c¢p:
for the noncooperative binding,

—ne n—1
K (c—cp) (N —vep) <M) —c, =0,

and, for the cooperative binding, (7)
K(c—cp) (N —nep) X

(2w —1) (N —ncp) + ¢, — R
()
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N—-(n+1)e+R o0
2 (N — nep) b

where
R = \/(N —(n+1)e)® + 4wey (N — ney).
Equations (7) and (8) were programmed in the pre-
sented form to be solved numerically. This enabled
us to deal with the quantity ¢, as the function ¢, =
=c(N,¢; K, n).

Processes with binding sites of two types are de-
scribed by a system of two equations. The latter
should involve an interdependence or an indepen-
dence of binding processes for the ligands that oc-
cupy the same binding site (i.e. a base pair and phos-
phates). If the parameter N describes the concentra-
tion of the DNA base pairs, then 2N binding sites
correspond to the binding of the first type (with phos-
phate), and N binding sites correspond to the binding
of the second type (intercalation). A direct transition
of bound ligands from type-1 sites to type-2 sites is
assumed to be impossible.

The approximation of our experimental data for
AmBe was the best, when the system of modified
Scatchard equations for external binding and the
McGhee-von Hipple equations for the intercalation
was applied. The system describes two interdepen-
dent binding processes for ligands that occupy the
same binding site. Intercalation into the gap between
the base pairs is allowed only if ligands are not bound
to both phosphates in this gap; and vice versa, bind-
ing with the phosphates is possible only if the ligand
has not intercalated into the relevant gap. Further-
more, there must be at least n — 1 free gaps between
two intercalated ligands. This model is described by
the following system of equations:

()

cl()l) =K (c — cgl) — 05(;2)) (2]\7 — 01()1)) 1-— Cbﬁ ,

61(72) = Ky (c — cél) — 01(72)) (N — ncl(f)) X (9)

-1 2
N — ncl(f) " CZ()I)

X —(2) ]. —— .
N—-(n-1)¢ 2N

One can see that the equations for interdependent
processes contain an additional factor

2
_a
2N |’

which was considered in work [9] in detail.
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4.2. Binding parameters

The binding parameters can be determined in the
most convenient way, by using the data describing
the changes in the optical density (in the absorption
spectra) and in the fluorescence intensity (at the band
maximum). In our experiments, more accurate data
were obtained from the fluorescence spectra. Accor-
dingly, the results of corresponding approximations
were also more accurate.

4.2.1. Thiotepa

The fluorescence spectra of thiotepa at various N/c-
values are shown in Fig. 6. The dependence of the
fluorescence intensity at the band maximum on the
parameter N/c (the binding curve) is plotted in
Fig. 7. One can see that the fluorescence intensity
reaches a maximum at N/¢ = 10, and the depen-
dence forms a plateau, which means that the maxi-
mum possible number of ligand molecules are already
in the bound state.

The values of binding parameters can be obtained
from the dependence of the fluorescence intensity on
the concentration ratio, by using the BindF'it soft pro-
gram. In this case, the experimental results were bet-
ter described by Eq. (8), which makes allowance for
one type of binding, intercalation (possibly partial),
and the binding was found to be anticooperative. The
parameters obtained for the binding of thiotepa to
DNA are as follows:

¢ the binding constant for the intercalation process
Ky = (0.10 £ 0.04) x 10° 1/mol,

¢ the average number of binding sites occupied by
a ligand n = 3.6 = 0.4,

¢ the cooperativity parameter w = 0.30 £ 0.05.

Note that, in work [21] within the quantum-
chemical calculation methods, the selective binding of
thiotepa to deoxyguanosine monophosphate (dGMP)
by means to a strong hydrogen bond of the type N—
H---N was demonstrated.

4.2.2. Berberine

The experimental data were approximated, by using
the modified McGhee—von Hippel equation (8) for the
cooperative binding. The binding curve for berberine
is shown in Fig. 9. The following binding parameters
were obtained:

* Ky = (5.240.2) x 10* 1/mol,
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en=19+0.1,

ew=13+0.2.
The value n ~ 2 means that one alkaloid molecule
occupies two DNA base pairs, which testifies to
the intercalation mechanism of berberine binding to
DNA. An insignificant cooperativity value may indi-
cate a certain untwisting of the DNA helix at the
intercalation sites. For more information concerning
the berberine binding, see work [8].

4.2.8. Amitozinoberamid

The fluorescence spectrum of amitozinoberamid is
composed of two bands (Fig. 10). The dependences
of the intensities of those bands on the concentration
ratio between the ligand and DNA, i.e. the binding
curves, are exhibited in Fig. 11.

According to the experimental data, it was found
that AmBer is characterized by two types of bind-
ing: intercalation and external binding. In order to
determine the binding constants, the system of modi-
fied McGhee—von Hippel and Scatchard equations (9),
which made allowance for two types of ligand bind-
ing to DNA, was used. It was found that both bind-
ing processes (intercalation and external binding) re-
veal themselves in the “berberine” band. Intercalation
dominates at small N/c-values (N/c¢ < 2), and exter-
nal binding at larger N/c-values. Only one type of
binding, external, is characteristic of the “thiotepa”
part of the molecule in the whole interval of N/c-
values. The parameters of amitozinoberamid binding
to DNA are as follows:

— according to the 375-nm band,

e the external binding constant K; = (0.06 +
0.02) x 10* 1/mol,

¢ the average number of binding sites occupied by
a ligand n = 2.6 £0.2;

— according to the 550-nm band,

e K7 = (10.2 £0.8) x 10* I/mol,

¢ the binding constant for the intercalation process
Ky = (32.8£6.7) x 10* 1/mol,

en=41+0.6.

Note that the results obtained from the “thiotepa”
binding curve are less accurate, because of the low
intensity of the 375-nm band. However, the qualita-
tive result obtained here is important: the “thiotepa”
component of amitozinoberamid is prone to external
binding.
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Binding parameters

Amitozinoberamid
Parameter Berberine Thiotepa Sanguinarine
375 nm (Tio-band) 550 nm (Be-band)
K3 - - (0.06 £0.02) x 10* (10.24+0.8) x 10* (2.540.4) x 10°
Ko (5.2 4£0.2) x 10% (10.0 £0.4) x 104 - (32.8 £6.5) x 10* (26.7 £5.7) x 108
n 1.940.1 3.6+0.4 2.6 40.2 41406 2.340.1
w 1.340.2 0.30 4 0.05 - - -

K is the external binding constant (1/mol), K the intercalation binding constant (1/mol), n the average number of binding

sites occupied by a ligand, and w the cooperativity parameter.

4.2.4. Comparison of binding parameters

Since amitozinoberamid is a medical antitumor drug,
it is expedient to compare the parameters of the
amitozinoberamid complex formation with the corre-
sponding parameters for the berberine and sanguinar-
ine alkaloids. The latter were studied by us earlier
[9-11]. They exhibit antitumor properties and enter
another antitumor preparation, amitozyn, developed
at the IMBG NASU. The parameters of the thiotepa
binding are also shown in Table.

As one can see, the intercalation (complete or par-
tial) is a dominant type of binding for all three
preparations — berberine, thiotepa, and amitozi-
noberamid — if they interact with DNA separately.
However, if two preparation, berberine and thiotepa,
are used to create the third one, amitozinoberamid,
there arises some competition for the binding be-
tween two parts of the new molecule. In this case, the

120

100

Intensity, r.u.
o0
S
1

D
(=)
1

40

W-—————T T T T T T T T
o 3 6 9 12 15 18 21 24

N/c

Fig. 12. Dependence of the sanguinarine fluorescence inten-
sity (the 587-nm band) on N/c [9]
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berberine part binds with the DNA matrix, mainly
by the intercalation mechanism, and blocks the same
binding for the thiotepa part of the molecule. The
latter, in turn, binds to DNA by the external bind-
ing of the head-to-tail type (the orientation of dipole
moments), which is confirmed by the hyperchromism
observed at N/c> 2, i.e.in the whole interval of
the external binding (Fig. 5). An indirect confir-
mation of the external binding of “thiotepa” is a
relatively small value of n (n = 4), which should
be considerably larger for other types of exter-
nal binding. However, the other types of the exter-
nal binding have a low probability for the given
molecular structure. Moreover, the separate bind-
ing of thiotepa to DNA is anticooperative. At the
same time, the values of amitozinoberamid binding
constants are higher than those for berberine and
thiotepa, which is in agreement with the results of re-
searches dealing with other types of modified berber-
ine [13,14].

When comparing with sanguinarine — namely, its
imine form, which binds to DNA more efficiently
than the alkanolamine one — it is of interest to com-
pare the forms of binding curves rather than the val-
ues of binding constants. For Sa, this curve (Fig. 12)
looks differently than those for Be (Fig. 9 [9,11]) and
AmBe (Fig. 11). Probably, those three types of bind-
ing curves describe the binding of small ligands to
DNA (the binding curve for ethidium bromide [11]
has a slightly S-like shape, but it can be considered
as a variant of the “Be-type” curve). Furthermore, for
Sa and AmBe, the sections of the curves correspond-
ing to the external binding (i.e. in definite intervals
of N/c-values) pronouncedly manifest themselves. At
the same time, for Be, the external binding (which
can be observed at very small N/c-values) can be al-
most neglected.
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From the aforesaid, one can see that sanguin-
urine binds more effectively to DNA than berberine,
thiotepa, and amitozinoberamid: the binding con-
stants for sanguinarine are larger. This circumstance
can be explained by the fact that the sanguinarine
molecule is planar [22] and, hence, is more prone
to the intercalation than Be (a little bent [16], al-
though it belongs to the same structural group as the
Sa molecule), Thio (nonplanar), and AmBe (nonpla-
nar and with a “tail”) molecules. Since the medico-
biological effect of Sa slightly differs from that of
Be, Tio, and AmBe, we cannot assert about the
relatively high antitumor effect of the sanguinarine
preparation.

5. Conclusions

By analyzing the spectra of electron absorption and
fluorescence of aqueous AmBe + DNA solutions,
spectral modifications testifying to the binding of the
amitozinoberamid preparation to DNA are detected,
and the corresponding binding mechanism is estab-
lished.

The dependence of the fluorescence intensity
change at the maxima of the AmBe + DNA fluo-
rescence spectra on the ratio N/c is determined. This
dependence is non-monotonic, and its form is a non-
trivial result, which was revealed for the first time.

The intercalation was found to be a characteristic
binding mechanism for thiotepa and berberine, which
are the components, from which amitozinoberamid
is formed. At the same time, in the case of amitozi-
noberamid, an important contribution, in addition to
the intercalation, is made by the external binding. We
assume that this is a result of the “domination” of the
berberine part of the molecule over the thiotepa one,
if the concentration of binding sites is low. With the
help of the software BindFit, the binding parame-
ters (the binding constants and the average number
of binding sites occupied by a small molecule on the
DNA matrix) are determined.

Amitozinoberamid is found to bind to DNA more
efficiently than berberine does. This conclusion con-
firms the results of previous medical and biological
researches.

As an auxiliary result, the geometric structures of
aziridine, thiotepa, and amitozinoberamid molecules
are optimized, by using the DFT method, and their
electron absorption spectra are calculated.
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MEXAHI3MU TA ITAPAMETPU
3B’A3YBAHHA AMITO3VMHOBEPAMIJTY
3 JHK ¥V BOJHOMY PO34YNMHI

Pezmowme

MerojaMu ONITUYHOT CIIEKTPOCKOMIT — €JIEKTPOHHOIO ITOTJIMHA-
HHsI Ta (PJIFOOPECHEHITIT JOCTIZKEHO MTPOIECH B3a€MO/I1 IIpena-
pary amitosunobepaminy (ankimosanuii Tioredom Gepbepun) 3
makpomoviekysoio JIHK, y Bogaomy pozumni. Ha ocHoBi oTpu-
MaHUX PE3yJIbTaTiB IO0YJOBAHO 3aJI€2KHOCTI CIIEKTPAJIbHUX Xa-
pakTepucTuK Big N/c — BigHOWIEHHS KOHLIEHTpPAL Iap OCHOB
JHK no konmentparii mosiekyst jirasay. Kopucryioauch cu-
cremoro MoaudikoBanux piBHsHb Ckerdapma ta Makl'i—doun
Ximnmesisi, BUBHAYEHO IIapaMeTpH 3B’si3yBaHHsSI aMiTO3MHOOEepa-
viny 3 JHK. IIpoBeneno mopiBHsabHMI aHaIi3 e(peKTHBHOCTI
B3aemoyii 3 JIHK amitoszunobepaminy Ta ankasoiniB 6epbepu-
Hy i caursinapuay. Merogom dyHKIiOHaNa I'YCTUHH Ha PiB-
ui reopil DFT B3LYP/6-31G(d,p) po3paxoBaHO CTPYKTYpy Ta
CIIEKTPU €JIEKTPOHHOI'O IIOTJIMHAHHS MOJIEKYJ TioTedy, Gepbe-
puHy Ta aMmiTo3mHOGEpaMimy.
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