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In an attempt to establish fundamental structure-activity relationships (SAR) of Pt/Pd-based anti-tumour
compounds, we have recently designed monodentate pyridyl amide ligand containing central amide
units which possess external metal co-ordinating pyridyl group and internal amide functionality. It
was prepared in one step from commercially available compounds in moderate to good yield.
Surprisingly, treatment of Ky[MCly] [M = Pt(II), Pd(II)] with ligand N-(4-chlorophenyl)-3-pyridinecarbox-
amide (L) in the same reaction condition affords two different hydrogen-bonded polymers: cis-
[PtL,Cl,]-CH30H-DMF (1) and trans-[PdL,Cl;]-2DMF (2). Fluorescence analysis indicates that the two
complexes can bind to fish sperm DNA (FS-DNA) and gel electrophoresis assay demonstrates the ability
of the complexes to cleave the pBR322 plasmid DNA. The two complexes exhibit cytotoxic specificity and
significant cancer cell inhibitory rate. Furthermore, cytotoxicity values are higher in the case of cis-Pt(II)
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complex than trans-Pd(Il) complex in four different cancer cell lines.

© 2010 Elsevier Ltd. All rights reserved.

The carboxamide linkage, [-C(O)NH-], is an essential building
unit in the primary structure of proteins, which has attracted much
attention because it can provide models from the standpoint of
bioinorganic chemistry.!> Consequently, the behaviour of pyridin-
ecarboxamide, containing this linkage, towards biologically rele-
vant metals has been widely investigated.*"!' This is because
pyridine carboxamide ligand contains lipophilic group of aromatic
ring and hydrophilic group of carboxamide. The lipophilic group
can make drugs more capable of penetrating through cell mem-
brane to bind to the target DNA, and the hydrophilic group can re-
duce toxicity from the drugs. Especially, the search for platinum(II)
complexes with anti-tumour properties has been going on through
the efforts of chemists from the medicinal chemistry field since the
discovery of the anti-proliferation activity of cisplatin in the
1960s."? To an attempt to reduce toxicity and improve the original
bioactivity of cisplatin, thousands of cisplatin analogues have been
prepared and tested by varying the nature of the labile ligands
(also called the leaving groups) and non-labile ligands (also called
the carrier ligands). Meanwhile, for decades it is believed that trans
platinum compounds are non-active as anti-tumour agents be-
cause transplatinum is biologically inactive although it binds to
DNA. However, since the 1990s many trans platinum complexes
have been discovered with significant anti-tumour activity against
different tumour cells including these resistant to cisplatin.!>-16
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Owing to the similar co-ordination modes of the cation Pd(II) and
Pt(1l) (d®-electron configuration) there has also been renewed
interest in attempts to obtain activity for cis and trans palladium(II)
complexes.!”-21

The aim of the studies was to broaden our knowledge on the
antiproliferative activity of Pt(II)/Pd(Il) complexes and understand
the structure-activity relationships (SARs) of these new chemical
compounds. Recently, we obtained two novel cis-dichloroplati-
num(Il) and trans-dichloropalladium(Il) complexes containing
non-chelation-controlled 3-pyridinecarboxamide derivatives as
carrier groups (Scheme 1). A specific attention has been focused
on the effect induced by solvent molecule on the nature of the
resulting self-assembly under identical conditions. In the present
Letter we describe the synthesis and characterisation of the
self-assembled products, cis-[PtL,Cl,]-CH3;0H-DMF (1) and trans-
[PdL,Cl;]-2DMF (2), (L= N-(4-chlorophenyl)-3-pyridinecarboxa-
mide), as well as the DNA-binding abilities of them with FS-DNA
via fluorescence spectroscopy. Their cleavage behaviour toward
PBR322 DNA and the in vitro cytotoxicity against the human cervix
epitheloid carcinoma (Hela), human hepatocellular carcinoma
(Hep-G2), human oral epithelial carcinoma (KB) and human lung
carcinoma (AGZY-83a) are also investigated.

According to our previous work,?? the ligand was prepared by
the reaction of nicotinoyl chloride hydrochloride with 4-chloroan-
iline in dry THF in presence of triethylamine under N, 8h
(Scheme 1). The solid-state complex was obtained by mixing 2:1
molar ratio of the appropriate ligand and K,PtCl, (or K;PdCly) in
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Scheme 1. The formation of N-(4-chlorophenyl)-3-pyridinecarboxamide (L).
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Scheme 2. The synthetic route of 1 and 2.

methanol-water solution. The precipitate was recrystallised from
the mixed solvents DMF and methanol, and orange crystals of X-
ray quality were obtained and identified as complex 1 and yellow
crystals as complex 2 (Scheme 2). Crystal data and structure refine-
ment details of complexes 1 and 2 are summarised in Table S1. Se-
lected bond lengths and angles are listed in Table S2.

The starting hypothesis for this work is that complexes with pyr-
idine carboxamide ligands should have hydrogen bonds between
the ligand NH group (as H-bond donor) and Cl atom (as H-bond
acceptor) and cis or trans configuration of the complex might also
arise from the influence of solvent molecule taking part in hydrogen
bonding interactions. In that case, they could be used as supramo-
lecular synthons for designing complexes with extended arrays
whose shapes and bonding structures are controlled by the geomet-
rical configuration of the synthons and direction and number of

complex-1

hydrogen bonds. Figure 1 shows the different intermolecular hydro-
gen bonding patterns of complexes 1 and 2, respectively.

In the structure of complex 1, each platinum atom has cis-
PtCl;N; co-ordination. The atoms involved in square co-ordination
of Pt(ll) deviate 0.037 A from the average mean plane PtCI,N,
[Pt(1), CI(1), CI(2), N(1), N(3)]. Average value for Pt-Cl distances
is 2.3009(17) A while the average Pt-N distance [2.028(5) A] is in
the expected region.® The dihedral angle between the two phenyl
rings is 65.75° and the angle between the two pyridine rings is
69.87¢. Both of the molecules form hydrogen-bonded dimers with
Pt.. .Pt distance of 4.000 A (Fig. 1). The arrangement is supported
by intermolecular H-bond between NH centre of one pyridinecarb-
oxamide ligand and CI atom of the neighbouring molecules (dis-
tance N(2)-H...CI(2) is 2.620 A) and also between NH centre of
the other pyridinecarboxamide ligand and O atom of the solvent
DMF (distance N(4)-H...0(3)is 2.141 A). It is notable that these di-
meric entities are interlinked to form a 2D framework via intricate
hydrogen bonds with solvent DMF and methanol molecules as well
as weak - interactions (the shortest interplanar atom-atom sep-
aration of ca. 3.906 A) (Fig. 2a). The sheets are further connected by
very weak C(1)-H...Cl(2) (2.938 A) and C(2)-H...0(1) (2.574 A)
hydrogen bonds extending along the a-axis to form a 3D network.

As can be seen from Figure 1, each palladium atom also adopted
square-planar geometry co-ordinated by 2 equiv pyridine nitrogen
atoms [N(1) and N(1A)] from two ligands and two chloride anion
[CI(1) and CI(1A)]. However, there are the difference in the confor-
mation of the ligand in the palladium complex relative to the plat-
inum complex. The two ligands are trans to each other (i.e., N1 is
trans to N(1A)). The Pd-Cl bond length is 2.2995(6) A and the
Pd-N bond length (2.0129(17)A) is that expected for normal
Pd-N single-bond distance.'® The two pyridine rings and two
phenyl rings of two ligands are both parallel to each other. The dihe-
dral angle between phenyl ring and pyridine ring from the same
ligand is 20.38°. By contrast, in the palladium complex, the hydro-
gen bond interactions manifested by N-H. ..O contact of 2.879 A in-

complex—2

Figure 1. Intermolecular contacts in complexes 1 and 2.
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Figure 2. 2D layer-like structure in 1 when viewed down the c-axis (a), and in 2 down the b-axis (b).

volve the amide nitrogen atoms of ligands and the oxygen atoms of
DMF molecules. m-m stacking interactions (amide...pyridine
3.849 A) between neighbouring molecules which extend in bc plane
generate a 2D layer-like structure (Fig. 2b). The results showed that
the precise structure of the hydrogen bonding network is sensitive
to changes in the cis/trans arrangement of complexes and their
supramolecular architectures.

Fluorescence quenching measurements have been confirmed to
be effective for monitoring the binding nature of the metal com-
plexes to DNA and comparing binding abilities of these complexes.
The molecular fluorophore EB (ethidium bromide) has a conjugate
planar structure and its fluorescence intensity is very weak, but it
emits intense fluorescence at about 600 nm in the presence of DNA
due to its strong intercalation between the adjacent DNA base
pairs. In previous studies, the enhanced fluorescence of DNA-EB
complex could be quenched by the addition of a competing metal
complex. This is evidence that the complexes intercalate to base
pairs of DNA.23-25 Figure 3a and b showed the intensity of emission
spectra of DNA-EB system decreased with increasing amount of
the Pt(Il) and Pd(II) complex, respectively. These results indicated
that EB was partially replaced by the complexes intercalating into
the DNA. According to linear Stern-Volmer equation:®® Io/I=
1+ Kyqr, Ksq (the quenching constant) was obtained as the slope
of Ip/I versus r linear plot. r is the concentration ratio of the com-
plex to DNA. From the inset in Figure 3, the K values for the Pt(II)
and Pd(II) complexes were 0.98 and 0.22, respectively. The data
suggested that the interaction of complex 1 with DNA was stronger
than that of complex 2. The binding affinity of complexes are prob-
ably attributed to the extension of the 7 system of the intercalated
ligand due to the co-ordination of metal ion, which also leads to a
planar area of the complex 1 greater than that of the complex 2,
which leads to the co-ordinated ligand penetrating more deeply
into, and stacking more strongly with the base pairs of the
DNA.?” In general, it can be confirmed that the reactions of the
two intercalatory complexes between the adjacent DNA base pairs
have taken place.

The fluorescence Scatchard plot is an important tool to deter-
mine how the complex binds to FS-DNA, which can provide the
binding mode of the complex to DNA. To get a better insight into
the nature of complex-DNA-binding, we have carried out a fluores-
cence study of EB to DNA in the presence of a competing metal

complex. The characteristics of the binding of EB to DNA can be ex-
pressed by Scatchard equation:28

TE/CE = K(Tl — TE)

Here, rg is the ratio of bound EB to total nucleotide concentra-
tion; Cg is the concentration of free EB, n is the number of binding
sites per nucleic acid and K is the intrinsic binding constant for EB.
The fluorescence Scatchard plots obtained for competition of the
complexes with EB to bind with DNA are given in Figure 4. The
binding parameters for fluorescence Scatchard plots of FS-DNA
with EB in the presence of complexes are shown in Table 1. Both
complexes 1 and 2 produce a Scatchard plot in which the slope de-
creases in the presence of increasing amounts of complex, with lit-
tle change in the intercept on the abscissa (0.205 <x; <0.213,
0.195 < x5 < 0.217), which indicates that the two complexes exhibit
typical type A behaviour.?® Thus, it shows typical competitive inhi-
bition of EB binding for both the slope, that is, K change with the
increase in the concentrations of the complexes as given in
Figure 4 and Table 1, while the intercept of the abscissa, that is,
n (number of binding sites per nucleotide) hold within the range.
These data indicate that the complex may bind to DNA by the
intercalative binding mode. The result provides a further support
that the binding modes of the Pt/Pd(II) complexes are intercalative
in the interactions with FS-DNA.

Further analysis of data led us to suspect that the complexes
intercalate deeply into the DNA base pairs. In addition, there is also
evidence that DNA-binding is dependent on the co-ordinated me-
tal centre. The Pt(II) complex is of higher binding affinity to DNA
than the Pd(II) complex. This can be rationalised by a consideration
of the ionic potential of the co-ordinated metal ion, which is
responsible for the geometry of complexes, also affects the interca-
lating ability of metal complexes to DNA.

The influence of the complexes on the tertiary structure of DNA
is evaluated by their DNA-cleavage ability,>®! which can be
achieved by monitoring the transition from the closed circular
supercoiled form (Form I) to the open circular relaxed form (Form
IT). This occurs when one of the strands of the plasmid is nicked.
Figure 5 showed the result of gel electrophoretic separations of
plasmid pBR322 DNA after incubation with the two complexes.
Lane 0 applied to the untreated pBR322 DNA that acted as control.
In the lane 0, pPBR322 DNA showed two clear bands, corresponding
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Figure 3. Fluorescence spectra of the binding of EB to DNA in the absence (1) and
presence (2-6) of increasing amounts of the complexes /ex = 525 nm, Cgg = 1.0 M,
Cona=5.1 uM, Cyr-2) (2-6): 2.5, 5.0, 7.5, 12.5, 25 (uM). (a: complex 1; b: complex
2). The inset is Stern-Volmer quenching plots.

to Forms I and II, as it was expected. Under comparable experimen-
tal conditions, the progressions of the cleavage reactions with dif-
ferent concentrations (6.6 uM and 3.3 puM) of each complex were
given in lanes 1 and 2 for complex 1 and 3, 4 for complex 2. It is
clearly seen that the two complexes can induce the obvious cleav-
age of the plasmid DNA since the intensity of Form II band in-
creases markedly with a corresponding decrease in the intensity
of Form I band (lanes 1-4). Meanwhile, cleavage ability of the Pt(II)
complex was better than that of the Pd(Il) complex. On the other
hand, each complex also showed more efficient cleavage activity
at the higher concentration (6.6 pM) in comparison to the lower
concentration (3.3 pM). All in all, the cleavage efficiency observed
from Figure 5 follows the order: lane 1> 2 >3 >4, The change in
mobility of Form I DNA band with the increase in concentration
of complexes is due to unwinding of the supercoiled Form I DNA.
The increase in intensity of the Form Il band (as compared to that
in the untreated DNA) with the increase in concentration of the
complexes is believed to be due to partial nicking of Form I DNA
to produce Form I DNA.>2 As a result, there is a wide distribution
of relaxed forms (forms topoisomers) that are relaxed to varying
extent. Complexes 1 and 2 are believed to form monofunctional
adducts with Guanine. The monofunctional adducts could close

Pt(ll) complex
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4
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T

0 " " " " "
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Figure 4. Fluorescence Scatchard plots for the binding of EB (0.5-5 pM) to DNA in
the absence (a) and the presence (b-d) of increasing concentrations of complex. r¢
increases in the range of 0.000-2.216 for the two complexes. (1 is the formal ratio
of metal complex to nucleotide concentration, rg is the ratio of bound EB to total
nucleotide concentration.)

to form initially bifunctional interstrand GC adducts that can
evolve into interstrand GG adducts. When bifunctional interstrand
adduct is formed, planar ligand will be positioned along the helix
axis so that they will push apart adjacent base pairs.>? Therefore,
these phenomena here imply that the two complexes can bind to
and cleave DNA efficiently.

The effects of the two complexes on cell viability were tested
using the MTT assay. ICso values were determined and listed in

Table 1
Binding parameters for fluorescence Scatchard plot of FS-DNA with EB in the presence
of complex 1 or 2

Complex Te Kobs (x10° M~ 1) n

1 0.000 £ 0.005 6.1 0.212 £ 0.001
0.172 £0.010 53 0.209 + 0.002
1.268 £ 0.010 4.7 0.213 £0.003
2.216+£0.020 4.1 0.205 + 0.002

2 0.051 £ 0.005 8.1 0.209 £ 0.001
0.109 £ 0.012 6.3 0.215 £ 0.001
1.030+0.010 4.8 0.205 = 0.002
2.060 £ 0.015 4.1 0.195 +0.003
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Figure 5. Electrophoretograms for interaction of pBR322 DNA with different
concentrations(6.6 ptM and 3.3 uM) of complex 1 (lanes 1 and 2) and complex 2
(lanes 3 and 4), respectively. Lane 0 applies to untreated DNA.

Table 2
Cytotoxicity of the complexes against selected human tumour cells after 72 h of
incubation (data are expressed as mean + SD (n = 4))

Complex In vitro activity (ICso + SD, pM)
Hela Hep-G2 KB AGZY-83a
Complex 1 1.34+0.26 4.12+0.72 2.68+0.61 2.54+0.49
Complex 2 2.36 £0.32 4,76 £ 0.96 3.97+0.74 3.27+0.64
Cisplatin 0.96+0.12 3.64+0.72 1.64+0.73 2.03+0.53
40

B Complex 1 B Complex 2 OCis-DDP

% Viability

Hela Hep-G2 KB

AGZY-83a

Figure 6. Effect of 3 ng/mL of the complex on cancer cells viability after 72 h of
incubation. All determinations are expressed as percentage of the control
(untreated cells).

Table 2. The result indicates that 1 and 2 have certain effect on
cancer cells and exhibit cytotoxic activity toward the tested human
tumour cell lines in comparison to cisplatin, especially against Hela
cells. In addition, Figure 6 reveals the effect on cell growth after a
treatment period of 72 h treatment with 3 pg/mL concentration. A
viability rate by 72 h to <50% of the control values was observed for
the complexes. The complexes were more effective in arresting the
growth of Hela than other lines. The results coincide with ICsq val-
ues reveals. The activity differences between complexes 1 and 2
may be correlated to the geometrical differences between them.
The result confirms the importance of cis geometry among this
new class of complexes. The trans-Pd(Il) analogue displayed an
in vitro anti-tumour activity lower than the corresponding cis-
Pt(I) complex.

In summary, two novel complexes cis-[PtL,Cl,]-CH3;0H-DMF (1)
and trans-[PdL,Cl,]-2DMF (2) with pyridine carboxamide ligand
have been synthesized and characterised. The crystal structure of
them were determined by single crystal X-ray diffraction. The
properties of DNA-binding and cleaving by the two complexes
have also been studied. The results indicate that 1 and 2 can bind
to FS-DNA and their binding strengths increase in the order 1 > 2.
The DNA-cleavage studies support the fact that they have the abil-
ity to cleave pBR322 DNA. Furthermore, the biological activities

in vitro show that the two complexes possess good cytotoxic activ-
ity against four different cell lines, especially more effective against
Hela cell lines. The presented cis-Pt(Il) complex shows better
anti-tumour activity and DNA-binding characteristics than the
trans-Pd(Il) complex due to the different co-ordination metal cen-
tre and geometry of the two complexes. These initial studies are
promising and may shed some light on designing new potential
anticancer agents and DNA probes in the future.
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