LSEVIER

Available online at www.sciencedirect.com

sc.ence@o.“cm

Inorganica Chimica Acta 357 (2004) 95-102

Inorganica
Chimica Acta

www.elsevier.com/locate/ica

Crystal structure, DNA-binding ability and cytotoxic
activity of platinum(II) 2,2’-dipyridylamine complexes

Chao Tu ?, Xuefeng Wu °, Qin Liu ?, Xiaoyong Wang ?, Qiang Xu °, Zijian Guo **

& State Key Laboratory of Coordination Chemistry, Coordination Chemistry Institute, Nanjing University, 210093 Nanjing, PR China
® State Key Laboratory of Pharmaceutical Biotechnology, Nanjing University, 210093 Nanjing, PR China

Received 27 April 2003; accepted 14 June 2003

Abstract

Two platinum(Il) complexes, [Pt(dpa)Cl,] (1) and [Pt(dpa)CBDCA] (2), where DPA = 2,2-dipyridylamine and CBDCA =1,1-
cyclobutanedicarboxylate, were synthesized and characterized by elemental analysis, IR spectroscopy, ES-MS and X-ray diffraction.
Intermolecular hydrogen bonds were observed in both complexes (N-H- - -Cl for complex 1 and N-H- - -O for complex 2), which
may play a role in formation of hydrogen bonding in metal-DNA adducts. Complex 2 adopts a boat conformation so that the
cyclobutane ring and bipyridyl groups are on the same side of the platinum square. The interactions of complexes 1 and 2 with
DNA were studied by UV and Fluorescence Spectroscopy, which indicated that both complexes could interact with DNA through
groove binding or intercalation. The in vitro cytotoxic activity against melanoma B16-BL6 cells and human Jurkat T-cells was also

reported.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

There is a huge scope in the design of novel Pt(II)-
based anticancer complexes which possess improved
clinical efficacy and undesired side effects [1-6]. One of
the key strategies aimed at overcoming the drawbacks is
to design platinum(I) complexes that interact with
DNA in a different fashion from that of the currently
used drugs [5,6]. Early structure-activity relationships
(SAR) have defined the necessity of at least one NH
moiety which is believed to be important for H-bonding
interactions toward DNA [7], although the role of such
NH groups is not completely clarified [8-11].

There is an increasing number of platinum com-
pounds which contain no NH moiety but display sig-
nificant antitumor activity [12-15]. Examples include
Pt(II) complexes containing bipyridyl crown ethers,
pyridine, bis(imidazole), bismethylimidazolecarbinol
and 2-phenylpridine ligands. All these complexes have
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demonstrated certain degree of activity against tumor
cell lines [12-15].

The 2,2’-dipyridylamine (DPA) is an aromatic amine
sharing some similarity to 2,2’-bipyridine (BPY), how-
ever the central amine unit introduces several differ-
ences: the two pyridine rings of DPA are flexible in their
coordination to metal centers, adopting either nearly
coplanar or tilted pyridyl ring planes [16]. In contrast to
the detailed studies on the platinum(II)-BPY complexes,
little is known about the complexes of DPA ligand [17—
19]. Pt(Il) and Pd(II) complexes with the formulas of
[M(DPA)(AA)] and [M(DPA)(pyc)]" (AA, amino
acid anion; pyc, pyridine-2-carboxylate; M, Pdl and
Pt'") have been reported [18,19], and some of them have
shown potential antitumor activity [18,19]. However, the
structure of these complexes is unknown.

In this work, we have synthesized and structurally
characterized in the solid state two Pt(II)-DPA com-
plexes with both chloride or 1,1-cyclobutanedicarbox-
late (CBDCA) as leaving groups (complexes 1 and 2,
shown in Fig. 1). The potential DNA-binding property
of the complexes was investigated using the model
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Fig. 1. Schematic representation of [Pt(dpa)Cl,] (1) and [Pt(dpa)CBD-
CA](2).

compound guanosine-5'-monophosphate (5-GMP) and
calf thymus (CT) DNA. The cytotoxic activity against
melanoma B16-BL6 cells and human Jurkat T-cells was
also reported.

2. Experimental
2.1. Starting materials and physical methods

Solvents such as methanol and acetone were all an-
alytical reagents and used as received. The K;[PtClg]
was purchased from the First Reagent Factory of
Shanghai, 2,2'-dipyridylamine (DPA) from Fluka, di-
sodium salt of 5-GMP and CT DNA from Sigma. The
K, [PtCly] was synthesized by the reduction of K,[PtClg]
using hydrazine following the standard procedure [20].
[Pt(dmso),Cl,] and [Pt(dmso),CBDCA] were prepared
according to the literature procedures [21,22].

The infrared spectra were recorded on a Bruker
VECTOR?22 spectrometer as KBr pellets (4000-500
cm™!). Elemental analysis was performed on a Perkin—
Elmer 240C analytical instrument.

Electrospray mass spectra were recorded using an
LCQ electron spray mass spectrometer (ES-MS, Finni-
gan) by loading 1.0 pl of solution into the injection valve
of the LCQ unit and then injecting into the mobile phase
solution (50% of aqueous methanol) that was carried
through the electrospray interface into the mass analyzer
at a rate of 200 ul min~!. The voltage employed at the
electrospray needles was 5 kV, and the capillary was
heated to 200 °C. A maximum ion injection time of 200
ms along with 10 scans was set. Positive and negative ion
mass spectra were obtained. The predicted isotope dis-
tribution patterns for each of the complexes were cal-
culated using the Isopro 3.0 program [23].

UV-Vis spectra were recorded on a UV-3100 spec-
trometer. Fluorescent spectra were recorded on a AM-
INCO Bowman Series 2 Luminescence Spectrometer.

2.2. Preparation of compounds
2.2.1. Pt(dpa)CL (1)

A solution of 0.171 g (I mmol) DPA in 10 ml of
methanol was added to a solution of 0.422 g (1 mmol)

[Pt(dmso),Cl;] in 50 ml methanol. The mixture was
refluxed overnight and the solvent was removed under
reduced pressure. The resulting [Pt(dpa)Cl,] was washed
three times with 20 ml water and 5 ml acetone and dried
in vacuo. The yield was 0.355 g for compound 1 (81%).
Anal. Calc. for CoHyCI,N3Pt (437.18): C, 27.47; H,
2.07; N, 9.61. Found: C, 27.51; H, 2.05; N, 9.59%. Se-
lected IR data (cm™'): 3474 (w), 3281 (s), 3088 (m), 1633
(s), 1584 (s), 1476 (s), 1234 (s), 766 (s), 533 (s). ES-MS m/
z: 436 [M~], 873 [2M]".

2.2.2. Pt(dpa)CBDCA (2)

This was synthesized in a way similar to 1, and
[Pt(dmso),Cl,] was replaced by 0.493 g (1 mmol) of
[Pt(dmso),CBDCA]. Yield: 83%. Anal Calc. for
Ci6H15N3O4Pt (508.39): C, 37.80; H, 2.97; N, 8.27.
Found: C, 37.82; H, 2.98; N, 8.28%. Selected IR data
(cm™1): 3473 (w), 3027 (m), 1654 (s), 1604 (m), 1487 (s),
1369 (s), 1116 (s), 765 (m), 535 (m). ES-MS mi/z: 509
[M*], 531 [M +Na*], 1039 [2M + Na'*].

2.2.3. Pt(dpa)(NOs), (3)

To a suspension of 0.200 g (0.46 mmol) [Pt(dpa)Cl,]
in 15 ml water was added 0.153 g (0.9 mmol) AgNOs.
After the suspension has been stirred for 8 h at 50 °C in
the dark, the solution was cooled to room temperature.
The resulting AgCl precipitate was removed by centri-
fugation and the filtrate was lyophilized overnight.

2.3. Reaction of complex 3 with 5-GMP

The [Pt(dpa)(NOs),] with 2 mol equiv. of 5-GMP
(0.005 mmol) were added to 0.5 ml aqueous solution, the
mixture was incubated at 37.8 °C in the dark for 24 h
before the ES-MS spectra being recorded.

2.4. DNA-binding studies

Solutions of CT DNA in 50 mM NaCl/5 mM Tris—
HCI (pH 7.3) gave a ratio of UV absorbance at 260 and
280 nm, Aygo/Aas0, of 1.8-1.9, indicating that the DNA
was sufficiently free of protein [24]. Concentrated stock
solution of DNA was prepared in 5 mM Tris—HCI/50
mM NaCl in water, pH 7.3, and the concentration of
DNA was determined by UV absorbance at 260 nm
after 1:100 dilutions. The molar absorption coefficient
was taken as 6600 M~! cm~! [25]. Stock solutions were
stored at 4 °C and used after no more than 4 days.

Complex 1 was dissolved in a mixed solution of 50%
DMSO and 50% buffer (5 mM Tris—HCI/50 mM NaCl)
at a concentration of 1.7 x 1073 M and incubated for 2 h
at room temperature before the DNA was added. The
concentration of complex 1 was eventually reduced to
1073 M while adding the calculated amounts of DNA
(1073 M, » = 0.5) and the final volume of the solutions
were fixed to 3 ml. The UV-Vis spectra was recorded
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after 0.5, 1.0, 1.5, 2.0, 2.5 and 3.0 h, respectively. It has
been verified that the low DMSO percentage added to
the DNA solution would not interfere with the nucleic
acid [26].

The fluorescent spectra (dex = 526 nm, Aey,, = 600 nm)
were also recorded at room temperature and the samples
of complexes 1 and 2 were prepared in a similar way
described above. The experiments were carried out by
titrating the solution of platinum complexes (20 pl per
scan) to the samples containing 2.45 x 107> M of DNA
and 2.45 x 10~> M EB (ethidium bromide).

2.5. Cytotoxicity assays

Melanoma B16-BL6 tumor cells and human Jurkat
T-cells were grown in RPMI 1640 medium supple-
mented with 10% freshly inactivated fetal calf serum
(FCS) and antibiotics. The solutions of complexes 1 and
2 were freshly prepared with the RPMI 1640 medium,
and diluted to the required concentration with culture
medium when used. The cells harvested from exponen-
tial phase were planted equivalently into a 96-well plate
(2 x 10° per ml, 100 pl per well); then the compounds
studied were added in a concentration gradient to give
final concentrations at 1x 1074, 1x107°, 1x10°9,
1 x 1077 and 1 x 10~8 M, respectively. The plates were
kept at 37 °C in a humidified atmosphere of 5% CO; and
incubated for 72 h respectively; then MTT [3-(4,5-di-
methyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium  bro-
mide] solution of an appropriate concentration (2 mg/
ml) was added to each well (40 pl) and the plates incu-
bated at 37 °C for 4 h. The measurements of absorbance
of the solutions related to the number of live cells were
performed on an ELISA spectrophotometer at 540 nm
[27].

2.6. Crystallization

Crystallization of [Pt(dpa)Cl,] and [Pt(dpa)CBDCA]
were achieved by slow evaporation of their mother so-
lution. After 3 days, yellow crystals (for compound 2,
colorless) suitable for X-ray structure analysis were
obtained.

2.7. Crystal structure determination

The raw data of complexes 1 and 2 were collected
on a Siemens SMART CCD diffractometer. Reflection
data were measured at 20 °C using graphite mono-
chromated Mo Ka (4 =0.71073 A) radiation with a
detector distance of 4 cm and swing angle of —35°.
The collected data were reduced using the program
SAINT [28] and empirical absorption correction was
carried out using SADABS [29] program. The structure
was solved by direct methods that revealed the posi-
tion of all non-hydrogen atoms and refined using the

full-matrix least-squares method on F2, by using
the sHELXTL [30] software package. All non-H at-
oms were anisotropically refined. The molecular
graphics were created using SHELXTL. Atomic scat-
tering factors and anomalous dispersion correction
were taken from the International Table for X-ray

Crystallography [31].

3. Results and discussion
3.1. X-ray structure of complexes 1 and 2

The crystal data, data collection, structural solution
and refinement parameters for complexes 1 and 2 are
summarized in Table 1. Selected bond distances and
angles are listed in Tables 2 and 3, respectively.

Fig. 2 shows an ellipsoid plot with the numbering
scheme of the complex 1. The platinum is square-planar
and coordinated by two nitrogen atoms from the che-
lating bidentate ligand (DPA) and two chloride atoms.
The mean deviation from the best PtN,Cl, plane is
0.0167 A. The average Pt—Cl distance is 2.2968 A (Ptl-
CI1 2.3010 A; Pt1-CI2 2.2925 A) The bond length of
Pt—N is in the expected region for a Pt(II)-pyridyl ni-
trogen bond [32]. In the coordination sphere all angles
are near the idealized value of 90°. The largest deviation
appears for the angle N2-Pt1-N3 which is 88.68(18)°.
The angle of CI-N1-C6 is 127.3(5)° and the dihedral
angle between the two best least-squares planes through
the two pyridyl rings amounts to 147.6°. Intermolecular
hydrogen bonds (N-H-:--Cl, symmetry code [x — 1/2,
—y+1/2, z—1/2]) were observed in the crystal, with
the hydrogen bond length being 2.421 A. The angle
between N-H- - -Cl is 168.77°.

As can be seen from Fig. 3, the platinum in complex 2
is coordinated by two equivalent pyridyl nitrogen atoms
[N2 and N3] of DPA and two carboxyl oxygen atoms
[O5 and O6] of CBDCA. The Pt(Il) has the expected
square planar geometry exhibiting the usual structure
parameters. The mean deviation of the best PtN,O,
plane is 0.0296 A. The CBDCA ligand displays similar
features to those described in the literature [33-36]. The
two six-membered chelate rings which the ligand DPA
and CBDCA formed with the Pt(II) atom adopts the
boat conformation (Fig. 4) and the cyclobutane ring is
nearly perpendicular to the Pt(II) coordination plane.
The cyclobutane ring can adopt either a planar geome-
try or can have a puckered conformations. In the case of
carboplatin, a large thermal parameters for C16 (0.101)
was observed, which was attributed to the dynamic
puckering between two conformations [37]. The angle of
C1-N1-C6 is 130.3(8)° and the dihedral angle between
the two best pyridyl rings is 159.2° which is 11.6° larger
than that appeared in complex 1. The bonds lengths
between Pt(II) and oxygen atoms of CBDCA, in
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R indices (all data)

Largest difference peak and hole (e A3)

R, = 0.0387, wR, = 0.0750
2.815 and -1.614

Table 1
Crystal data and structure refinement for complexes 1 and 2
Complex 1 Complex 2
Empirical formula C10H9C12N3Pt C16H15N304Pt
Formula weight 437.19 508.40
Temperature (K) 293(2) 293(2)
Crystal size (mm) 0.20x 0.18 x 0.18 0.18 x 0.16 x 0.15
Crystal habit/color block/yellow block/colorless
Crystal system monoclinic triclinic
Space group P2(1)/n P-1
a(A) 9.9720(11) 9.1181(15)
b (A) 10.1771(12) 9.6844(17)
c(A) 1.7846(13) 10.0948(17)
o (°) 90 68.377(3)
p () 94.239(2) 67.353(3)
7 (°) 90 70.401(3)
v (A% 1192.7(2) 745.12)
VA 4 2
Calculated density (Mg m~3) 2.435 2.266
Absorption coefficient (mm™!) 12.186 9.444
F(000) 808 484
0 range for data collection (°) 2.58-27.06 2.27-28.07
Limiting indices —10<h< 12, —13<k <10, —11<h<12, —12<k< 10,
—15<I<13 —13<I<13
Reflections collected 6687 4524
Independent reflections 2589 3339
Absorption correction empirical empirical
Data/restraints/parameters 2589/0/145 3339/0/217
Goodness-of-fit on F? 0.970 0.941
Rin® 0.0410 0.0361
Final R indices [ > 26 ()] R, = 0.0326° Ry =0.0477,
wR, = 0.0736° wR, = 0.0873

R, = 0.0638, wR, = 0.0904
2.967 and —1.642

“Ring = 3 |Fg — Fy (mean)|/ YT[F].

PR=Y|Fo| — |Fl/ Y |Fol.

Ry = [ w(lFo| — [R])?/ S w(lFo|))].

Table 2 .
Selected bond lengths (A) and angles (°) of complex 1

Bond lengths

Pt(1)-N(2) 2.010(4)
Pt(1)-N(3) 2.012(4)
Pt(1)-Cl(2) 2.2925(15)
Pt(1)-CI(1) 2.3010(15)
Bond angles

N(2)-Pt(1)-N(3) 88.68(18)
N(2)-Pt(1)-Cl(2) 177.35(12)
N(3)-Pt(1)-Cl(2) 90.87(14)
N(2)-Pt(1)-CI(1) 90.95(13)
N(3)-Pt(1)-ClI(1) 177.02(13)
CI(2)-Pt(1)-CI(1) 89.37(6)
C(6)-N(1)-C(1) 127.3(5)

complex 2, are 2.005(6) A [Pt1-02] and 2.011(6) A [Pt1-
Ol1], respectively.

The intermolecular hydrogen bonds (N-H---O,
symmetry code [x, y—1, z]) are also found in the
crystal of complex 2, the hydrogen bond length is 2.163
A and the angle between N-H- --O is 139.54°.

3.2. ES-MS study

The ES-MS spectrum for the reaction of complex 3
with 2 mol equiv. of 5-GMP was recorded after 24 h at
37.8 °C in aqueous solution (Fig. 5). As can be seen
from Fig. 5, apart from some unreacted 5-GMP which
give rise to peaks at 724.9 [2GMP]” and 746.9
[2GMP + Na]~, the major peaks at 1088.8 and 1452.7
can be assigned to [Pt(dpa)(GMP),]- and [Pt(dpa)
(GMP), + GMP]~. The calculated molecular masses and
the isotopic distribution of these peaks matched per-
fectly with the corresponding formulas. The formation
of [Pt(dpa)(GMP), + GMP]™ may be due to the high
temperature and pressure in the capillary of the spec-
trometer, and similar association of GMP has been
observed previously [32].

3.3. UV monitored time-dependent reaction of complex 1
with CT DNA

The time-dependent absorption spectra of complex 1
(2.27 x 107> M) in the absence and presence of CT DNA
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Table 3

Selected bond lengths (A) and angles (°) of complex 2
Bond lengths
Pt(1)-N(2) 1.978(7)
Pt(1)-N(3) 1.997(7)
Pt(1)-O(2) 2.005(6)
Pt(1)-0O(1) 2.011(6)
O(1)-C(11) 1.291(11)
0(2)-C(12) 1.327(11)
O(3)-C(11) 1.209(10)
04)-C(12) 1.220(11)
C(13)-C(15) 1.560(13)
C(13)-C(14) 1.559(12)
C(14)-C(16) 1.500(14)
C(15)-C(16) 1.510(15)
Bond angles
N(2)-Pt(1)-N(3) 91.4(3)
N(2)-Pt(1)-0(2) 177.1(3)
N(3)-Pt(1)-0(2) 90.3(3)
N(2)-Pt(1)-O(1) 88.6(3)
N(3)-Pt(1)-O(1) 178.3(3)
O(2)-Pt(1)-0O(1) 89.8(3)
C(11)-O(1)-Pt(1) 122.8(6)
C(12)-0O(2)-Pt(1) 121.4(6)
C(6)-N(1)-C(1) 130.3(8)
C(1)-N(2)-Pt(1) 123.9(6)
C(5)-N(2)-Pt(1) 120.8(6)
C(6)-N(3)-Pt(1) 122.5(6)
C(10)-N(3)-Pt(1) 118.2(6)
C(15)-C(13)-C(14) 88.4(7)
C(16)-C(14)-C(13) 89.7(8)
C(16)-C(15)-C(13) 89.3(8)
C(14)-C(16)-C(15) 92.5(8)

Fig. 2. Molecular structure and labeling of complex 1. Ellipsoids are
drawn at the 30% probability level.

(5.67 x 107> M) is shown in Fig. 6. It is interesting to
find that the intensity of the absorption band at 301.5
nm which is attributed to the metal to the ligand charge
transfer absorption (MLCT) does not change signifi-
cantly with the time while the absorption around 272 nm
increased dramatically upon addition of CT DNA until
it reached a plateau after 3 h and a new band at 283 nm
appeared. This phenomenon can be an indication of the

Fig. 3. Molecular structure and labeling of complex 2. Ellipsoids are
drawn at the 30% probability level.

N
N
N/ > ¢ ;\N
OO>P N 0;

Fig. 4. Two possible relative orientations for the CBDCA and the dpa
ligand in complex 2. The conformation on the left (cis) is adopted in
complex 2.

interaction between complex 1 and DNA. A similar
behavior was previously observed for copper complexes
[38-40], where the hyperchromism was attributed to the
dissociation of ligand aggregates and the breakage of
intermolecular hydrogen bonds when bound to DNA.
The exact mode of interaction remains to be defined.
Complex 2 does not show significant time-dependent
changes in the presence of DNA.

3.4. Fluorescence spectroscopic studies

The fluorescent emission of EB bound to DNA in the
absence and the presence of complexes 1 and 2 are
shown in Fig. 7. The emission band at 600 nm of the
DNA-EB system decreased in intensity with the increase
of the concentration of the two Pt(II) complexes, which
indicated that the complexes can replace EB from the
DNA-EB system. Such a characteristic change is often
observed in the intercalative DNA interaction [40]. The
data suggest that intercalation may be an alternative
binding mode for complexes 1 and 2 due to the planarity
of the DPA rings.

3.5. Cytotoxic activity

The effects of both complexes 1 and 2 on Mela-
noma B16-BL6 tumor cells and human Jurkat T-cells
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Fig. 6. Time-dependent absorption spectra of complex 1 (5.7 x 1073
mol 171) in the absence (dashed line) and presence (solid lines, repre-
sent 0.5, 1, 1.5, 2, 2.5 and 3 h, respectively) of a fixed amount of CT
DNA (2.3 x 107> mol 17! at room temperature.

proliferation after 72 h are reported in Fig. 8. Both
complexes exhibited considerable inhibition rates only
at high concentration (10~ M). The change of leaving
groups (chloride or CBDCA) had no impact on the
activity. The data should be interpreted with care be-
cause at such a high concentration the cytotoxic effect of
the solvent (for 1, 0.67% DMSO,; for 2, 1% DMF) began
to become relevant.

4. Conclusion

This work provided two of the very few crystal
structures of Pt(II)-DPA complexes. It is shown that
changing the leaving group (chloride or CBDCA) on
Pt(I1)-DPA system had little impact on the ring con-
formation of DPA. The pyridyl amine proton in com-

Relative Fluoresence Intensity

4 T T T T T T T
560 580 600 620 640 660 680
Wavelength (nm)

Relative Fluoresence Intensity

560 580 600 620 640 660 680

Wavelength (nm)

Fig. 7. Fluorescence emission spectra (excited at 526 nm) of EB bound
to CT DNA in the absence (dashed line) and presence (solid lines) of
increasing amounts of 1.7 x 10~ mol 1-! complex 1 (a) and 1.48 x 103
mol 1= complex 2 (b) (20 pl per scan).

plexes 1 and 2 may favor their hydrogen bonding to
DNA and thus stabilizes the metal-DNA adducts
[18,19]. The DNA-binding mode of these complexes is
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tumor cell lines: Melanoma B16-BL6 tumor cells (a) and human Jurkat
T-cells (b). The solvent contains the maximum concentration of
DMSO/DMF used to dissolve tested compounds.

currently uncertain, spectroscopic data suggest that the
compounds may be able to interact with DNA by
groove binding or intercalation, although ES-MS study
indicated the formation of covalent binding adduct of
complex 1 and 5-GMP. The in vitro tests show that the
cytotoxicity of these complexes against Melanoma B16-
BL6 tumor cells and human Jurkat T-cells does not
warrant further biological testing. We are currently
carrying out studies on other novel heterocyclic Pt(II)
complexes so as to find more active species of the type.
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