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of pH by Raman Spectroscopy

ABSTRACT An important problem of molecular biophysics is the influence
of pH and ionic strength of a solution on chemical structures and charge of
biologically active substances. By means of pH titration and Raman spectro-
scopy methods, the influence of solution acidity on structural changes of
actinocin derivatives was investigated, analogues to antitumor antibiotic
actinomycin D. It has been shown that these ligands have different values
of cation charges in neutral solutions. From analysis of Raman spectra, it
was concluded that protonation of nitrogen atom and amino group of the
phenoxazone ring starts only at pH <3.5. It was shown that protonation
of actinocin derivative with two amide groups (diaminoactinocin) occurred
in two steps. Corresponding protonation constants for diaminoactinocin
(log #=694+0.5 and log k,=5.3+0.1) and for partially protonated
actinocin derivative with three methylene groups in the side chains (log
k=5.3+0.1) were obtained. Characteristic frequencies of Raman spectra
for the basic functional C=0, C2—NH,, C—C=C, and —N=C groups of
phenoxazone chromophore of actinocin derivatives in protonated and
nonprotonated states were determined. The different affinities of binding
of variously charged ligands to DNA have also been demonstrated.

KEYWORDS actinocin derivatives, ionic strength, pH-metry, phenoxazone
chromophore, Raman spectroscopy, thymus DNA

INTRODUCTION

Recently, it has been shown that derivatives of actinocin analogues to
well-known antitumor antibiotic actinomycin D bind to DNA by intercalation
of a chromophore ring of ligands into the base pairs of polynucleotide.™ At
the same time, the actinocin derivatives have shown the dependence of bio-
logical activity from the length of dimethylaminoalkyl side chains."? In this
research, the influence of acidity (pH of solutions) on the structure of some
actinocin derivatives was investigated: aminophenoxazone (Aph) (Fig. 1a)
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FIGURE 1 Chemical structures of actinocin derivatives: aminophenoxazone (a), diaminoactinocin (b), and dimethylaminoalkyl

derivatives Actll-ActV (c).

and diaminoactinocin (AAct) (Fig. 1b) by the
pH-titration and Raman spectroscopy. The pH-titration
of actinocin derivatives having a different number
of methylene groups in dimethylaminoalkyl side
chains Actll-ActV (Fig. 1¢) was also carried out. It
was interesting to examine the influence of an ionic
environment on the interaction of these ligands with
DNA, as structures of both polynucleotide and drug
molecules depend on composition of solvent, acidity
(pH) of solutions, etc.37

EXPERIMENTAL SECTION

Titration of actinocin derivatives was carried out by
the HCI solution with a constant concentration (pH
2.20). The pH of solutions was measured by an
I-115 ionomer (Antex, LTD, Russia) with an accuracy
of +0.05. Total concentrations of actinocin deriva-
tives were determined by spectrophotometric mea-
surements on the Specord M40 spectrophotometer
(Carl Zeiss Jena, Germany). All samples of actinocin
derivatives have been synthesized® and were used
without additional purification. ActIl-ActV concentra-
tions were obtained by using molar extinction
coefficient e400=1.6x 10*M 'em™! at 1=400nm
corresponding to isobestic point of monomer-dimer
equilibrium of ligands."”’ Molar extinction coefficients
for Aph and AAct were determined by weighing
£i0=1.68-10°M 'em ™' and 6y35=2.79-10°M "
cm™'. The pH titration curves of ligand water solu-
tions were compared to the control pH titration curves
of the HCI solution at the same HCI concentration.
Triply distilled water was used to prepare solutions.
The concentration of protons bound to ligands
(AH") was determined by the difference between
the control (without ligands) and experimental (in
the presence of ligands) pH-dependences at the same

total HCl concentration. AHT

T 15 the maximum
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amount of AH" per mol of ligand. The distinction
between two ActIll samples (marked as ActIII(1)
and ActIll(2)) was also investigated, which showed
the different affinities to DNA. Commercial calf thy-
mus DNA from “Serva” (Germany) was used in this
work. The concentration of DNA was determined by
molar extinction coefficient &,q0=6.4 x 10°M *cm ™.
Corresponding Raman spectra in a spectral range
1200-1700cm™ ' were recorded on the Z-16 spectro-
meter (DILOR, France) with a double-monochromator.
Our measurements were performed using 488-nm
line of an Ar? ion laser (Innova, England). This line
is close to the 440-nm absorption maximum of actino-
cin derivatives'” satisfying the resonance Raman
conditions. The energy of laser did not exceed 50
mW to avoid saturation effects and decomposition
of the samples. The sample integrity was assessed
by comparison of its absorption spectra in the visible
spectral (VIS) range before and after data collection.
The resolution of spectra was within £2cm™". All
measurements were carried out at room temperature.

RESULTS AND DISCUSSION

Titration Curves and Raman
Spectra of Aminophenoxazone

Figure 2a shows the titration curve of aminophe-
noxazone (Aph) in comparison with the control
curve. It can be seen that the titration curve of
aminophenoxazone at 9.4 x 107*M coincides, in
general, with the control curve in 6.4 + 3.5 pH range
(i.e., H' ions do not bind to Aph). At pH < 3.5, the
actinocin derivatives can be hydrolyzed up to their
initial reagent 4-methyl-3 hydroxyanthranyl acid®
or are formed the 2-Deamino-2-hydroxyactinomycin
D.MY12 10 this case, it is observed that the titration

Raman spectroscopy of actinocin derivatives in acid solutions
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FIGURE 2 (a) Experimental titration curves of (1) HCI solution (control) and (2) HCI solution in the presence of Aph. (b) Raman spectra
of aminophenoxazone at pH (1) 6.40, (2) 3.35, (3) 3.00, (4) 2.95, and (5) 2.90. Concentration of Aph was constant Cpp, = 9.4 x 10~*M. Error
bars are smaller than the corresponding symbols at the titration curves.

curve of aminophenoxazone lies a little lower than
the control curve.

Raman spectra of aminophenoxazone at different
pH-values are presented in Fig. 2b. Taking into
account the Raman band assignments for actinomy-
cin D,"?! the assignments of bands for Raman spectra
of Aph have been made in a neutral solution; a band
at 1274cm™' can be assigned to the symmetric
stretching vibration of the endocyclic v(¢p—N=C)
group; Raman bands in the range of ~1390—
1425cm™ ' correspond to vibration modes of the
v(C2—NH,) amino group; v ~ 1463- and 1500-cm ™~ *
bands can be assigned to asymmetric stretches of
endocyclic (C—C=C) and v(p—N=C) groups of
phenoxazone ring, respectively; the 1645cm™" band
corresponds to the ¥(C3=0,) carbonyl group stretch.

It can be seen that the basic changes of spectral
parameters for Aph start at pH<3.5 (Fig. 2b),
which agrees with the difference between the
control and experimental curves in this range of
pH. These changes (at smaller pH values) manifest
in the frequency shift of bands in the range of qui-
noid carbonyl 1(C3=0; 1645 cm™) and symmetric

Ju. N. Bliznyuk et al.

vibrations of the endocyclic v(¢—N=C) groups
(1274 Cm_l), and also in the redistribution of the
intensity of antisymmetric vibrational bands of the
endocyclic groups of the phenoxazone chromophore
1(C—C=C) and v(9p—N=C) (1463 and 1500cm ',
respectively) and of amino group v(C2—NH,) (1396
and 1418 cm™"). Observed changes in acid pH range
resulting from either hydrolysis of phenoxazone ring
or amino-imino equilibrium of chromophore?
require more detailed studies.

Titration Curves and Raman Spectra
of Diaminoactinocin

It is seen from Fig. 3a that the pH-titration curve of
the diaminoactinocin (AAct) is biphasic. We assume
that the H" binding to AAct occurs in two steps,
and this is probably related to the existence of two

?R and ?L
—C—NH, —C—NH;
molecule (Fig. 1b).

The concentration of bound protons per AAct
mole at the end of titration was obtained as

amide groups in the AAct
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FIGURE 3 (a) Experimental titration curves of (1) HCI solution (control) and (2) HCI solution in the presence of AAct. (b) Raman spectra
of diaminoactinocin at pH (1) 6.86, (2) 5.25, (3) 4.15, (4) 3.75, and (5) 3.40. Concentration of AAct was constant Caac; = 1.5 x 10~ M. Error
bars are smaller than the corresponding symbols at the titration curves.

AH! =3x107"*M at the Cyaq=15x10"*M.
Hence, in this pH range, there are two protonated
groups. In order to describe the protonation in such

a case, we used the following model:
D+ HT 5 DHY DHY + HT &2 DHE

The equilibrium constants can be expressed as

[DH ]
=] W
_ by
SRR )

In the above written equations, [H'], [D], [DH"],
and [DH*"] represent the equilibrium concentrations
of protons and unprotonated and protonated
ligands, respectively. These concentrations in each
mixture (Cp, Cycp have been calculated using Egs.
(1)—(4), taking into account the ionic product for
water that [H']-[OH 1=10"""

Cp = D] + [DH '] + [DH; ] (3)
Car = [DH'] +2[DH;" | + [H"] - [OH"]  (4)
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Equations (3) and (4) represent the laws of mass
and charges conservation, respectively. The optimal
K; and K; values for AAct were obtained by fitting
the experimental titration curve to the calculated
pH-dependence by Eqgs. (D—(4) as log K,=6.9+0.5
and log K',=5.340.1.

When comparing the Raman spectra of neutral
solution of aminophenoxazone (Fig. 2b) and
diaminoactinocin (Fig. 3b), it is possible to note that
their difference is mainly observed in the range of
vibrations of C=0 groups and symmetric and asym-
metric vibrations of endocyclic groups of a
phenoxazone ring. It is likely that the appearance
of two amide groups in AAct molecule influences
vibrations of base functional groups of the phenoxa-
zone chromophore. Please note that instead of a
single strongly pronounced band at v=1645cm™"
for Aph (Fig. 2b, pH 6.4), feebly marked bands at
v~ 1630 (C3=0,) and ~1649 cm™ ! (C=0y) for AAct
are obtained. From Raman spectrum 3 (Fig. 3b),
there is an appearance of a band at 1672 cm ™', which
are attributed to the C=0; of the second amide
group. This fact can testify that the second amide

Raman spectroscopy of actinocin derivatives in acid solutions
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group of the AAct molecule is titrated at pH < 4.15. Tt
is clearly seen from the Raman spectra (Fig. 3b, spec-
tra 2-5) that the frequency shift of the C=0O; band
depends on pH. The 1665cm™' band has been
assigned to completely protonated AAct at pH
~3.5. At pH<3.5, the Raman spectrum of AAct
(Fig. 3b, spectra 5) shows the degradation of the
sample, as described above for Aph. Thus, the exis-
tence of two amide groups in the 1 and 9 positions
of chromophore do not influence on the stability of
phenoxazone ring.

Titration Curve and Raman Spectra
of Dimethylaminoalkyl Derivatives
Actlli(1) and Actlli(2)

The titration curves of ActIll(1) and ActIII(2)
ligands having different affinities to DNA are
essentially different from each other and from Aph
and AAct. As it can be seen from Fig. 4a, the

AH'=2x10* M

pH 5 a
\\

4 A
3

T T T T T T

0 1 2 3 4 5

4
C,,x10*M
(@

apparent tendency for protonation of the ligand is
observed on the ActIII(1) titration curve at relatively
high pH wvalues, while for the ActIll(2) ligand
(Fig. 5a), the titration curve coincides with the
control curve. The number of bound protons per
mole of Actlll(1) is AHY  /Cacany = 1. It follows
that the ActITI(1) molecule has only one binding site
of H" ions. Therefore, protonation of ActIlI(1) can
be described by Eqs. (1), (3), and (4). For this case,
the optimal value of protonation constant is log
K=53+0.1.

Figure 4b shows the changes of Raman spectra of
the ActIlI(1) solution in the ranges of v(C2—NH;)
vibration (v~ 1392-1426cm™ "), endocyclic groups
of a phenoxazone chromophore (C—C=C) and
v(@—N=C) (1/~149Ocm71), and carbonyl groups
(v ~1615-1661cm™Y) at pH decreasing. In contrast
to ActIlI(1), Raman spectra of the ActIlI(2) sample
(Fig. 5b) do not display the essential changes of
spectral parameters (shifts of Raman bands) in the
considered pH range. Vibration bands of endocyclic
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-
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FIGURE 4 (a) Experimental titration curves of (1) HCI solution (control) and (2) HCI solution in the presence of Actlli(1). (b) Raman
spectra of Actlli(1) at pH (1) 7.60, (2) 4.70, and (3) 3.70. Concentration of Actlli(1) was constant Cacyu(1y = 2 10~*M. Error bars are smaller

than the corresponding symbols at the titration curves.
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FIGURE 5 (a) Experimental titration curves of (1) HCI solution (control) and (2) HCI solution in the presence of Actlli(2). (b) Raman
spectra of Actlli(2) at pH (1) 6.10, (2) 4.20, and (3) 3.50. Concentration of Actlll(2) was constant Cacunz) = 2.1 10~*M. Error bars are

smaller than the corresponding symbols at the titration curves.

(C—C=C) and wv(e—N=C) groups (1491 and
1266cm™ ") are not changed, even at rather low pH
values (Fig. 5b). In the region of carbonyl
vibrations (v =1620-1670 Cm_l), sufficiently clear-
cut and reproducible spectra was not obtainable,
therefore these results are not discussed here.

Comparing Figs. 4b and 5b, a significant differ-
ence is noted between the Raman spectra of the
ActlIlI(1) and ActIll(2) samples in both neutral and
acid solutions (spectra 1 and 3, respectively). This
fact is explained by the different structures of these
samples, as synthesis of actinocin derivatives is a
multistage process. Therefore, it is difficult to
separate the individual synthesized (nonsymmetrical
and symmetrical) samples.”!

Titration Curves of
Dimethylaminoalkyl Derivatives
Actll-ActV

Figure 6 represents the titration curves of actinocin
derivatives with different numbers of methylene
groups in the side chain (Actll-ActV). It is possible
to note that the derivatives with four and five
methylene groups (ActlV and ActV) are not
practically protonated in the chosen range of HCI
concentrations.
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Binding of Actinocin Derivatives to
Thymus DNA at Different lonic
Strengths

Figure 7 shows the absorption spectra of mixtures
of the ActIII(1) and ActIlI(2) cations with calf thymus
DNA at the constant total concentration of ligands.
It can be seen that the absorption spectra of

—o—1

Cx10"M

FIGURE 6 Experimental titration curves of actinocin deriva-
tives with dimethylaminoalkyl side chains having different
number of methylene groups: (1) control; (2) Actll, Cpocty =
3.3x10°°M; (3) Actlll(2), Cactmz =2.1x10*M; (4) Actlv,
Cactiv = 4.2x10°°M; and (5) ActV, Cactv = 7.8 x 10 °M. Error
bars are smaller than the corresponding symbols at the titration
curves.

Raman spectroscopy of actinocin derivatives in acid solutions
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FIGURE 7 Absorption spectra of Actlli(2)-DNA (a) and
Actlli(1)-DNA (b) mixtures at constant concentration of Actlli(2)
(Cactinzy = 3.16 x 10 °M) and Actlli(1) (Cactur) = 4.07 x 10 M)
and different DNA concentrations in solution at 2 x 10~2M NaCl,
pH 6.86. The closed circles denote the isosbestic points.

ActIlI(2)-DNA and ActIII(1)-DNA mixtures at each
constant ActIll concentration in broad DNA concen-
tration range intersect at the two wavelengths; i.e.,
there are two isosbestic points. That is why it is
assumed that in those Act-DNA systems, at least
two types of complexes are formed. Similar conclu-
sions were made in many experimental works for
different ligand-DNA systems.”'>™7" The first type
of complexes is formed at low P/D values, the
second type is formed at high values of P/D (where
P is the concentration of polynucleotide, and D is the
concentration of ligand).[&w]

The binding constants of these ligands to DNA
were calculated by the two type binding model in

Ju. N. Bliznyuk et al.
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FIGURE 8 Dependences of binding constants of Actlll(2) (a)
and Actlli(1) (b) to calf thymus DNA for the complexes of outside
type on In [NaCl] concentration, pH 6.86.

solutions with different NaCl concentrations using
the DALSMOD program."®'” Figure 8 shows the
logarithmic dependencies of the obtained binding
constants on NaCl concentration for the intercalation
of the first type of ActIlI(2)-DNA and ActIII(1)-DNA
complexes. It can be seen that values of these con-
stants do not practically differ for ActIlIi(2) and
ActlTII(D) ligands in solutions with low NaCl concen-
tration. Nevertheless, the plots of these dependen-
cies on In [NaCl] (o) indicate essential differences.
The slopes of the logarithmic plots in Fig. 8 are
o = —1.15 for Actlll(2) and o = —0.65 for ActIII(1).
According to the polyelectrolyte theory of Record
et al. 2 Sharp,m] and Misra and Honig,m] the dis-
tinction between o values is more consistent with
the lesser value of the ActIlI(1) molecule charge in
solution at pH 6.86 than for ActITI(2). This conclusion
is in good agreement with our titration results for
these drugs presented above.

Similarly, we suppose that the observed differ-
ences of the biological activities of ActIlI(2) and
ActllI(1) ligands can be explained not only by
various length and structures of their side chains'>?
but, to some extent, by differences in values of posi-
tive charges of these molecules in neutral solutions.
This can lead to various molecular mechanisms of
complex formation of these ligands to DNA matrix.

CONCLUSIONS

The actinocin derivatives with a different structure
of side chains have been investigated by the methods
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of spectrophotometry, pH-metry, and Raman
spectroscopy. It has been shown that the investi-
gated samples of actinocin derivatives have a differ-
ent charge of cation in neutral water solutions. For
the first time, the assignment to characteristic
frequencies of Raman spectra of the main functional
groups of actinocin derivatives in protonated and
nonprotonated states has been made. Comparison
of Raman spectra of newly synthesized actinocin
derivatives has shown that the chemical modification
of the phenoxazone ring starts only at low values of
pH < 3.5. The actinocin derivatives ActIl, ActII(2),
ActlV, and ActV are doubly charged cations in
neutral solution. The analysis of interaction of
ActIlI(1) and ActIlI(2) with DNA at various ionic
strengths allowed the conclusion that these samples
have different values of positive charge.
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