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Abstract: Platinum anticancer drugs inhibit the division of cancer cells through a DNA binding
mechanism. The bimetallic platinum compounds have a possibility for blocking DNA replication via
the cross-linking of DNA functional groups at different distances. Many compounds with metals
of the platinum group have been tested for possible antitumor activity. The main target of their
biological action is a DNA molecule. A combined approach to the study of the interaction of DNA
with biologically active compounds of this type is proposed. The capabilities of various methods
(hydrodynamic, spectral, microscopy) in obtaining information on the type of binding of coordi-
nation compounds to DNA are compared. The analysis of DNA binding with platinum binuclear
compounds containing pyrazine, tetrazole, 5- methyltetrazole, 3-propanediamine as bridging ligands
in a solution was carried out with the methods of circular dichroism (CD), luminescent spectroscopy
(LS), low gradient viscometry (LGV), flow birefringence (FB) and atomic force microscopy (AFM).
The competitive binding of different platinum compounds to DNA and the analysis of platinum
attachment to DNA after protonation of its nitrogen bases simply indicates the involvement of N7
guanine in binding. Fluorescent dye DAPI was also used to recognize the location of platinum
compounds in DNA grooves. DNA conformational changes recorded by variations in persistent
length, polyelectrolyte swelling, DNA secondary structure, and its stability clarify the molecular
mechanism of the biological activity of platinum compounds.

Keywords: DNA-platinum complexes; binuclear platinum (II) compounds; pyrazine; tetrazole;
1,3-propanediamine

1. Introduction

Since it is a well-known fact that nuclear DNA is the main target for platinum antitu-
mor drugs in vivo, the study of DNA interaction with novel platinum compounds in vitro
is an effective way to reveal the molecular basis of their possible biological activity. It is
also the easiest way to select the most promising compounds for further testing. New
trends in molecular medicine are associated with the creation and usage of multi-functional
complexes to solve several problems at once [1-7]. In this connection, metal coordination
compounds can act not only as anticancer drugs, but also as excellent agents that provide
the involving of different ligands into multifunctional construction via coordination bonds.
Note that binuclear coordination compounds can form bridging bonds between distant
regions of biopolymers. DNA’s ability to form various ordered nanoscale structures by
complexation with synthetic polymers, charged compounds, surfactants, and others agents
may be used in these technologies as well. Therefore, the understanding of the molec-
ular mechanism of DNA binding with coordination compounds is of great interest for
many reasons.
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Since the discovery of the anti-tumor activity of cisplatin (cis-DDP) [8,9], only a
very few other platinum compounds were introduced into clinical practice [10-12]. It is
known that the activity of platinum compounds may be improved by the introduction of
heterocyclic ligands containing N donor atoms [13-17]. For example, tetrazole [18,19] and
pyrazine [20,21] are used as ligands for coordination compounds. The usage of binuclear
coordination compounds has high potential for drug design [19,22-25]. Unlike cisplatin,
such complexes are usually electrolytes with good solubility in water. The understanding
of how platinum compounds bind to DNA molecules in a solution may help to find their
structural features responsible for preventing DNA replication. Indeed, the inhibition of
cell division is usually explained by the coordination of platinum to DNA [26,27].

Water—salt solutions are close to the natural environment in the cell and are suitable
to study the DNA interaction with potential drugs. Analysis of the DNA interaction
with new compounds in vitro, combined with a comparison of the obtained data with the
result of DNA-cisplatin binding, is a convenient method for selecting the most promising
compounds for further in vivo testing.

It should be noted that a specific DNA methylation is one of the important events
among the range of alterations found in tumor cells [28-30]. Therefore, during in vitro
studies, we must keep in mind that similar variations of the chemical structure of DNA
bases can influence DNA-platinum binding in vivo. In addition, cytosine methylation plays
a crucial role in the development of acquired chemoresistance, including when using cis-
DDP [31-35]. These events modify the electronic structure of heterocycles. Of course, this
affects the binding of platinum to DNA. In this case, additional coordination of binuclear
platinum compounds with DNA can promote the formation of complexes that prevent
DNA replication.

DNA-platinum interaction has been studied in great detail, although there are still
unresolved issues related to this interaction. Different methods have been used to consider
this interaction. Some methods (NMR, spectral methods) provide information about
binding positions and about the state of the secondary structure of DNA, other methods
(electrophoresis, sedimentation, viscometry, light scattering) allow us to evaluate global
conformational changes in DNA during the interaction, scanning microscopy makes it
possible to visualize structural DNA changes in the formation of platinum-DNA adducts.

We should also mention such methods of analysis of DNA interaction with platinum
compounds as the FRET-melting method and Fluorescent intercalator displacement (FID)
assay. The FRET-melting method is one of the effective approaches for the analysis of the
interaction of nucleic acids with different ligands, including platinum complexes with DNA
quadruplexes [36]. It is known that platinum complexes have an affinity for G-quadruplex
DNA [37,38]. G-quadruplexes formed in human telomeres are considered attractive targets
for anticancer drugs. For example, it was shown that telomeres in cisplatin-treated HelLa
cells are markedly shortened and degraded [39]. Possibly, a platinum affinity for G-
quadruplex DNA and the role of N7 guanine in the binding of Pt complexes to DNA may
explain the activity of cisplatin.

The fluorescence-based Forster Resonance Energy Transfer-melting method is based
on the stabilization of nucleic acid structure induced by ligands. This method has been used,
for example, to estimate whether a compound is a good quadruplex ligand or not [40,41].
We did not use this method in our work due to significant inconvenience when using high
molecular weight DNA.

Fluorescent intercalator displacement (FID) is also one of the methods used to analyze
the binding of ligands to DNA [36,42,43]. It is a convenient tool for understanding the type
of binding and for assessing the relative binding affinities of compounds to DNA. A dye
molecule with a greater fluorescence intensity, when bound to DNA, is used. It can be
displaced by a ligand during its binding to DNA. As a result, one can see a reduction in the
fluorescence intensity of the dye. The traditional FID is based on the intercalation of the dye
molecule into DNA. Nevertheless, any mode of dye binding to DNA which may actually
cause a decrease in fluorescence after dye release from DNA to solution can be used.
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We propose an integrated approach to the analysis of DNA interaction with biolog-
ically active compounds, based on the usage of the set of experimental methods. Along
with well-known methods, we propose to use such approaches as the analysis of DNA
protonation in complexes with platinum compounds or the analysis of competition between
various platinum compounds for binding sites on DNA, as well as competition between
the selected platinum compound and the fluorescent dye DAPI, which can bind to DNA
at known positions. We focused on the analysis of DNA conformational changes in com-
plexes with binuclear platinum (II) compounds with tetrazole, 5-methiltetrazole, pyrazine,
and 1,3-propanediamine ligands. The combination of spectral (UV spectroscopy, circular
dichroism), hydrodynamic (low gradient viscosity and flow birefringence) methods, and
atomic force microscopy (AFM) made it possible to monitor the state of the DNA secondary
structure and change in the DNA conformation (persistent length, shape, size and poly-
electrolyte swelling of the molecular coil). We have used 0.005 M NaCl as a supporting
electrolyte. We examine the interaction of DNA with binuclear compounds containing one
or two common heterocyclic ligands.

2. Materials and Methods

We have used the high molecular calf thymus DNA (Sigma—-Aldrich, St. Louis,
MO, USA). The molecular mass of DNA M = 10”7 was determined by the usage of the
value of the DNA intrinsic viscosity [#] (in dL/g) in 0.15 M NaCl with the formula [44]:

7] =6.9-107* M%7

DNA sample was dissolved in distilled water at a room temperature, and after 5 days
of storage at 4 °C a certain amount of salt solution (1 M NaCl) was added to achieve
0.005 M NaCl. Then, this prepared DNA solution was filtered and used as the initial stock
solution. The DNA concentration in a stock solution was determined from the difference in
the absorbance AD at two wavelengths 270 and 290 nm after DNA hydrolysis at 100 °C
in 6% HCIOy for 15 min [45].: This approach (determining the DNA concentration using
pre-hydrolyzed solutions) makes it possible to control the stability of the DNA double
helix in complexes by determining its molar extinction coefficient from the absorption of
solutions at 260 nm: Epgo(P) = 31.1 x Dygo/C(DNA,%). If necessary, the DNA solutions in
1 M NaCl were prepared by the adding of NaCl solution with a higher concentration.

Figure 1 shows the structure of the platinum compounds used. Platinum compounds
were obtained by procedures described in [15-17,23-25].

The binuclear Pt1 compound has two common tetrazole ligands. Binuclear platinum
compounds named as Pt2, Pt3, and Pt4 (Figure 1) consist of two Pt(II) atoms with two am-
monia ligands in cis-configuration and one bridging ligand (tetrazole, 5- methyltetrazole, or
pyrazine). A sufficiently long chain (1, 3-propanediamine) in a trans-position to the chlorine
ions links two platinum atoms in Pt5. We use also cis-DDP and trans-DDP compounds.
DNA interaction with Pt4, trans- and cis-DDP were studied earlier [21,46—48]. Several
experimental data for these compounds were obtained in this research for comparison.

2.1. Low Gradient Viscosity, (LGV)

The relative solution viscosity #, = 77—0 (where y—is the viscosity of the solution and
170—is the viscosity of the solvent) was measured at different velocity gradients g in the
range of g = (0.5 -+ 2) s~ 1. The usage of 7, value at g—0 and DNA concentration c gives the

reduced viscosity of the DNA solution 7.4 = =1 The extrapolation of the dependence of

—
’7"771 on ¢ to zero-concentration allows us to determine the DNA intrinsic viscosity [#]:
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Figure 1. The structure of binuclear platinum compounds.

For DNA with molecular mass M > 2 x 10° the model of swollen statistical coil in
a solution can be used. The Kuhn’s model of polymer chain (freely jointed chain, FJC)
with the hydrodynamic length L and the average length of the statistical segment A is
suitable. The worm-like chain with the persistence length p can also be used to describe the
conformation of DNA in a solution. The parameter <h? > /2 (the mean square distance
between the ends of the polymer chain) defines the linear size of the molecular coil. The
relation <h?> = LA (for Kuhn’s model) is correct for macromolecules in the absence of
volume effects (ideal solution). The length of the statistical segment A indicates the chain
rigidity. For a long polymer chain with more than 10 segments the A value links with DNA

persistent length p as A = 2p.

The value [7] for high molecular mass DNA is related to DNA conformation parame-
ters by Flory’s formula (see, for example, [49]):

NI

_e0d)? _ wep)?

M Vi )

Here, @ is the Flory parameter, M is the molecular mass of DNA, L is the hydrodynamic
length of the DNA molecule, and « is the linear swelling coefficient defining the volume
effects, including the polyelectrolyte swelling. For the real polymer solution we have

<h?>1/2 = o(LA)Y/2 = a(L2p)1/2.

In our research, we use viscometric titration. The dependence of the reduced viscosity
of DNA solutions on the concentration of platinum compounds at constant DNA concen-
tration reflects the change in the volume of DNA random coil at constant M and L. The
swelling (or packing) of the molecular coil can be caused by variation in DNA persistent
length p or/and by the change in the electrostatic interactions and polyelectrolyte volume
effects (they contribute to « value).
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2.2. Flow Birefringence (FB)

The birefringence An of DNA solutions of different concentration value ¢ was mea-
sured at different velocity gradients g. The value (An/g) at g — 0 was determined. The
laminar flow that occurs during the experiment provides the orientation of ellipsoidal
molecular coils. The value (An/g); — o/c1o at ¢ — 0 was used to find the dynamo-optical
constant [n]. This value together with the intrinsic viscosity of DNA [#] can determine
the optical anisotropy of the polymeric coil. The difference in the polarizabilities of the
statistical segment (x; — &) along (¢1) and across («;) the axis of the DNA double helix
can be calculated with the formula [50]:

] 4n (2-1)°
7]~ 45kTns  ng (o1 = az) @

The statistical segment of double-stranded DNA consists of 250-280 base pairs [39].
For DNA the following equation is valid:
lim A
S g 21y
(r =10~ 45kTns  ns

(a1 —a2) 3)

Indeed, due to the giant intrinsic (inherent) optical anisotropy of DNA, which is two
orders of magnitude greater than the optical anisotropy of the macromolecule due to the
so-called shape effect, we can use the ratio obtained for certain concentrations of DNA

without extrapolating to ¢ = 0. Hence, an optical anisotropy of DNA statistical segment
(An/g) g

(a1 — ap) can be determined for any concentration of DNA from the value (Wr*l)voo' Itis

known that
(x1 — a2) = SAB = (A/DAB, 4)

where S—is the number of base pairs in the statistical segment, [—is the base pair length
along the DNA axis (0.34 nm), A = 2p (p—is the persistent length of DNA), Af—is the
optical anisotropy of a base pair along and across the axis of the DNA helix.

All hydrodynamic measurements in our research were performed at a temperature
of 21 °C.

2.3. Spectral Methods

UV absorption spectra of DNA in complexes with platinum compounds were recorded
using an SF-56 Spectrophotometer (OKB Spectr, Saint Petersburg, Russia). Circular dichro-
ism (CD) spectra were recorded with Mark IV Autodichrograph (Jobin Ivon, Villeneuve-
d’Ascq, France). The circular dichroism value Ae = AD/cd (Ace is the difference in extinction
coefficients determined from the difference in the absorption AD for left and right circular
polarized light, c—is the DNA molar concentration, and d is the optical pathway). The
luminescence of solutions was measured with a Hitachi-850 fluorescence spectrometer
using a 1 cm—thick quartz cuvette after the solutions were held for 1 h at the ambient
temperature. Luminescence excitation and the emission spectra were corrected for the
spectral sensitivity of the instrument.

2.4. Atomic Force Microscopy (AFM)

The images of DNA and its complexes with platinum compounds were obtained on
a freshly chipped mica surface. Appropriate exposure for 10 min was performed after
applying a drop of a DNA solution with various compounds containing magnesium ions
to better fix the DNA. Unfixed molecules were washed off. Then the sample was dried, and
direct scanning was performed with NanoScope 4a (Bruker, Santa Barbara, CA, USA).
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3. Results and Discussion

The absorption spectra and other experimental data for DNA-platinum complexes
were usually obtained after one-day storage of resulting solutions at 4 °C. This was done to
make sure that coordination bonds had formed.

Platinum compounds with heterocyclic ligands have an absorption in the UV region
that partly overlaps with the DNA absorption band. In most cases, the contribution of
platinum compounds to examined absorption spectra is much smaller than the absorption
DNA. The linear dependence of the optical density of the solutions of platinum compounds
on their concentration C(Pt) (in the used range of concentration) shows the absence of any
aggregation in solutions with 0.005 M NaCl. A certain salt concentration is present in all
investigated solutions to exclude changes in electrostatic interactions.

Assuming that the absorption of free binuclear compounds is the same as their ab-
sorption in complexes with DNA, we can calculate DNA spectra in complexes (see, for
example, Figure 2A for Pt2). One can see that the binding of Pt2 causes the emergence of
a long-wave “shoulder” in the DNA absorption band with small hypochromism at low
C(Pt) followed by a hyperchromism at higher C(Pt). Hereinafter, C(Pt) indicates the molar
concentration of the compound. The same result was obtained for DNA-cis-DDP complexes
(Figure 2B). The bathohromic shift of maximum can be caused by the involvement of N7
guanine (N7G) in binding. The increase in DNA absorption can be explained by the local
destruction of DNA base pairs stacking. One can see similar spectral changes observed
for DNA in complexes with Pt1, Pt2, Pt3 and cis-DDP (Figure 3). The basic model for
cis-DDP binding to DNA is the bidentate platinum coordination to adjacent guanines (or
guanine and adenine) of the same DNA strand (so-called intrastrand crosslinks) [51-53].
It should be noted that cis-DDP can also form two coordination bonds with DNA bases
from opposite strands (interstrand crosslinks) [54-56]. Interstrand crosslinks explain better
the blocking of the DNA replication, although the number of these complexes in a cell
is quite small. The binding like the chelate complex with N7 (N7G) and O6 of guanine
can also be formed. It is known that the binding of positively charged ligands to N7G in
a major groove of DNA induces the bathochromic shift of the band maximum with the
hypochromic effect at 260 nm at low ligand concentrations followed by the hyperchromism
at a high concentration of ligands in DNA solutions [57,58].

D¢

0.4 4

0.2

220 240 260 280 300

220

240

(A)

280 300
A, nm

(B)

Figure 2. (A) Calculated DNA absorption spectra in complexes with Pt2 in 0.005 M NaCl
(A) at C(Pt2) x 10°=0(1), 1.5 (2), 3.4 (3), 4.9 (4), 6.4 (5) and spectrum of Pt2 without DNA at
C(Pt2) = 3.42 x 1075 (6), C(DNA) = 0.0024% =7.2 x 10~> M (P); (B) absorption spectra of DNA in
DNA-cis-DDP complexes C(Pt) x 10° =0 (2), 1.2 (3). 2.2 (4), 3.9 (5), 5.6 (6). Spectrum for cis-DDP (1)
was registered at C(Pt) =3.9 x 107> M.
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Figure 3. Differential absorption spectra (calculated absorption of DNA in complexes minus ab-
sorption of free DNA) for DNA complexes in 0,005 M NaCl with cis-DDP (A) at C(Pt) x 10° =
complexes C(Pt) x 10° = 1.2 (1). 2.2 (2), 3.9 (3), 41 (4), 5.6 (5); for DNA complexes with Pt2
(B) at C(Pt2) x 10° =1.5(1), 2.0 (2), 3.9 (3), 4.5 (4), 6.4 (5); for DNA complexes with Pt3 (C) at
C(Pt3) x 105 =1.6 (1), 2.4 (2), 3.8 (3), 4.6 (4), 6.4 (5) and for DNA complexes with Pt1 (D) at
C(Pt1) x 10° = 0.54 (1), 2.7 (2), 3.8 (3), 5.4 (4).

In this way, the similar changes in DNA spectrum in complexes with Ptl1, Pt2, Pt3,
and cis-DDP may specify that N7G is the important binding site for binuclear platinum
compounds. From the comparison of the structure of these compounds follows that the
difference in the structure and numbers of the common ligands does not affect the result
of the experiment. We can assume that DNA interacts only with one platinum atom of
binuclear compounds, and chromophores of platinum compounds (common ligands) do
not participate in this binding.

Circular dichroism (CD) spectra of DNA-platinum adducts depend on the type of
platinum binding to the macromolecule [59-61]. An increase in the intensity of the positive
band in CD spectra observed for DNA adducts with cis-DDP at a low concentration
of platinum compound indicates the formation of intrastrand crosslinks (Figure 4B). A
decrease in the intensity of positive CD band registered at a higher cis-DDP concentration
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as well as for DNA-trans-DDP adducts indicates the other type of binding. The positive
band amplitude in CD spectra of DNA in complexes with Ptl, Pt2, Pt3, Pt4, and Pt5
(see, for example, Figure 4A) does not increase in contrast to that observed for DNA in
complex with cis-DDP. We can explain this result by the absence of the appropriate type of
platinum binding to DNA. The monodentate coordination of platinum atom to N7G may
be supposed. It should be emphasized that the platinum compounds under investigation
do not show themselves any optical activity.

Ag/(Ag),

e -1
10 0 -2
m -3

0.5 1 \%
o 2 ] 6 8 10

' ' ' ' Cx10°, M
240 260 280 300
A,nm
(A) (B)

Figure 4. CD spectra of DNA in complexes with Pt3 in 0.005 M NaCl (A), and the dependence of the
relative change in the amplitude of positive maximum of DNA CD spectra (B) on concentrations of
Pt3 (1), Pt4 (2) and cis-DDP (3).

Previously, we have studied in detail the interaction of Pt4 binuclear compound with
DNA in 0.005 M and 1 M NaCl [21]. Let us compare the influence of Pt1, Pt2, Pt3 and Pt4
on the DNA structure. All these binuclear compounds are electrolytes, unlike cis- and
trans-DDP. They are soluble in water with the dissociation of chlorine ions. The positive
charge of platinum compounds can increase after further replacing of chlorine ions by
water molecules within the coordination sphere of Pt2, Pt3, Pt4. DNA charge density is
extremely high, and the negative phosphates easily attach positively charged platinum
complex ions. The electrostatic attraction of platinum compounds to DNA contributes
to further coordination of platinum to heterocyclic nitrogen atoms of bases. N7 atoms
of guanine (N7G) and adenine (N7A) are located in a more hydrophilic major groove of
DNA. These sites are most accessible to formation of platinum adducts. The generally
accepted viewpoint is that cis-DDP forms two coordination bonds with N atoms of the
adjacent DNA purine bases (1,2 intrastrand bidentate coordination). The N7 and O6 atoms
of guanine provide an attractive position for the location of positively charged complex
ions, whereas NH; of adenine is a less convenient neighbor. In this way, platinum binding
with guanine is more favorable than a similar interaction with adenine. Other possible
sites for the coordination of platinum (N3 cytosine and N1 adenine) are involved to the
hydrogen bonds with complementary bases. They can be accessed only after a partial
destruction of the double helix. Therefore, N7G or/and N7A atoms are first binding sites
on the bases of double stranded DNA. The cis-DDP may form interstrand bifunctional
adducts with the destruction of hydrogen bonds in the GC pair and some unwinding of
the helix at the site of platinum binding. Monofunctional adducts can also occur. The
addition of NaCl as a supporting electrolyte allows us to control the ionic strength in DNA
solution. At high NaCl concentration (1 M) the polyelectrolyte swelling of DNA molecule
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is suppressed. The negative charges of phosphate groups are shielded effectively by Na*
ions. It was shown that cis- and trans-DDP do not interact with DNA in 1 M NaCl [46,47].

Similarly, DNA interaction with Ptl1, Pt2, Pt3 and Pt5 is not observed at high salt
concentrations. This result indicates the important role of electrostatic interactions in
platinum binding to DNA. Contrary to that, it was shown that Pt4 could form complexes
with DNA in 1 M NaCl [21]. The charge of Pt4 is 2+ after being dissolved in water.
Previously it was shown that divalent and trivalent metal ions can interact with DNA in
1 M NaCl [58,62,63]. Apparently, a greater charge of Pt4 compounds in DNA solution is
responsible for the formation of their complexes with DNA in 1 M NaCl. The difference
in binding of Pt4 and other binuclear platinum compounds to DNA is observed also in
0.005 M NaCl (see Figure 4B). The compound Pt4 has a heterocyclic pyrazine in contrast to
a smaller ring of tetrasole and methyltetrasole in Pt1, Pt2, and Pt3 compounds. We have
suggested that the type of the heterocyclic ligands in the binuclear compounds determines
the geometry of the compound and the ability of the coordination of both platinum atoms
to DNA in bidentate complexes. Indeed, the binding of Pt4 causes changes in DNA CD
spectra similar to that observed for Pt2 and Pt3, but at concentrations two times smaller (see
Figure 4B). This can indicate that Pt4 binds to DNA via two platinum atoms, in contrast to
one platinum atom for Pt2 and Pt3. Note that Pt1 differs from other binuclear compounds
by the presence of two common heterocyclic ligands. Nevertheless, Ptl causes a change in
DNA absorption in complexes similar to that observed for DNA binding with Pt2 and Pt3.
This also indicates that heterocyclic ligands of Pt1, Pt2, and Pt3 do not participate in the
formation of complexes with DNA.

Global conformational changes of the DNA molecule in complexes with platinum
compounds are observed by hydrodynamic methods (Figure 5). The combination of low
gradient viscometry with flow birefringence method allows checking the volume of DNA
macromolecular coil and its persistent length. Indeed, the segmental optical anisotropy
(1 —xy) is determined by the number of the base pairs in DNA statistical segment (Kuhn
segment). Since all platinum compounds have or acquire a positive charge in the solution,
the change in DNA solution viscosity can also indicate the variation of DNA polyelectrolyte
swelling. Figure 5A shows a fall in DNA solution viscosity with the rise of Pt1, Pt2, Pt3,
cis-DDP and trans-DDP concentration (the experimental errors are indicated as a size of
signs in Figures).

The decrease in reduced viscosity of DNA solution reflects the shrinkage of the DNA
coil due to the excluded volume effects and/or the reduction in the chain rigidity (DNA
persistent length). The dependences in Figure 5 indicate the existence of at least two binding
modes for cis-DDP (at low and at high C(Pt)). There are bidentate complexes without
destabilization of the double helix at low C(Pt) that cause a decrease in viscosity without
hyperchromism and without change in the DNA optical anisotropy. Further decrease in
DNA volume with the drop in DNA optical anisotropy (in DNA persistent length) with
a local unwinding of the helix and some destabilization of DNA secondary structure is
observed at C(Pt) > 3 x10~° M. Intrastrand crosslinks do not cause destabilization of
the double helix because of the excellent steric coincidence of the distances between the
adjacent bases in DNA strand and between the chloride ions in cis-DDP. We believe that
the first adduct of DNA and platinum (1,2-intrastrand crosslink) is supplemented by the
appearance of a second type of complexes transforming DNA secondary structure. The
formation of interstrand crosslinks (coordination bonds of platinum with the bases on
the opposite DNA strands) is becoming possible. Spectral data show an increase in DNA
absorption with a decrease in the intensity of the CD positive band. Local bending of
DNA helix can also induce a decrease in the optical anisotropy of DNA [21,48]. Trans-DDP
binding also induces the decrease in the volume of the DNA molecular coil, but the increase
in (1 — o) value is observed. The local destabilization in base stacking at high C(Pt)
influences the (x; — o) value at higher trans-DDP concentration.
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These experiments imply that trans-DDP and cis-DDP cause fundamentally different
changes in DNA conformation. Indeed, their binding to DNA shows different effects on
DNA optical anisotropy, on DNA volume in a solution, and on DNA spectral properties.
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Figure 5. Relative change in the reduced viscosity of DNA solutions (A); in DNA segmental optical
anisotropy (B) with the increase of C(Pt) for Pt1 (1), Pt2 (2), Pt3 (3), cis-DDP (4), trans-DDP (5).
(C) shows the dependence of the relative change in the segmental optical anisotropy (1) and in the

intrinsic viscosity (2) of DNA on C(Pt) for Pt4 (a) and Pt5 (b). All measurements were carried out in
0.005 M NaCl.
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The decrease in the reduced viscosity of DNA solutions and change in DNA segmental
optical anisotropy as a result of DNA binding with Ptl, Pt2, and Pt3 show that these
binuclear compounds have a similar influence on DNA conformation to that observed
for cis-DDP-DNA interaction (Figure 5A,B). However, in this case, we cannot distinguish
two types of binding from the data of hydrodynamic methods, although the spectral data
indicate this (Figure 2).

Figure 5 shows also that the binding of the compound Pt5 (a binuclear compound
with a long linker in trans-configuration) induces an increase in the DNA intrinsic viscosity
in contrast to all binuclear platinum compounds under study, because of intermolecular
crosslinking (Figure 5C). Both platinum atoms in Pt5 link non-adjacent DNA groups. The
DNA optical anisotropy changes with the rise of Pt5 concentration similar to that observed
for complexes with Pt1, Pt2 and Pt3, but at a concentration twice smaller (similar to Pt4),
which may indicate the formation of DNA bonds with two platinum atoms. Figure 5C
indicates also the unique type of Pt4 binding to DNA. The compound structure allows DNA
binding with two platinum atoms. The drop of viscosity and of DNA optical anisotropy at
low Pt4 concentration is followed by their increase at higher C(Pt4). That can be explained
by two alternative binding modes in DNA solutions at different concentrations of Pt4. The
structure of the compound provokes a sharp bend of DNA double helix (a kink) after the
formation of two coordination bonds of Pt4 with DNA. This bending causes change in
the DNA optical anisotropy (in the persistent length of DNA). The drop in the persistent
length of DNA causes a corresponding decrease in DNA intrinsic viscosity. With the rise
of C(Pt4) the second type of binding (DNA binding with one platinum atom) becomes
more profitable, and the DNA conformation transforms similar to that in complexes with
trans-DDP. The pyrazine ligand can be fixed in the major groove of DNA.

We emphasize once again that the experimental data allow us to conclude that Pt1, Pt2,
and Pt3 demonstrate similar influence on DNA conformation and have common features
with that of cis-DDP-DNA complexes, with the exception of the ability to form crosslinks.
We eliminate the bidentate coordination of each platinum atom in Pt1, Pt2, and Pt3. We
suggest that DNA interacts only with one platinum atom of these compounds.

Fluorescent intercalator displacement (FID) is a convenient tool for understanding the
type of binding and for assessing the relative binding affinities of compounds to DNA. We
have used the fluorescence dye DAPI and analyzed its possible competition with platinum
complexes for the binding sites in a minor groove of DNA. It was done to clarify the
position of platinum complexes on DNA. It should be noted that DAPI is not a classic
intercalator, in contrast to EtBr, for example. However, the method used in this work is
based on a similar approach.

The luminescence of DAPI (4’,6-diamidino-2-phenylindole) and EtBr (ethidium bro-
mide) dyes after their binding to DNA-platinum adducts was studied to elucidate the
binding sites of biplatinum compounds on DNA [64-66]. It was shown that DAPI can form
complexes in the DNA minor groove with the preferential binding to A-T pairs [67,68].
The possibility of dye intercalation or partial intercalation with the formation of hydrogen
bonds with DNA groups in the minor groove is being discussed. When DAPI heterocycles
intercalate (or partially intercalate) between planar hydrophobic DNA bases, DAPI becomes
virtually unsusceptible to external influences and demonstrates a very high fluorescence
quantum yield. This binding with the binding constant K = (3.0 &= 0.5) x 10° M~ and with
the number of binding sites n = 0.02 (approximately one DAPI molecule per 50 DNA base
pairs) causes the DAPI luminescence with the maximum at 460 nm (Aex = 340 nm). An
increase in DAPI concentration causes its binding with DNA phosphates with the DAPI
luminescence at 540 nm (Aex = 420 nm). When the concentration ratio C[DAPI]/C[DNA]
reaches z = 0.3 two binding modes can be well distinguished in the luminescence spectra
(Figure 6). We studied the formation of DAPI binding to DNA after or before platinum
coordination to DNA. Figure 6 demonstrates data obtained for DNA complexes with Pt2.
Other binuclear compounds show similar results.
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Figure 6. Absorption spectra (A) of DAPI in complexes with DNA in 0.005 M NaCl (1), DAPI in com-
plexes with DNA after the addition of cis-DDP (2) and after the addition of Pt2 (3); after the addition
of DAPI to the solution with DNA-cis-DDP (4) and with DNA-Pt2 (5) adducts; absorption of DNA-
Pt2 (6), DNA-cis-DDP (7) and DAPI (8) solutions. C(DNA) = 1.5 x 1072 M, C(DAPI) =5 x 107 M,
C(Pt) = 4 x 10~° M. Luminescence spectra (B,C) of DAPI in complexes with DNA in 0.005 M NaCl at
Aex = 340 nm (a) and Aex = 420 nm (b) for same systems. (D) Comparison of data presented in (B) and
in (C): black bars—the strong binding of DAPI in DNA minor groove (Aex = 340 nm, Aem = 420 nm);
shaded bars—the electrostatic binding of DAPI with DNA phosphates (Aex = 420 nm, Aem = 620 nm).

Two different schemes were developed for the mixing of DNA, DAPI, and Pt2 solutions
in 0.005 M NaCl: (1) DNA-DAPI complexes were formed, and Pt2 solution was added
later; (2) the DAPI solution was added to the solution with DNA-Pt2 complexes (after
one-day storage of DNA solution with Pt2). The measurements were performed one day
after the second mixing. The concentrations of DNA, DAPI, and Pt2 were the same in all
systems including the control DNA-DAPI and DNA-Pt2 solutions. Cis-DDP was used for
comparison in a similar experiment.

The absorption band of DAPI (out of DNA absorption area) in complexes with DNA
is not noticeably changed after the addition of cis-DDP. Indeed, the dye is localized in the
minor groove of DNA or near the phosphates, whereas cis-DDP interacts with N7G or N7A
in the major groove. On the contrary, the addition of Pt2 returns DAPI absorption to that
typical for the free DAPI molecules. One can see this result in all solutions with DNA-Pt2
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complexes. We can conclude that the presence of Pt2 in a solution prevents DAPI from
binding to DNA.

The DAPI luminescence in complexes with DNA at Aex = 340 nm (the maximum of the
DAPI absorption band) at z = 0.3 produces a wide band ¢ with a maximum at 490 nm due
to the coexistence of several spectral forms of DAPI (Figure 6B). Two different DAPI-DNA
complexes (a strong binding in the minor groove and an electrostatic binding with the
DNA phosphates) and free DAPI determine the luminescence of examined solutions. The
addition of cis-DDP to the solution with DNA-DAPI complexes, as well as DAPI binding to
DNA-cis-DDP complexes (Figure 6B, spectra 2 and 4) cause a slight decrease in the DAPI
luminescence without sufficient change in the shape of the spectrum. This result shows
that cis-DDP does not prevent the binding of DAPI with DNA in a minor groove. The
addition of Pt2 to the solution with DNA-DAPI complexes almost completely quenches the
luminescence of DAPI associated with phosphates, but has no influence on the strong dye
binding in the DNA minor groove. We can conclude that the electrostatic interaction of
binuclear compounds with DNA phosphates plays a more visible role compared to that
of cis-DDP. It follows that Pt2 is located near phosphates or within the major groove and
does not prevent DAPI binding with DNA in the minor groove. One can see that in this
experiment the addition of Pt2 really quenches the luminescence of DAPI localized on
DNA phosphates.

The main conclusion from these experiments is that Pt2 and cis-DDP are located out
of DNA minor groove. However, Pt2 binding to DNA more effectively prevents the DAPI
interaction with DNA phosphates.

How can we check whether the coordination bonds of DNA with binuclear compounds
are formed? It is known that during the equilibrium binding of ligands with DNA the ratio
of free and bound ligands in a solution change with the varying in DNA concentration.
It is necessary to keep this ratio constant with the dilution of the stock solution during
the experiments. It is known that the intrinsic viscosity of DNA can be determined by the
extrapolation of the dependence of reduced viscosity on DNA concentration ¢(DNA) to
¢(DNA) = 0. This dependence becomes nonlinear when the ratio of free and bound ligands
changes. However, for complexes with coordination of platinum to DNA (being formed
for quite a long time—i.e., few hours) the intentional change in the concentration of free
ligands does not has time to influence platinum—DNA binding during the experiment.

We prepare the stock solution with DNA-platinum complexes. The dilution was
implemented in two different ways. In the first case, 0.005 M NaCl was used for the
dilution (the ratio C(Pt)/c (DNA) was constant in the experiment). The second dilution with
constant C(Pt) in DNA solutions was also performed (the solution of a platinum compound
with initial concentration was used as a solvent). The duration of the experiment (within
1 h) allows us to exclude the formation of the additional coordination bonds of platinum
to DNA. These two dilutions change the balance between fractions of free and bonded
compounds. In our experiments, both methods of dilution lead to similar concentration
dependences for DNA complexes with cis-DDP and Pt5 (Figure 7A). The results of similar
experiments with Pt1, Pt2, and Pt3 (Figure 7B) show that the correct extrapolation of the
dependences to ¢(DNA) = 0 is impossible. Hence the reason why we cannot determine
the intrinsic viscosity of DNA in complexes with compounds Pt1, Pt2, and Pt3. But
we must remember an important role of electrostatic interactions with phosphates for
binuclear platinum compounds in addition to the experimentally observed strong binding
of platinum to DNA bases. This binding with phosphates certainly depends on the dilution
method. In this case, the fraction of molecules with platinum coordinated to DNA bases
remains unchanged, but other binding with phosphates noticeably changes. This result
indicates the predominance of the equilibrium binding of platinum compounds with DNA
phosphates, but does not exclude the formation of a small number of coordination bonds.

Another way to test the formation of the platinum coordination bonds with N7 of
guanine is to study the protonation of DNA molecules in complexes with platinum com-
pounds [48]. The absorption and the CD spectra of the protonated DNA [48,69,70] reflect
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the emergence of positive charges on the DNA bases. It is known that the primary proton
acceptor group for double-stranded DNA is N7G. Indeed, other suitable groups N1A and
N3C are involved in hydrogen bonds between complementary strands. DNA protonation
depends on NaCl concentration in a solution (pK = 4.75 in 0.005 M NaCl and pK = 3.1
in IM NaCl). A typical change in the CD spectrum of DNA as a result of protonation
in 0.005 M NaCl is shown in Figure 8A. We do not observe the DNA protonation after
the formation of its complexes with cis-DDP, trans-DDP, Pt4, and Pt5 in 0,005 M NaCl at
pH < pKa (Figure 8). Our experiments indicate that platinum atoms in Pt4, Pt5, trans- DDP
and cis-DDP compounds coordinate to N7G and block this position for DNA protonation.
The absence of Pt5 coordination to N7G in 1 M NaCl is evident from the spectra (Figure 8E)
demonstrating DNA protonation under these conditions (note that for double-stranded
DNA in 1 M NaCl the pK value is smaller than in 0.005 M NaCl).

(,s1)/C, dilg (n,-1)/C, di/g = 1
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A 34
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e -1b 90+ o 2b
A 23 A 3p
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Figure 7. Dependences of the reduced viscosity of solutions on DNA concentration. Two methods of
dilution of a stock solution with DNA-platinum complexes were used: at C(Pt)/C(DNA) = constant
(a) and at C(Pt) = constant (b). (A) Results for DNA-cis-DDP adducs (1) and DNA-Pt5 adducts (2)
are shown; (B) results for DNA adducts with Pt1 (1), Pt2 (2) and Pt3 (3) in 0.005 M NaCl are shown.
C(Ptl) = C(Pt2) = C(Pt3) = 6 x 1075 M.

We also study the competition for the binding site on DNA between several coordina-
tion compounds. Figure 9 shows that Pt4 binding prevails over the interaction of cis-DDP
with DNA. The binding with N7G occurs for both compounds. It was shown that Pt4
coordinates to DNA via two platinum atoms and induces bending of the double helix.
Our results indicate that the binding of Pt4 blocks the formation of bidentate complexes of
cis-DDP with DNA. The competition for the binding sites on DNA between Pt1, Pt2, and
Pt3 with cis-DDP is not so pronounced. However, the initial binding dominates. Note that
in this experiment the concentrations of compounds are not high enough to completely
block the potential binding sites on DNA bases.

Finally, let us compare the AFM images of DNA complexes with platinum com-
pounds (Figure 10). For DNA complexes with cis-DDP one can see the occurrence of
DNA shrinkage at C(cis-DDP) = 4 x 107> M, and a lot of kinks in the DNA helix at
C(cis-DDP) = 5.5 x 10~°> M. DNA complexes with trans-DDP cause a shortening and thick-
ening of the DNA strands with the occurrence of intra- and interstrands crosslinking. The
local destabilization of the double helix [64] allows us to explain the observed structures.
The trend towards shrinkage of the molecular coil and further curtailing the chain is also
observed for DNA complexes with binuclear platinum compounds.
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Figure 8. Circular dichroism spectra of DNA in 0.005 M NaCl (A) and of DNA complexes in 0.005 M
NaCl with cis-DDP at C(cis-DDP) = 2.8 x 10~® M (B); with Pt4 at C(Pt4) = 6 x 10~® M (C); with Pt5
in 0.005 M NaCl at C(Pt5) =5 x 10~° M (D); with Pt5 in 1 M NaCl at C(Pt5) = 5 x 10~° M (E), pH
values are given near the lines.; and with Pt3 (F) in 0.005 M NaCl at C (Pt3) =0 (1) 6 x 107° M (2) and
1.07 x 1075 M (3), at pH = 6.2 (a) and 4.2 (b).
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Figure 9. UV (A-D) and CD (E) DNA spectra (1) and normalized DNA spectra in complexes with
cis-DDP (2), with biplatinum compounds, bi-Pt (3), in complexes DNA + cis-DDP + bi-Pt (4) and DNA
+ bi-Pt + cis-DDP (5). The absorption spectra in complexes with Ptl (A) and normalized absorption
spectra in complexes with Pt1 (B), Pt2 (C), Pt3 (D) and CD spectra of DNA in the test experiment for
the competition between cis-DDP and Pt4 for the binding site on a DNA molecule in a 0.005 M NaCl:
(C) (bi-Pt) =3 x 107> M. Explanations in the text.
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(B)

(G)

Figure 10. AFM images of DNA (A) and DNA complexes with cis-DDP (B,C), trans-DDP (D,E), Pt1
(F), Pt2 (G), and Pt3 (H). Size of images is 2 um (A), 3 um (B-E) and 1 pm (F-H), (B,D) Fixation
on mica was carried out at C(DNA) = 0.001 %, C(cis-DDP) =4 x 107> M (B) and 5.5 x 107> M
(C) C(trans-DDP) = 3.9 x 107> M (D) and 5.3 x 10> M (E). C(Pt1) = C(Pt2) = C(Pt3) =5 x 10~> M.
C(MgCly) =5 x 1074 M.

4. Conclusions

The experimental data obtained by different methods demonstrate a good agreement,
and point to the main reasons for the observed change in DNA conformational parameters.
Our experiments show that all binuclear platinum compounds interact with DNA in a
solution with the predominant binding with phosphates at the first stage of interaction.
The coordination of one platinum atom in Pt1, Pt2, and Pt3 to N7G is also clearly observed
in the experiment. The binding of those binuclear platinum compounds does not overlap
the minor groove of DNA—the binuclear molecules are located near the phosphates and
in the major groove. Pt4 due to its geometry binds to DNA through two platinum atoms.
This binding induces great bending of the double helix. Each platinum atom in Pt5 can
coordinate via monodentate complex to separate sites on DNA molecule due to a long
linker chain. The proposed experimental approach gives information on the changes in
the secondary and tertiary DNA structure as a result of DNA-platinum interaction. It can
clarify the mode of platinum binding to DNA. Indeed, the combination of spectral and
hydrodynamic methods with AFM using different concentrations of platinum compounds
in a DNA solution shows different ways of their binding with different influences on the
DNA conformational parameters. From the comparison of DNA binding with different
platinum compounds, one can offer the correct models of interaction.

Author Contributions: N.K. carried out the statement of the problem, developed the research plan,
general management of the experiments, analysis of the results and writing the article. Z.Q. received
most of the experimental data. V.B. conducted all the research related to luminescence. P.S. conducted
research related to the use of an atomic force microscope. K.Y. synthesized and characterized
the studied platinum compounds. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.



Polymers 2022, 14, 2044 18 of 20

Acknowledgments: This research was supported by Saint Petersburg State University (project 01/1-
55-29) and partially supported by a grant from the Russian Science Foundation (22-25-00302). The
authors are grateful to Lyudmila Lysiakova for the help in obtaining AFM images, to Georgy Alexeev
for preparing the systems and for participating in some experiments, and to Anastasia Sklyankina for
the help in the synthesis of several compounds. Part of the experimental data was obtained in the St.
Petersburg State University Resource Center for Diagnostics of Functional Materials for Medicine,
Pharmacology, and Nanoelectronics.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Jain, A. Multifunctional, heterometallic ruthenium-platinum complexes with medicinal applications. Coord. Chem. Rev. 2019,
401, 213067. [CrossRef]

2. Tong, K.-C.; Wan, P-K,; Lok, C.-N.; Che, C.-M. Dynamic supramolecular self-assembly of platinum (II) complexes perturbs an
autophagy-lysosomal system and triggers cancer cell death. Chem. Sci. 2021, 12, 15229-15238. [CrossRef] [PubMed]

3. Han, W,; He, W,; Song, Y.; Zhao, J.; Song, Z.; Shan, Y.; Hua, W.; Sun, Y. Multifunctional platinum (IV) complex bearing HDAC
inhibitor and biotin moiety exhibiting prominent cytotoxicity and tumor targeting ability. Dalton Trans. 2022, 51, 7343-7351.
[CrossRef] [PubMed]

4. Kasyanenko, N.; Bakulev, V.; Perevyazko, I.; Nekrasova, T.; Nazarova, O; Slita, A.; Zolotova, Y.; Panarin, E. Model system for
multifunctional delivery nanoplatforms based on DNA-Polymer complexes containing silver nanoparticles and fluorescent dye.
J. Biotechnol. 2016, 236, 78-87. [CrossRef] [PubMed]

5. Zhang, D.; Nie, ].; Wang, D.; Wu, H.; Sun, L.; Wang, X.; Wu, ]. Engineering a multi-target therapy nanoplatform against tumor
growth and metastasis via a novel NSAID-Pt(iv) prodrug. Chem. Commun. 2022, 58, 3803-3806. [CrossRef] [PubMed]

6.  Shirsath, N.R.; Goswami, A.K. Nanocarriers Based Novel Drug Delivery as Effective Drug Delivery: A. Review. Curr. Nanomater.
2019, 4, 71-83. [CrossRef]

7. Li, F; Liang, Y.; Wang, M.; Xu, X.; Zhao, F,; Wang, X.; Sun, Y.; Chen, W. Multifunctional nanoplatforms as cascade-responsive
drug-delivery carriers for effective synergistic chemo-photodynamic cancer treatment. J. Nanobiotechnol. 2021, 19, 140. [CrossRef]

8.  Rosenberg, B.; van Camp, L.; Krigas, T. Inhibition of cell division in Escherichia coli by electrolysis products from a platinum
electrode. Nature 1965, 205, 698-699. [CrossRef]

9.  Rosenberg, B.; van Camp, L.; Trosko, ].E.; Mansour, V.H. Platinum compounds: A new class of potent antitumour agents. Nature
1969, 222, 385-386. [CrossRef]

10. Kidani, Y.; Inagaki, K.; Iigo, M.; Hoshi, A.; Kuretani, K. Antitumor activity of 1,2-diaminocyclohexane-platinum complexes
against sarcoma-180 ascites form. J. Med. Chem. 1978, 12, 1315-1318. [CrossRef]

11. Harrap, K.R. Preclinical studies identifying carboplatin as a viable cisplatin alternative. Cancer Treat. Rev. 1985, 12, 21-33.
[CrossRef]

12.  Johnstone, T.C.; Suntharalingam, K.; Lippard, S.J. The Next Generation of Platinum Drugs: Targeted Pt(II) Agents, Nanoparticle
Delivery, and Pt(IV) Prodrugs. Chem. Rev. 2016, 116, 3436-3486. [CrossRef] [PubMed]

13. Roy, S.; Westmaas, J.A.; Buda, F; Reedijk, J. Platinum (II) compounds with chelating ligands based on pyridine and pyrimidine:
Synthesis, characterizations, DFT calculations, cytotoxic assays and binding to a DNA model base. ]. Inorg. Biochem. 2009,
103, 1278-1287. [CrossRef] [PubMed]

14. Legin, A.A.; Jakupec, M.A.; Bokach, N.A.; Tyan, M.R.; Kukushkin, V.Y.; Keppler, B.K. Guanidine platinum (II) complexes:
Synthesis, in vitro antitumor activity, and DNA interactions. J. Inorg. Biochem. 2014, 133, 33-39. [CrossRef]

15.  Stetsenko, A.L; Yakovlev, K.I.; D’yachenko, S.A. Platinum (II) Complexes of Purine and Pyrimidine Bases and Their Nucleosides.
Russ. Chem. Rev. 1987, 56, 875-893. [CrossRef]

16. Stetsenko, A.L; Yakovlev, K.I.; Alekseeva, G.M.; Konovalova, A.L. Triamine-type complexes of platinum (II) and their antitumor
properties. Theor. Exp. Chem. 1991, 27, 308-314. [CrossRef]

17.  Ivanov, V.B.; Bystrova, E.I; Yakovlev, K.I.; Rozhkova, N.D.; Stetsenko, A.l.; Adamov, O.M. Growth inhibiting and cytostatic
activities of triamine platinum II complexes with heterocyclic amines. Izv. Ros. Akad. Nauk. Ser. Biol. 1992, 6, 898-907.

18.  Komeda, M.S,; Lin, Y.-L.; Chikuma, M.A. A Tetrazolato-Bridged Dinuclear Platinum (II) Complex Exhibits Markedly High in vivo
Antitumor Activity against Pancreatic Cancer. ChernMedChem 2011, 6, 987-990. [CrossRef]

19. Uemura, M.; Hoshiyama, M.; Furukawa, A.; Sato, T.; Higuchia, Y.; Komeda, S. Highly efficient uptake into cisplatin-resistant
cells and the isomerization upon coordinative DNA binding of anticancer tetrazolato-bridged dinuclear platinum (II) complexes.
Metallomics 2015, 7, 1488-1496. [CrossRef]

20. Rajkovi¢, S.; Rychlewska, U.; Warzajtis, B.; Aganina, D.P; Zivkovi¢, M.D.; Djuran, M.L Disparate behavior of pyrazine and
pyridazine platinum (II) dimers in the hydrolysis of histidine- and methionine-containing peptides and unique crystal structure
of {[Pt(en)Cl]2(u-pydz)}Cl2 with a pair of NH- - - Cl—- - - HN hydrogen bonds supporting the pyridazine bridge. Polyhedron 2014,
67,279-285.

21. Kasyanenko, N.; Aia, E.; Bogdanov, A.; Kosmotynskaya, Y.; Yakovlev, K. Comparison of DNA complexation with antitumor agent

cis-DDP and binuclear bivalent platinum compound containing pyrazine. Mol. Biol. 2002, 36, 594—600. [CrossRef]


http://doi.org/10.1016/j.ccr.2019.213067
http://doi.org/10.1039/D1SC02841C
http://www.ncbi.nlm.nih.gov/pubmed/34976343
http://doi.org/10.1039/D2DT00090C
http://www.ncbi.nlm.nih.gov/pubmed/35466968
http://doi.org/10.1016/j.jbiotec.2016.08.010
http://www.ncbi.nlm.nih.gov/pubmed/27531578
http://doi.org/10.1039/D1CC06385E
http://www.ncbi.nlm.nih.gov/pubmed/35229844
http://doi.org/10.2174/2405461504666190527101436
http://doi.org/10.1186/s12951-021-00876-7
http://doi.org/10.1038/205698a0
http://doi.org/10.1038/222385a0
http://doi.org/10.1021/jm00210a029
http://doi.org/10.1016/0305-7372(85)90015-5
http://doi.org/10.1021/acs.chemrev.5b00597
http://www.ncbi.nlm.nih.gov/pubmed/26865551
http://doi.org/10.1016/j.jinorgbio.2009.07.004
http://www.ncbi.nlm.nih.gov/pubmed/19656572
http://doi.org/10.1016/j.jinorgbio.2013.12.007
http://doi.org/10.1070/RC1987v056n09ABEH003311
http://doi.org/10.1007/BF01372500
http://doi.org/10.1002/cmdc.201100141
http://doi.org/10.1039/C5MT00174A
http://doi.org/10.1023/A:1019877907974

Polymers 2022, 14, 2044 19 of 20

22.

23.
24.
25.
26.
27.
28.
29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44.

45.
46.

47.

48.

49.

Berners-Price, S.J.; Davies, M.S.; Cox, ].W.; Thomas, D.S.; Farrell, N. Competitive reactions of interstrand and intrastrand DNA-Pt
adducts: A dinuclear-platinum complex preferentially forms a 1,4-interstrand cross-link rather than a 1,2 intrastrand cross-link
on binding to a GG 14-mer duplex. Chemistry 2003, 9, 713-725. [CrossRef] [PubMed]

Stetsenko, A.L; Yakovlev, K.I; Rozhkova, N.D.; Pogareva, V.G.; Kazakov, S.A. Binuclear Pt (II) complexes with bridging molecules
of polyethylene diamine. Coord. Chem. 1990, 16, 560-565. (In Russian)

Yakovlev, K.I,; Rozhkova, N.D.; Stetsenko, A.I. Mono- and binuclear platinum (II) complexes with benzotriazole. J. Inorg. Chem.
1991, 36, 120-127. (In Russian)

Konovalova, A.L.; Yakovlev, K.I; Stetsenko, A.L; Rozhkova, N.D.; Gerasimova, G.K.; Ivanova, T.I.; Kamaletdinov, N.S.; Sinditskii, V.P.
Antitumor activity of binuclear cationic complexes of platinum (II). Pharm. Chem. |. 1994, 28, 21-24. [CrossRef]

Roberts, ].J.; Thomson, A.]. The mechanism of action of antitumor platinum compounds. Prog. Nucleic Acid Res. Mol. Biol. 1979,
22,71-133.

Lippert, B. Cisplatin: Chemistry and Biochemistry of a Leading Anticancer Drug, 1st ed.; Wiley: Weinheim, Germany, 1999.
Watanabe, Y.; Maekawa, M. Methylation of DNA in cancer. Adv. Clin. Chem. 2010, 52, 145-167.

Jones, P.A.; Baylin, S.B. The fundamental role of epigenetic events in cancer. Nat. Rev. Genet. 2002, 3, 415-428. [CrossRef]
Feinberg, A.P.; Koldobskiy, M.A.; Gondor, A. Epigenetic modulators, modifiers and mediators in cancer etiology and progression.
Nat. Rev. Genet. 2016, 17, 284-299. [CrossRef]

Zeller, C.; Dai, W.; Steele, N.L.; Siddiq, A.; Walley, A.].; Wilhelm-Benartzi, C.S.; Rizzo, S.; van der Zee, A.; Plumb, ]J.A.; Brown, R.
Candidate DNA methylation drivers of acquired cisplatin resistance in ovarian cancer identified by methylome and expression
profiling. Oncogene 2012, 31, 4567-4576. [CrossRef]

Lund, R].; Huhtinen, K.; Salmi, J.; Rantala, J.; Nguyen, E.V.; Moulder, R.; Goodlett, D.R.; Lahesmaa, R.; Carpén, O. DNA
methylation and Transcriptome Changes Associated with Cisplatin Resistance in Ovarian Cancer. Sci. Rep. 2017, 7, 1469.
[CrossRef] [PubMed]

Zhang, YW.; Zheng, Y.; Wang, ].Z.; Lu, X.X.; Wang, Z.; Chen, L.B.; Guan, X.X.; Tong, ].D. Integrated analysis of DNA methylation
and mRNA expression profiling reveals candidate genes associated with cisplatin resistance in non-small cell lung cancer.
Epigenetics 2014, 9, 896-909. [CrossRef] [PubMed]

O’Byrne, K.J.; Barr, M.P.; Gray, S.G. The Role of Epigenetics in Resistance to Cisplatin Chemotherapy in Lung Cancer. Cancers
2011, 3, 1426-1453. [CrossRef] [PubMed]

Wermann, H.; Stoop, H.; Gillis, A.J.M.; Honecker, F.; van Gurp, R.; Ammerpohl, O.; Richter, ]J.; Oosterhuis, ].W.; Bokemeyer, C.;
Looijenga, L.H.J. Global DNA methylation in fetal human germ cells and germ cell tumours: Association with differentiation and
cisplatin resistance. . Path. 2010, 221, 433—442. [CrossRef]

Morel, E.; Beauvineau, C.; Naud-Martin, D.; Landras-Guetta, C.; Verga, D.; Ghosh, D.; Achelle, S.; Mahuteau-Betzer, F;
Bombard, S.; Teulade-Fichou, M.-P. Selectivity of Terpyridine Platinum Anticancer Drugs for G-quadruplex DNA. Molecules 2019,
24,404. [CrossRef]

Trajkovski, M.; Morel, E.; Hamon, F.; Bombard, S.; Teulade-Fichou, M.-P,; Plavec, ]. Interactions of Pt-ttpy with G-Quadruplexes
Originating from Promoter Region of the c-myc Gene Deciphered by NMR and Gel Electrophoresis Analysis. Chem. Eur. J. 2015,
21, 7798-7807. [CrossRef]

Bertrand, H.; Bombard, S.; Monchaud, D.; Talbot, E.; Guédin, A.; Mergny, ].-L.; Griinert, R.; Bednarskid, PJ.; Teulade-Fichou, M.-P.
Exclusive platination of loop adenines in the human telomeric G-quadruplex. Org. Biomol. Chem. 2009, 7, 2864-2871. [CrossRef]
Ishibashi, T.; Lippard, S.J. Telomere loss in cells treated with cisplatin. Proc. Natl. Acad. Sci. USA 1998, 95, 4219-4223. [CrossRef]
Renciuk, D.; Zhou, J.; Beaurepaire, L.; Guedin, A.; Bourdoncle, A.; Mergny, J.L. A FRET-based screening assay for nucleic acid
ligands. Methods 2012, 57, 122-128. [CrossRef]

Luo, Y.;; Granzhan, A.; Verga, D.; Mergny, J.-L. FRET-MC: A fluorescence melting competition assay for studying G4 structures
in vitro. Biopolymers 2021, 112, €23415. [CrossRef]

Boger, D.L.; Fink, B.E.; Brunette, S.R.; Tse, W.C.; Hedrick, M.P. A simple, high-resolution method for establishing DNA binding
affinity and sequence selectivity. . Am. Chem. Soc. 2001, 123, 5878-5891. [CrossRef] [PubMed]

Lewis, M.A.; Long, E.C. Fluorescent intercalator displacement analyses of DNA binding by the peptide-derived natural products
netropsin, actinomycin, and bleomycin. Bioorg. Med. Chem. 2006, 14, 3481-3490. [CrossRef] [PubMed]

Eigner, ].; Doty, P. The native, denatured and renatured states of deoxyribonucleic acid. J. Mol. Biol. 1965, 12, 549-580. [CrossRef]
Spirin, A.S. Spectrophotometric determination of total nucleic acids. Biochemistry 1958, 23, 656—662.

Kas’ianenko, N.A.; Valueva, S.V.; Smorygo, N.A.; D’iachenko, S.A.; Frisman, E.V. Study of the interaction of a DNA molecule
with coordination compounds of divalent platinum I. Effect of cis-diaminodichloroplatinum on molecular parameters of DNA in
solution. Mol. Biol. 1995, 29, 345-353.

Kas’ianenko, N.A.; Karymov, M.A.; D’iachenko, S.A.; Smorygo, N.A.; Frisman, E.V. Interaction of DNA molecules with divalent
platinum coordination complexes. II. Effect of the nature and location of ligands in the first platinum coordination sphere. Mol.
Biol. 1995, 29, 585-596.

Kasyanenko, N.A.; Prokhorova, S.A.; Haya Enriquez, E.F,; Sudakova, S.S.; Frisman, E.V.; Dyachenko, S.A.; Smorygo, N.A;
Ivin, B.A. Interaction of protonated DNA with trans-dichlorodiammineplatinum (II). Colloids Surf. A Physicochem. Eng. Asp. 1999,
148, 121-128. [CrossRef]

Tsvetkov, V.N.; Eskin, V.E.; Frenkel, S.Y. Structure of Macromolecules in Solutions; Nauka: Moscow, Russia, 1964.


http://doi.org/10.1002/chem.200390080
http://www.ncbi.nlm.nih.gov/pubmed/12569464
http://doi.org/10.1007/BF02218946
http://doi.org/10.1038/nrg816
http://doi.org/10.1038/nrg.2016.13
http://doi.org/10.1038/onc.2011.611
http://doi.org/10.1038/s41598-017-01624-4
http://www.ncbi.nlm.nih.gov/pubmed/28473707
http://doi.org/10.4161/epi.28601
http://www.ncbi.nlm.nih.gov/pubmed/24699858
http://doi.org/10.3390/cancers3011426
http://www.ncbi.nlm.nih.gov/pubmed/24212667
http://doi.org/10.1002/path.2725
http://doi.org/10.3390/molecules24030404
http://doi.org/10.1002/chem.201500347
http://doi.org/10.1039/b904599f
http://doi.org/10.1073/pnas.95.8.4219
http://doi.org/10.1016/j.ymeth.2012.03.020
http://doi.org/10.1002/bip.23415
http://doi.org/10.1021/ja010041a
http://www.ncbi.nlm.nih.gov/pubmed/11414820
http://doi.org/10.1016/j.bmc.2006.01.006
http://www.ncbi.nlm.nih.gov/pubmed/16439138
http://doi.org/10.1016/S0022-2836(65)80312-6
http://doi.org/10.1016/S0927-7757(98)00599-8

Polymers 2022, 14, 2044 20 of 20

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.
70.

Frisman, E.V.; Kas’ianenko, N.A. Hydrodynamic and optical behavior of DNA molecule in the range of high ionic strength. Mol.
Biol. 1990, 24, 318-327.

Thomson, A.J. The mechanism of action of anti-tumour platinum compounds. Platin. Met. Rev. 1977, 21, 2-15.
Fichtinger-Schepman, A.M.; Lohman, PH.; Reedijk, J. Detection and quantification of adducts formed upon interaction of
diamminedichloroplatinum (II) with DNA, by anion-exchange chromatography after enzymatic degradation. Nucleic Acids Res.
1982, 10, 5345-5356. [CrossRef]

Reed, E.; Yuspa, S.H.; Zwelling, L.A.; Ozols, R.E,; Poirier, M.C. Quantitation of cisplatin-DNA intrastrand adducts in testicular
and ovarian cancer patients receiving cisplatin chemotherapy. J. Clin. Investig. 1986, 77, 545-550. [CrossRef] [PubMed]
Zwelling, L.A.; Anderson, T.; Kohn, K.W. DNA-protein and DNA interstrand cross-linking by cis- and trans-platinum (II)
diamminedichloride in L1210 mouse leukemia cells and relation to cytotoxicity. Cancer Res. 1979, 39, 365-369. [PubMed]
Huang, H.; Woo, J.; Alley, S.C.; Hopkins, P.B. DNA-DNA interstrand cross-linking by cis- diamminedichloroplatinum (II):
N7(dG)-to-N7(dG) cross-linking at 5’-d(GC) in synthetic oligonucleotides. Bioorg. Med. Chem. 1995, 3, 659-669. [CrossRef]

Noll, D.M.; Mason, T.M.; Miller, P.S. Formation and repair of interstrand cross-links in DNA. Chem. Rev. 2006, 106, 277-301.
[CrossRef] [PubMed]

Clement, RM.; Sturm, J.; Daune, M.P. Interaction of metallic cations with DNA VL. Specific binding of Mg** and Mn**. Biopolymers
1973, 12, 405-421. [CrossRef]

Kas’ianenko, N.A.; D’iakonova, N.E.; Frisman, E.V. A study of the molecular mechanism of DNA interaction with divalent metal
ions. Mol. Biol. 1989, 23, 975-982.

Horacek, P,; Drobnik, J. Interaction of cis-dichlorodiammineplatinum (II) with DNA. Biochim. Biophys. Acta 1971, 254, 341-347.
[CrossRef]

Macquet, J.P.; Butour, J.L. A cirular dichroism study of DNA-platinum complexes. Differentiation between monofunctional,
cis-bidentate and trans-bidentate platinum fixation on a series of DNA. Eur. J. Biochem. 1978, 83, 375-387. [CrossRef]
Akimenko, N.; Cheltsov, P; Balcarova, Z.; Kleinwéchter, V.; Yevdokimov, Y. Study of interactions of platinum (II) compounds with
DNA by means of CD spectra of solutions and liquid crystalline microphases of DNA. Gen. Physiol. Biophys. 1985, 4, 597-608.
Kasyanenko, N.; Arikainen, N.; Frisman, E. Investigation of DNA complexes with iron ions in solution. Biophys. Chem. 1998,
70, 93-100. [CrossRef]

Kasyanenko, N.A.; Zanina, A.V.; Nazarova, O.V.; Panarin, E.F. DNA Interaction with Complex Ions in Solution. Langmuir 1999,
15,7912-7917. [CrossRef]

Kas’yanenko, N.A.; Abramchuk, S.S.; Blagodatskikh, I1.V.; Bogdanov, A.A.; Gallyamov, M.O.; Kononov, A.I; Kosmotynskaya, Y.V.;
Sitnikova, N.L.; Khokhlov, A.R. Study of DNA complexation with platinum coordination compounds. Polym. Sci. —Ser. A 2003,
45,960-968.

Serebryanskaya, T.V.; Kinzhalov, M.A.; Bakulev, V.; Alekseev, G.; Andreeva, A.; Gushchin, P.V,; Protas, A.V.; Smirnov, A.S,;
Panikorovskii, T.L.; Lippmann, P; et al. Water soluble palladium (II) and platinum (II) acyclic diaminocarbene complexes:
Solution behavior, DNA binding, and antiproliferative activity. New J. Chem. 2020, 44, 5762-5773. [CrossRef]

Protas, A.V.; Popova, E.A.; Mikolaichuk, O.V,; Porozov, Y.B.; Mehtiev, A.R; Ott, I; Alekseev, G.V.; Kasyanenko, N.A ; Trifonov, R.E.
Synthesis, DNA and BSA binding of Pd (II) and Pt (II) complexes featuring tetrazolylacetic acids and their esters. Inorg. Chim.
Acta 2018, 473, 133-144.

Manzini, G.; Barcellona, M.L.; Avitabile, M.; Quadrifoglio, F. Interaction of diamidino-2-phenylindole (DAPI) with natural and
synthetic nucleic acids. Nucleic Acids Res. 1983, 11, 8861-8876. [CrossRef] [PubMed]

Kubista, M.; Aakerman, B.; Norden, B. Characterization of interaction between DNA and 4’ ,6-diamidino-2-phenylindole by
optical spectroscopy. Biochemistry 1987, 26, 4545-4553. [CrossRef] [PubMed]

Luck, G.; Zimmer, C.; Snatzke, G. Circular dichroism of protonated DNA. Biochim. Biophys. Acta 1968, 169, 548-549. [CrossRef]
Kasyanenko, N.A.; Bartoshevich, S.F.; Frisman, E.V. Study of influence of pH media on conformation of DNA molecule. Mol. Biol.
1985, 19, 1386-1393.


http://doi.org/10.1093/nar/10.17.5345
http://doi.org/10.1172/JCI112335
http://www.ncbi.nlm.nih.gov/pubmed/3944268
http://www.ncbi.nlm.nih.gov/pubmed/570092
http://doi.org/10.1016/0968-0896(95)00059-P
http://doi.org/10.1021/cr040478b
http://www.ncbi.nlm.nih.gov/pubmed/16464006
http://doi.org/10.1002/bip.1973.360120216
http://doi.org/10.1016/0005-2787(71)90842-2
http://doi.org/10.1111/j.1432-1033.1978.tb12103.x
http://doi.org/10.1016/S0301-4622(97)00111-7
http://doi.org/10.1021/la980980p
http://doi.org/10.1039/D0NJ00060D
http://doi.org/10.1093/nar/11.24.8861
http://www.ncbi.nlm.nih.gov/pubmed/6672773
http://doi.org/10.1021/bi00388a057
http://www.ncbi.nlm.nih.gov/pubmed/3663606
http://doi.org/10.1016/0005-2787(68)90066-X

	Introduction 
	Materials and Methods 
	Low Gradient Viscosity, (LGV) 
	Flow Birefringence (FB) 
	Spectral Methods 
	Atomic Force Microscopy (AFM) 

	Results and Discussion 
	Conclusions 
	References

