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Synthesis, Crystal Structure and DNA Binding of Copper(l) Complex of Penciclovir
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Abstract: The first metal complex of the clinical antivirus agent, penciclovir (PCV), was synthesized and
structurally characterized by IR, elemental analysis and X-ray single crystal diffraction analysis. In this complex,
copper(ll) was selected as the bioactive metal center, which was coordinated by two PCV molecules to form a new
copper(ll) complex of PCV, [Cu(PCV),(H,0);]SO4 (1). The in vitro antitumor activity of complex 1 towards a variety
of typical human tumor cell lines has been explored. The results indicated that complex 1 showed enhanced
antitumor activity comparing with PCV alone towards all the tested cell lines, in which the human hepatoma cell
line BEL-7404 was the most sensitive one to complex 1 (Inhibition ratio (55.83+£16.41)%). The inhibitory activity
of complex 1 is more than 3 times that of PCV  (Inhibition ratio (17.38+5.53)%). Furthermore, the DNA binding
mechanism of complex 1 was also studied and discussed by means of UV-Vis absorption and fluorescence
emission spectral analyses, as well as the DNA viscosity experiment. The results suggested that DNA, as the

primary antitumor target, should be an important binding target of complex 1. And the classic intercalative

binding mode might exist between complex 1 and CT-DNA. CCDC: 1825089.
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0 Introduction

Nucleoside drugs are a series of therapeutic
agents for viral diseases. In particular, the successful
development of the antiviral drug, acyclovir, marked
the opening of a new era for anti-herpes virus drugs'".
Nucleoside drugs are classified into the following
categories: antiretroviral drugs, anti-herpes virus
drugs, anti-cytomegalovirus drugs and so on*?. As the
acyclovir derivative, penciclovir (PCV) is one of the
most successful nucleoside drugs™®, which is developed
by SmithKline Beecham of U.S. It is the metabolic
product of the precursor drug of acyclovir actually,
and it can inhibit the proliferation of the herpes
simplex virus, herpes zoster and EB virus effectively®.
Its action mechanism is similar to acyclovir, but with
the increased cell accumulation and survival rate,
which can maintain the antiviral activity effectively.
Meanwhile, the side effects are reduced obviously.
PCV can also block the normal band-lymphocyte
lesions caused by EB virus. Therefore, it can be
assumed that PCV not only exhibits a significant
effect on the herpes virus®', but also shows certain

resistance to the lymphatic cancer.
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Scheme 1 Chemical structure of PCV

Cancer has endangered the health of human
beings seriously since the 20th century. It is generally
accepted that cancer is caused by the disorder of cell
growth and proliferation mechanisms!". Most of the
antitumor drugs were primarily exert their antitumor
mechanisms by preventing the synthesis of DNA,
RNA and protein, or by acting on these large

12 Therefore, nucleotide drugs can

molecules directly
be considered potential anticancer drugs, although
they are not yet fully applied to the cancer treatment.
On the other hand, the discovery of cisplatin as
new metal-based anticancer drug and its clinical

application have explored a new and broad field of

t3 More and more

anticancer drugs developmen
metal complexes have been synthesized and designed
in recent years. As an indispensable element of
human body, copper (Il) has attracted an increasing
number of researchers to explore its potential biological
applications from its metal complexes, especially for
its potential anticancer activity, since quite some
copper (I) complexes were found to be significantly
higher cytotoxic against some human tumor cell
lines!"*™®. Herein we selected PCV as a typical
nucleotide drug targeting DNA, and combined it with
copper(Il) by coordination chemistry method, to obtain
the first metal complex of PCV, [Cu(PCV),(H,0);]SO,
(1). This new complex 1 was structurally characterized
and was screened on its in vitro antitumor activity. Its

DNA binding property with CT-DNA was also

discussed by means of typical experimental methods.
1 Experimental

All the starting materials and the reaction
solvents were commercial available with reagent grade
and were used without further purification. PCV was

of Hubei

Province. CuSO,+5H,0 and the reaction solvents were

purchased from Yuancheng Co. Ltd.

all purchased from Xilong Co. Litd. of Guangdong
Province. Calf thymus DNA (CT-DNA), MTT, Tris and
PBS were all purchased from Sigma-Aldrich.

1.1 Synthesis of complex 1

(PCV) (0.2 mmol, 0.050 6 g)and
CuS0,4-5H,0 (0.15 mmol, 0.037 5 g) were put into a
Pyrex glass tube, adding to 1 mL of mixed solvent of

Penciclovir

ethanol and water (3:1, V/V). The reaction mixture was
frozen by liquid N,, and then the tube was vacuumed
and sealed by a torch. Then it was placed in 80 °C in
the dark for 48 h, before it was gradually cooled down
to room temperature. The green crystals were harvested,
which were determined to be the title complex 1
(Yield: 66%). The green stick crystals suitable for X-
ray single crystal diffraction analysis was selected to
determine the structure. IR (KBr, em™): 3 400, 2 931,
2375,1666,1633,1487,1413,1384,1 120, 1033,
859, 776, 689, 619, 510. Anal. Calcd. for CxH,uCulNy
0165(%): C, 31.00; H, 5.42; N, 18.08. Found(%): C
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29.77, H 5.68, N 17.93.
1.2 X-ray structure analysis

The data collection of single crystal was carried
out on a Rigaku Mercury CCD equipped with a graphite
monochromated Mo Ko radiation (A=0.071 073 nm).
The structures were solved with direct methods and
refined using SHELX-97"! programs. The non-hydrogen
atoms were located in successive difference Fourier

synthesis. The final refinement was performed by full-

matrix least-squares methods with anisotropic thermal
parameters for non-hydrogen atoms on F2 The hydrogen
atoms were added theoretically and riding on the
concerned atoms. No H atoms associated with guest
water molecules were located from the difference
Fourier map. The crystallographic data and refinement
details of the structure analyses were summarized in
Table 1 and Table 2.

CCDC: 18250809.

Table 1 Crystal data and structural refinement parameters for complex 1

Empirical formula CooHpCuN,60,6S w/ mm™ 6.284
Formula weight 774.26 F(000) 12 750
Temperature / K 293(2) Crystal size / mm 0.40x0.23x0.15
Crystal system Monoclinic 20 range for data collection / (°) 6.18~50
Space group P2i/n Index range -I5=sh<l15-l6<k<16-21<1<20
a/nm 1.270 2(3) Reflection collected 18 102
b/ nm 1.420 7(3) Independent reflection 5 643 (R;,=0.083 2)
¢/ nm 1.786 2(4) Data, restraint, parameter 5643, 96, 455
B/ 90.18(3) Goodness-of-fit on F* 1.062
Volume / nm® 3.223 3(11) Final R index [/=20(])] R=0.111 2, wR,=0.266 1
VA 30 Final R index (all data) R=0.148 3, wR,=0.288 5
D,/ (g-em™) 12.523 Largest diff. peak and hole / (e-nm™) 209 and -760
Table 2 Selected bond lengths (nm) and bond angles (°) for complex 1
Cul-N1 0.197 6(7) Cul-09 0.201 1(6) C6-N6 0.139 4(11)
Cul-N6 0.198 7(7) C2-N6 0.130 7(12) C1-Co6 0.140 8(12)
Cul-07 0.198 9(7) C5-N1 0.137 6(10)
Cul-08 0.216 2(6) C9-N1 0.146 8(9)
N1-Cul-N6 170.8(3) N6-Cul-07 89.6(3) 07-Cul-09 160.2(3)
N1-Cul-07 87.6(3) N6-Cul-08 98.9(3) 09-Cul-08 103.5(3)
N1-Cul-08 90.2(3) N6-Cul-09 88.0(3)
N1-Cul-09 91.6(3) 07-Cul-08 96.3(3)

1.3 In vitro cytotoxicity

The human tumor cell lines, including BEL-
7404, SGC-7901, HeLa, MCF-7 and A549, were
obtained from the Shanghai Cell Bank of Chinese
Academy of Science.

The title complex, complex 1, compared with
PCV as positive control, were dissolved in DMSO to
prepare the 5.00 mmol -L.~' DMSO stock solutions.
Each cell was maintained with the medium
supplemented containing the fetal bovine and other

essential medium in order to guarantee a good state of

survival before it was tested. Then they were
transferred to 96-well plants as far as possible to
ensure the number of cells in each well plant was
similar. After 24 h of continuous culturing in the 37
°C incubator, cells growth reached 70% in the well.
Then each compound was added to the wells, which
has been diluted with the phosphate buffer saline
(PBS) solution already, and then proceeded to culture
for 48 h in 5% (V/V) CO, humidified atmosphere. After
48 h of cultivation, 0.1 mg of MTT (dissolved in 20

pL PBS) was added to each well. Finally, the formed
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blue formazan crystals were dissolved in 100 pL of
DMSO, and the absorbance was measured using the
enzyme-labeled reading instrument with 490 nm/630
nm double wavelength. The growth inhibition ratio for
each cell line under the concentration of 20 pwmol L™
of complex 1 or PCV was evaluated according to the
absorbance, ultimately.

1.4 UV-Vis absorption and fluorescence spectral

analysis

Tris-NaCl buffer solution (which included 5 mmol
Tris, 50 mmol NaCl, and was adjusted to pH=7.3 by
hydrochloric acid) was prepared using double distilled
water. The 5.00 mmol L' DMSO stock solution of
complex 1 was used for DNA binding studies. It was
diluted by Tris buffer to prepare the corresponding
working solutions with the concentration of 20 pmol -
L, in which the final DMSO concentration was no
more than 1% . CT-DNA was also dissolved in Tris
buffer solution to give a final concentration of 2.00
mmol - L7, and it was kept at 4 °C for no more than 5
days before using.

The UV-Vis absorption spectroscopy was a kind
of classic technique to study the interaction between
small molecules and DNA. The absorbance of each
sample was recorded on a PerkinElmer Lambda45
UV-Visible Spectrophotometer, in the wavelength
range from 200 to 700 nm. The fluorescence spectra
were recorded on a Shimadzu RF-5301/PC spectro-
fluorophotometer, in the wavelength range from 350 to
700 nm, with slit width of 15 nm. The optimized

excited wavelength (Ag) of the fluorescence emission

(o}

LR

CuS0,5H,0

HN" N
OH

OH

PCV

was determined to be 340 nm.
1.5 DNA viscosity experiment

DNA viscosity experiment was recorded on a
Brookfield DV-II pro digital viscometer equipped
with TC-502D thermostatic bath. A 20 mL of CT-DNA
solution (1.80 mmol -L.™") was prepared in Tris buffer
as a working solution for DNA viscosity experiment.
The stock solution of complex 1 was added according
to the gradual increasing ratios for ¢y/cpyy from 0.01 to
0.09. The circulating bath temperature was maintained
at (35.0£0.5) “C. The viscosity value, 7 (mPa-s), was
obtained by running the spindle in working samples at
30 r*min”" via the equipped ULA adapter. The data
were presented directly as plot of 1 versus ¢;. The
effect of DMSO on the viscosity was eliminated based

on its 100% viscosity value of 2.03 mPa-s measured

at 35.0 °C.
2 Results and discussion

2.1 Synthesis and structural characterization of

complex 1

As shown in Scheme 2, the synthetic reaction for
the title complex, complex 1, has been stated in the
experimental section. The product yielded green
crystals. The complex was characterized by IR,
elemental analysis, and its coordination geometry was
determined by X-ray single crystal diffraction analysis.

As shown in Fig.l, the crystal structure of
complex 1 shows a distorted trigonal bipyramid
two PCV ligands

coordinate to the central Cu () via the N atom of

coordination mode, in which

QU -OH, OH| so,

Complex 1

Scheme 2 Synthetic route of complex 1
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imidazole, and occupied the axial positions of the
bipyramid, respectively. Three H,0 molecules occupy
the equatorial plane of the trigonal bipyramid via the
coordinated O atoms. The Cu-N bond lengths are
0.197 6(7) nm (Cul-N1) and 0.198 7(7) nm (Cul-N6),
respectively, while the angle of NI-Cul-N6 is
170.8(3)°. The Cu-O bond lengths are 0.198 9(7) nm
(Cul-07), 0.216 2(6) nm (Cul-08) and 0.201 1(6) nm
(Cul-09), respectively. Each coordinating unit showed
+2 positive charged, and one sulfate anion (SO,*)

existed in each unit as the counter-ion.

013

Fig.1 ORTEP presentation of the crystal structure of
complex 1 in a 50% ellipsoid

2.2 In vitro cytotoxicity screening

The in vitro cytotoxicity was tested as a preliminary
screening by MTT assay, towards a series of tumor
cell lines, including the A549, BEL-7404, SGC-7901,
Hella and MCF-7. The screening concentration for
complex 1, PCV and CuSO,-5H,0 was equal to 20

pmol - L™, The results were listed in Table 3.

Viewed from the data of the screening test,
complex 1 showed higher growth inhibition abilities
than PCV alone in terms of all these tested tumor cell
lines. The inhibition ratio of PCV did not exceed 50%
under 20 pmol L 7. Comparatively, the inhibition
ratios for complex 1 toward all the tumor cell lines
were higher than 50%. The growth inhibition ratios of
complex 1 were higher than PCV in the range from
ca. 20% to 220% . Especially, the growth inhibition
ratios for complex 1 against BEL-7404 and A549 were
about 2 and 3 times of those for PCV, respectively.
Furthermore, CuSO,+5H,0 as the raw metal salt was
found to cytotoxic selectively on the BEL-7404 and
SGC-7901 tumor cell lines. However, it is much less
cytotoxic against the other three tumor cell lines. It
should be noticed that CuSO, alone can’t function as
an effective antitumor agent. So PCV might be also
regarded as an appropriate carrier to bring Cu(ll) into
the cells to exert its bioactivity. In all, it suggested
that there is the positive synergistic effect when
combining the PCV and Cu(ll) towards some typical
tumor cell lines, such as HelLa, MCF-7 and A549.
The enhancement on the antitumor activity of complex
1 might be ascribed to the combination of PCV and
Cu(ll), where the central Cu(ll) plays a key role!",
This is of positive significance for exploring new

applications on PCV as new type of drugs.

Table 3 Cell growth inhibition ratios induced by PCV, complex 1 and CuSO,-5H,0

towards five typical human tumor cell lines

%
Compound PCV Complex 1 CuS0,+5H,0
BEL-7404 17.38+5.53 55.83+16.41 64.39+2.77
SGC-7901 40.32+6.00 51.90+6.57 61.95+7.90
HeLa 47.74+8.96 56.94+4.03 24.24+0.25
MCF-7 35.34+3.01 50.03+2.84 41.26+5.95
A549 31.65+1.75 62.40+3.87 35.33+0.15
2.3 DNA binding analysis study the DNA binding mechanism of new

DNA is widely recognized as a target for many
drugs. The

between small molecules and DNA has been studied

antitumor mechanism of interaction

for several decades, so not only it is necessary to

compounds, but also the study has important

significance for designing DNA-targeting drugs.
Therefore, the DNA binding property of complex 1

was studied by UV-Vis, fluorescence spectroscopy,
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and DNA viscosity experiment, which are the most
classic methods for the DNA binding study.
2.3.1 UV-Vis absorption analysis

The UV-Vis absorption spectral analysis was
firstly applied to study the DNA binding property of
the complex. As shown in Fig.2, the UV-Vis spectrum
of complex 1 in the absence of CT-DNA (dashed line)
showed the maximum absorption peak at 252 nm,
which corresponds to the m—7* electronic transition
of 1. With the increasing amounts of CT-DNA, it was
found that the maximum absorbance at 252 nm
(solid lines). When the DNA

concentration reached 1.6x10™* mol+L™, the maximum

decreased by gradient

absorbance (4,,) of complex 1 decreased from 0.422
to 0.369, with a decreasing ratio of 12.6%. It suggested
an intercalative binding mode for complex 1 to DNA,
since the small molecules intercalated between the
neighboring base pairs of DNA might weaken the 7—
7* electronic transition and lead to obvious hypo-
chromic effect. However, comparing with the binding
constant of EtBr, which is the classic DNA inter-
calator, the intercalative binding ability of complex 1

to DNA might be not strong.

04F Complex 1

Absorbance
S 154
[ S w
T T

S
—
T

1 1 1 1
00 240 260 280 300 320

Wavelength / nm
Fig.2 UV-Vis absorption spectra of complex 1 in the
absence (dashed line) and presence (solid lines)
of CT-DNA with increasing concentration ratios

(cpw/cy) in the range from 1:1 to 8:1

2.3.2  Fluorescence spectra analysis

Fluorescence quenching is a phenomenon of the
reduction on the fluorescence intensity caused by the
interaction between the fluorescent molecules and the
solution,  the

quenching molecules. In  water

fluorescent molecules may be quenched by H,0

molecules. But when they intercalated between the
neighboring base pairs of DNA, they might be
protected by the hydrophobic circumstance of DNA,
so that their fluorescence would not be quenched.

As shown in Fig.3, in the absence of CT-DNA,
the fluorescence emitted of complex 1 at 20 pwmol - L™
was very weak. The maximum fluorescent emission
peak was at 470 nm, with fluorescence intensity of /=
45.4, as indicated by the dashed line. After the addition
of increasing amounts of CT-DNA, it was found that
the fluorescence intensity of complex 1 enhanced
obviously. The fluorescence intensity enhanced to /=
136.52 when the cpy/ci=1:1, which was ca. 3 times of
complex 1 alone. When the concentration of DNA
reached 1.4x10™* mol-L™, with cpw/c;=7:1, the fluore-
scent intensity of complex 1 enhanced to 487.3, which
was more than 10 times of complex 1 alone. And then
the fluorescent intensity of this complex tended to be
saturated with further addition of DNA. It further
suggested that complex 1 might bind DNA by an
intercalative mode, so that its fluorescent emission was
effectively prevented from quenching by H,0. Herein,
we assumed that the central Cu(ll) played a key role
in facilitating the DNA binding ability of PCV.

600
=== Complex 1
Conale=1:1
500 Cona/€=2:1
Coale =311
5 400 | ——cp e, =41
s 51
2300} Conale=6°1
g =T
a
3
= 200
100

0 ) L f
440 450 460 470 480 490 500
Wavelength / nm

Fig.3  Fluorescent emission spectra of complex 1 in the
absence and presence of CT-DNA with increasing
concentration ratios (cpw/cq) in the range from 1:1

to 7:1

2.3.3 DNA viscosity experiment

When the small molecules intercalated between
the neighboring base pairs of DNA, the viscosity of
the DNA
lengthening of the DNA double helix. So the DNA

solution will increased due to the
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viscosity experiment was generally considered to be a
more direct method to determine the DNA binding
mode of small molecules, which might be possible to
further confirm the interaction mechanism of complex
1 with DNA.

As shown in Fig4, the viscosity of the DNA
solution alone was measured to be 1,=3.495 mPa -s,
when the rotational speed was 50 r min~" and the
temperature of solution was 30 “C. However, with the
increasing amounts of complex 1 added, the viscosity
of the DNA solution increased significantly. When the
ratio of ¢/cpyy reached 0.09, the viscosity increased to
1=3.660 mPa-s, with n/1,=1.05. So it also suggested
that complex 1 should bind with CT-DNA via a
classic intercalative mode, resulting in the significant

enhancement on the viscosity of the DNA solution.
3.68
3.664
3.644
3.62
3.60-
3.584
3.564
3.544
3.52
350

Viscosity / (mPa-s)

0 20 40 60 80 100 120 140 160
¢,/ (umol-L™)
Fig.4  Viscosity measurement of CT-DNA solution under
the addition of increasing concentrations of
complex 1, with the ratios of ¢/, in the range

from 0.02 to 0.09

3 Conclusions

In this work, a new copper () complex of the
antivirus drug, penciclovir(PCV), was synthesized and
structurally characterized. To our knowledge, this is
the first metal complex of penciclovir reported.
Furtherly, its in vitro antitumor activity was screened,
which indicated that the antitumor activity towards
several typical tumor cell lines was significantly

coordinated with Cu (I) .
strongly

improved when PCV

Subsequent  studies suggested that the
complex could bind with CT-DNA via an intercalative
binding mode, even though it was not as strong as the

classic DNA intercalator, EtBr. This was supported by

the experimental results, including the hypochromicity
from the UV-Vis spectra and the increase on the
fluorescence intensity of the complex under the
addition of CT-DNA, as well as the enhancement on
the viscosity of the DNA solution when bound with
the complex. It suggested that the Cu(ll) played an
indispensable role in the complex. In addition,
considering the bioactivity of Cu(ll) itself, it provided
an approach for designing and developing new type of
drugs from penciclovir. And the further studies on its
antiviral activity towards HSV might help to explore

new metal-based antiviral drugs.
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