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Abstract

tertiary structure of HSA.

INTRODUCTION

Platinum-based anticancer drugs are the predecessor of inorganic
chemotherapeutic drugs for the treatment of various malignant
cancer types. However, the severe side effects and inevitable drug
resistance have limited their clinical application [1,2]. In our endeavor
to explore new possible anticancer drug candidates, we recently show
that the introduction of planar aromatic ligands or biologically active
carrier group to the Pt coordination moiety is an effective strategy,
which is in favor of increasing DNA binding ability and enhancing
the cytotoxicity [3,4]. This class of platinum(II) compounds,
unlike cisplatin, do not induce cross-links but target DNA through
multiple binding modes involving non-covalent interaction and the
monofunctional platination of nucleobase nitrogen [3-5]. Because of
the synergic action, they often produced more detrimental effect to
a cell’s replisome and transcription than cisplatin and demonstrated
excellent cytotoxicity against some solid tumor cells. So they have the
great pharmacological potential as new therapeutic agents.

Benzothiazole and its derivatives are the important heterocyclic
compounds, which play a significant role in medicinal chemistry
and have diverse biological effects, such as antimicrobial, anticancer,
anticonvulsant,  antiviral,  anti-inflammatory,  anthelmintic,

A novel mononuclear platinum(ll) complex, [PILCIICI (1, where L N-(4-(benzo[d]thiazol-2-yl)phenyl)-2-(bis(pyridine-2-ylmethyl)-amino)acetamide), was
synthesized by covalently tethering a benzothiazole derivative 2-(4-aminophenyl)benzothiazole to the 2,2’-dipicolylamine (DPA) chelating Ptll center by an
amidic bond. The complex showed a cytotoxicity comparable to that of cisplatin against MCF-7 cell lines, and more potent activities against HeLa and A-549
cell lines. Investigations of the reaction of 1 with 5’-GMP display that 1 could coordinate with N7-GMP to form the Pt-GMP adduct. Thus 1 has potential to form
Pt-DNA adducts in vivo. Similarly, the glutathione (GSH) ligand could also coordinate to the Pt(ll) center to form a monodentatePt-GS complex. The competition
experiments of 1 with 5’-GMP and GSH showed that the coordination binding of 1 with GSH did not prevent the formation of a certain amount of the Pt-GMP
adduct in the reaction process. DNA binding experiments displayed that 1 could bind to DNA through multiple binding modes involving non-covalent interaction
and monofunctionalplatination of the platinum(ll) moiety, and induce a visible conformational change of DNA. The evaluation of the protein binding ability
showed that complex 1 could bind to human serum albumin (HSA) with a moderate binding affinity, quench the intrinsic fluorescence of HSA, and destroy the

antibacterial, antioxidant, and antidiabetic activity [6-8]. They have
been extensively used in the clinic in preventing and treating various
types of diseases with low toxicity, high bioavailability, and good
biocompatibility and curative effects. Based on the unique properties,
medicinal chemists or biochemists have drawn their attention to
introducing the benzothiazolepharmacophore moiety into anticancer
drug design to clinically realize the conception of combined
anticancer therapies or multi-acting drugs. For example, a fluorescent
rhenium complex conjugated to 2-(3-aminophenyl)benzothiazoles
has been introduced as a promising radiopharmaceutical candidate
for breast cancer [9,10]. A gadolinium complex based on the
conjugate of 1,4,7,10-tetraazacyclododecane-1,4,7-trisacetic acid and
benzothiazole aniline was reported be a single molecule theranostic
agent [11]. A series of triazole and isoxazole tagged benzothiazole
derivatives induced an increase in expression of key apoptotic
genes that are involved in the intrinsic pathway of apoptosis such
as caspase-9, caspase-3, BAX and cytochrome-c and displayed very
significant cytotoxic activity against human cancer cell lines [12].
However, the report of tethering benzothiazole or its derivatives to
platinum chelating fragments to develop platinum-based anticancer
drugs with potent cytotoxicity or multimodal therapeutic functionality
is very limited. As a continuation to our efforts for identifying new
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potent and multimodal anticancer agents, a novel mononuclear
platinum(II) complex (1) was constructed by covalently tethering a
planar benzothiazole derivative 2-(4-aminophenyl)benzothiazole to
the 2,2'-dipicolylamine (DPA) chelating PtII center by an amidic
bond, its structure depicted in Scheme 1, and was investigated the
anticancer potential.

It is well-known that the cytotoxicity of platinum-based
antitumor drugs stems from their binding to DNA and formation
of covalent cross-links [13]. This means that DNA is the primary
target for platinum-based anticancer agents. Hence, the interaction
investigation of active platinum complexes with DNA, its model
compound guanosine-5'-monophosphate  (5'-GMP), and its
interferent substance glutathione (GSH) is a fundamental issue in
the development of platinum-based anticancer drugs, which provide
some valuable information on the replication, transcription, and
mutation of genes and the related variations of species in character,
origin of some disease and mechanism of exerting pharmacological
activity [14]. Additionally, protein is also considered to be one of
the targets in the action of anticancer agents, which is believed to
contribute to drug unwanted side-effects, drug resistance, and even
possibly drug delivery and storage [15]. Therefore, in the paper, we
investigated the cytotoxicity, DNA binding ability, reactivity with
5'-GMP and GSH, and human serum albumin (HSA) interaction of
complex 1 (Scheme 1).

EXPERIMENTAL SECTION

Materials and methods

N-(4-(benzo[d]thiazol-2-yl)phenyl)-2-chloroacetamide
and 2,2'-dipicolylamine (DPA) were synthesized following the
published procedures [3,16]. K2PtCl4 was obtained from Shandong
BoyuanParmaceutical Co. Ltd. cis-Pt(DMSO),Cl, was synthesized
from K2PtCl4 as previous reported [17]. Calf thymus DNA (CT-
DNA), tris(thydromethyl)aminomethane (Tris), ethidium bromide
(EB), 5'-GMP sodium salt, glutathione (GSH), and human serum
albumin (HSA, agarose gel electrophoresis, lyophilized powder,
product number 1653, 96-99%) were purchased from Sigma and
used without further purification. All the other chemicals and
reagents were of analytical grade and used as received without further
purification. Water used in the study was doubly distilled deionized.

IR spectra (as KBr pellets) were recorded in the range of 500-4000
cm’! with a Nicolet 5700 FT-IR spectrometer. Elementary analyses
were carried out on a Perkin-Elmer 2400 analytical instrument.
Electrospray mass spectra were obtained on an LCQ electrospray
mass spectrometer (ESI-MS, Finnigan). The isotopic distribution
patterns for the complexes were simulated using the ISOPRO 3.0
program [18]. 1H NMR experiments were performed on a Bruker
Advance 300 NMR spectrometer at 298 K using standard pulse
sequences. UV-vis absorption spectra were measured on a Hitachi
U-3010 UV-vis spectrophotometer using matched quartz cuvettes
(1.0 cm). Fluorescence determination was carried out on a Hitachi
F-4500 spectrofluorophotometer. The circular dichroism (CD)
spectra were acquired on a Jasco J-810 spectropolarimeter (Japan
Spectroscopic, Japan).

Synthesis of N-(4-(benzo[d]thiazol-2-yl)phenyl)-2-
(bis(pyridine-2-ylmethyl)-amino)acetamide (L)
The ligand N-(4-(benzo[d]thiazol-2-yl)phenyl)-2-(bis(pyridine-

2-ylmethyl)-amino)acetamide (L) was synthesized using a published
method with some modifications [3]. N-(4-(Benzo[d]thiazol-2-yl)
phenyl)-2-chloroacetamide (3.02 g, 10 mmol), K,CO, (1.38 g, 10
mmol), DPA (1.99 g, 10 mmol), and KI (0.2 g, 1.2 mmol) were mixed
in 80 mL of acetonitrile. The mixture was stirred and refluxed for 24
h, and filtered. The filtrate was concentrated under reduced pressure
and purified with silica gel chromatography (dichloromethane/
ethyl acetate, v/v, 1:5) to obtain a white power product. Yield: 40%.
Elemental anal.found (calc.) for C_H, NSO (%): C 69.54 (69.68);
H 4.89 (4.95); N 15.13 (15.05). ESI-MS (m/z, methanol): 466.27 [M
+ HJ% 931.40 [2M + HJ% 953.13 [2M + NaJ*. 1H NMR (300 MHz,
CDCl,, 8, ppm): 8.64 (2H, d, ] = 4.3 Hz), 8.08 (2H, m, ] = 14.8 Hz),
7.96 (2H, d,J=8.4Hz),7.87 (2H, t,J=8.6 Hz), 7.65 (2H, t, ]= 7.9 Hz),
7.48-7.36 (2H, m, J = 9.8 Hz), 7.27 ( 2H, t, J= 7.7 Hz), 7.18 (2H, t, J=
7.6 Hz), 3.95 (4H, s), 3.51 (2H, s). FT-IR (KBr pallet, v/cm™): 3447
(vs), 1661 (s), 1588 (m), 1540 (m), 1512 (m), 1433 (m), 832 (m), 751

(m).
Synthesis of [PtLCI]CI (1)

The complex was prepared by the following procedures. The
ligand L (0.18 g, 0.4 mmol) was dissolved in methanol, whose pH
value was adjusted to 7-8 with 1 M NaOH. The solution was added
to a methanol solution of cis-Pt(DMSO)2Cl, (0.17 g, 0.4 mmol). The
mixture solution was refluxed and stirred for 24 h and concentrated
under reduced pressure. The residue was filtrated, washed with acetone
and diethyl ether, and dried in vacuo to give light yellow powder
product. Elemental anal.found (calc.) for PtC27H23N5SOCI2 (%): C,
44.46 (44.32); H, 3.25 (3.15); N, 9.62 (9.58). ESI-MS (m/z, methanol):
696.47 [M -Cl]*; 1390.20 [2M - 2Cl -H]*. FT-IR (KBr pallet, v/cm™):
3412 (vs), 3035 (m), 2359 (m), 1603 (vs), 1535 (m), 1478 (s), 1441 (m),
1311 (m), 768 (s).

Cytotoxicity

The cytotoxicity of [PtLCI|CI (1), L, and cisplatin was screened
against the human cervical cancer cell line HeLa, the human non-
small-cell lung cancer cell line A-549, and the human breast cancer
cell line MCF-7 by the MTT assay. Briefly, tumor cells were inoculated
in 96-well plates and incubated in medium overnight. A stock
solution of cisplatin was prepared in PBS and complex 1 and L were
dissolved in DMSO, respectively. The stock solutions were diluted in
medium to make the concentration of DMSO lower than 0.5% and
then added to per well. The cells were incubated for 48 h, and aliquot
MTT solution (20 pL, 5 mg mL" in PBS) was added to each well. After
incubation for 4 h, the supernatant was removed and DMSO (200
uL) was added to solubilize the MTT formazan. The amount of MTT
formazan was determined using a Tecan Sunrise ELISA Reader at 570
nm after the plates were shaking for 30 min. The optical density (OD)
was used to calculate the percentage of cell viability relative to the
untreated control values, that is, (ODcontrol-ODtest)/(ODcontrol-
ODblank) x 100%. The background readings of MTT incubated in a
cell-free medium were subtracted from each value before calculation.
The half-maximal inhibitory concentration (IC, ) of the compounds
was obtained from the fitted inhibition curves at 48 h. The mean IC,
was calculated using the data from three replicates.

Reactivity with 5-GMP and GSH

The reactivity of complex 1 with 5-GMP and GSH was
investigated using electrospray mass spectrometry (ESI-MS). The
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samples were prepared by reacting complex 1 with an equivalent of
5-GMP or GSH or their mixture in methanol/water (v/v, 1:1) at 37 °C
for 24 h before electrospraying in the positive ion mode.

DNA binding ability

CT-DNA stock solution was prepared with Tris-HCl buffer
solution (5 mMTris, 50 mMNaCl, pH 7.4), which was stored at 4
°C overnight and used within one week. The concentration of CT-
DNA was determined by measuring the UV absorption at 260 nm,
taking 6600 M cm™as the molar absorption coefficient (e, ) [19].
The stock solution of complex 1 was prepared with 10% DMSO and
90% buffer (5 mMTris, 50 mMNaCl, pH 7.4). The concentration
of the complex was eventually reduced to 40 pM while adding the
calculated amounts of DNA (20 uM, r = [CT-DNA]/[complex] = 0.5),
and the final volume of the solution were fixed to 3 mL. The UV-vis
absorption spectra of the mixture solution were recorded after 1 min,
3 h, 6 h,9h, 12 h, respectively. It has been verified that a low DMSO
percentage added to the DNA solution would not interfere with the
nucleic acid [20].

The fluorescence spectra of complex 1 (A_= 360 nm, A = 380-520
nm) in the absence and presence of CT-DNA (r= [DNA]/[1] = 0.1,
0.2,0.3,0.4,0.5,0.6, 0.7, 0.8, 0.9) were recorded at room temperature
after 24 h of incubation. The influence of 1 on the EB-DNA complex
([DNA] = [EB] = 1.136 x 10° M) was measured by recording the
variation of fluorescence emission spectra (A = 526 nm, A = 540-
750 nm).

CD spectra of CT-DNA in the absence and presence of complex
1 were recorded in the range of 220-320 nm using a scan speed of
10 nm min" at room temperature and the buffer background was
subtracted.

Interaction studies with protein

HSA stock solution was prepared by dissolving solid HSA in
Tris-HCI buffer (0.05 M Tris-HCl/0.1 M NaCl, pH 7.40), which is
stored at 0-4’ and used within a week. The stock solution of 1 was
prepared with 10% DMSO and 90% buffer (0.05 M Tris-HCl/0.1
M NaCl, pH 7.40). Fluorescence measurements were carried out
maintaining a fixed HSA concentration (0.4 pM) in a quartz cell while
varying the concentration of complex 1 (1.5-120 uM). An excitation
wavelength of 280 nm was selected and the emission wavelength was
recorded from 280-500 nm after the mixtures equilibrating for 24 h
at the appropriate temperature (291, 299, 309 K). Both excitation and
emission band widths were set on 2.5 nm. The data obtained were
analyzed using the Stern-Volmer and modified double logarithm
regression equations. For synchronous fluorescence measurements,
the excitation range was 250-310 nm, and the scanning interval
between excitation and emission wavelengths (AX) was set on 15 or
60 nm.

The absorption spectra of HSA (1.0 uM) were recorded in the
absence and presence of increasing amounts of complex 1 (0.5-
5.0 uM) at 37 in pH 7.40 after 24 h of incubation time. In order to
eliminate the absorption of complex 1 itself, an equal amount of 1
was subsequently used as reference. The CD spectra of HSA in the
presence of 1 were recorded over the range of 200-260 nm, taking the
average of three scans as the final data for each spectrum.

RESULTS AND DISCUSSION
Synthesis of L and [PtLCI]CI (1)

The novel ligand L was obtained using a similar literature
method [3], and fully characterized by ESI mass spectrometry, NMR
spectroscopy, elementary analyses, and IR spectra (Figures S1, S2 in
the ESI). The platinum(II) complex [PtLCI]CI (1) was synthesized by
reacting L and cis-Pt(DMSO),Cl, in methanol. The formation of the
mononuclear platinum(II) complex was confirmed by ESI-MS. The
ESI-MS spectrum of complex 1 in methanol solution gave two signals
at m/z 696.47 and 1390.20 (Figure S3), which could be assigned to
[PtLCI]* (PtC,H,,N.SOCI) and [2(PtLCI) - H]* (Pt,C_H N S O,CL),
respectively. The isotopic distribution pattern of the peaks matched
perfectly with the simulated one. The signal of [PtLCI]"* still existed
after about 4 days, indicating that complex 1 is stable in methanol
solution.

Cytotoxicity

Cytotoxicity of [PtLCI]Cl (1) and L was tested against HeLa, A-549,
and MCEF-7 cell lines. Cisplatin was used as a positive reference. The
IC,, values are presented in Table 1. As shown in Table 1, complex 1
exhibits a cytotoxicity comparable to that of cisplatin against MCF-7
cell line, and more potent activities against HeLa and A-549 cell lines.
However, the ligand L shows moderate cytotoxic activity towards
the three tested cell lines, which indicates that an evident increase in
the cytotoxicity of 1 compared to its ligand L should result from the
coordination of Pt(II).

Reaction of complex 1 with 5’-GMP and GSH(Figure 1)

Guanine-N7 is the preferred binding site in DNA for platinum-
based anticancer drugs [21]; therefore, the reactivity of complex
1 with a model compound 5-GMP at a 1:1 molar ratio was
monitored by ESI-MS spectroscopy. Complex 1 and 5-GMP were
incubated in methanol/water (v/v, 1:1) at 37 for 24 h, and then the
mixture was subjected to ESI-MS determination. As shown in Fig.
1, the ESI-MS spectrum gave two peaks at m/z 696.27 and 1022.40,
respectively. The peak at m/z 696.27 was assigned to unreacted
[PtLCI]+ (C,,H,,N.OSCIPt), and the peak at m/z1022.40 should be
ascribed to the positively charged species [PtL(GMP) - 2Na + H]*
(C,H,N, O,PPt), which was formed by complex 1 and 5-GMP
after losing a chloride ion. The result indicates that complex 1 could
(Figure 2)react readily with 5-GMP to form 1:1 adduct and has the

potential to form monofunctionalPt-DNA adducts in vivo.

Sulfur-containing molecules play significant roles in the
anticancer mechanism of platinum drugs [22]. Glutathione (GSH) is
one of the most abundant intracellular sulfur-containing molecules
and its role in platinum anticancer chemotherapy appears to be dual,
namely that it deactivates as well as activates the drugs [22,23]. Due to

Table 1: Cytotoxicity of [PtLCI|Cl (1) and L (48 h).

IC,,* (mM)
Tested compound

HeLa A-549 MCF-7
Cisplatin 6.19+0.2 9.10+0.2 461+1.2
Complex 1 4.23+0.6 5.52+0.7 15.45+0.2
L 69.59 £ 1.3 59.12 £ 1.2 55.21+1.5

@ Compound concentration required to inhibit cell proliferation by
50%.
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Figure 1 ESI-MS spectrum (positive mode) of the reaction between complex 1 and 5'-GMP (1:1) recorded in methanol/water (v/v, 1:1) at 37 °C for

24 h. Assignments: 1022.40, [PtL(GMP) - 2Na + H]* (C, H,.N,,0,SPPt, calcd 1022.87); 696.27, [PtLCI]* (C
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Figure 2 ESI-MS spectrum (positive mode) of the reaction between complex 1 and GSH (1:1) recorded in methanol/water (v/v, 1:1) at 37 °C for 24
h. Assignments: 966.53, [PtL(GS)]* (C,,H,,N,0.S,Pt, calcd 966.97); 696.53, [PtLCI]* (C,,H,,N.OSCIPt, calcd 696.11).

its significant biological role, the reactivity of complex 1 toward GSH
was investigated by ESI-MS. After the incubation of complex 1 with
an equivalent of GSH in methanol/water (v/v, 1:1) at 37 for 24 h, two
peaks were observed in the ESI-MS spectrum (Figure 2). The peak
at m/z 696.53 was assigned to unreacted [PtLCI]+ (C, H, N,OSCIPt)
and the peak at m/z 966.53 should be ascribed to the positively
charged species [PtL(GS)]+ (C,H,N,O.S,Pt). The result suggests

that one GSH ligand could be coordinated to the Pt(II) center to form
a monodentatePt-GSH complex.

Furthermore, we studied the competitive reaction of complex 1
with GSH and 5-GMP by ESI-MS spectroscopy. Electrospraying a
mixture of the three compounds at a relative proportion of Pt(II)/
GSH/5’-GMP of 1:1:1 in the positive ion mode after 24 h incubated
time, generated the mass spectrum shown in Fig. S4. The peaks of
the monodentatePt-GS adduct [PtL(GS)]+ (m/z, 966.67) and the Pt-
GMP adduct [PtL(GMP)-2Na + H]|* (m/z, 1022.67) were observed in
the spectrum with 100% intensity ( in % relative to the highest peak)

and 55% intensity, respectively. And the unreacted [PtLCl]+ peak
was not observed in the spectrum. The result indicated that after 24
h, complex 1 had run out in the reaction medium to form the Pt-
GS adduct and the Pt-GMP adduct and the coordination binding
of complex 1 with GSH did not prevent the formation of a certain
amount of the Pt-GMP adduct in the reaction process, which was in
agreement with our previously published results [3].

DNA binding ability (Figure 3)

DNA binding ability of 1 was investigated using UV-vis
absorption, fluorescence, and CD spectroscopy. The time-dependent
UV absorption spectra of 1 (40 uM) in the absence and presence of CT-
DNA (20 uM) are shown in Figure 3. It is found that the absorption
bands at 310 nm of complex 1, which is attributed to the metal to
ligand charge transfer (MLCT), displays a significant decrease in
intensity as time grows. After 12 h, a 20% hypochromism is observed,
which is much larger than that observed for most DNA intercalators,
suggesting that 1 could strongly bind to DNA [24] (Figure 4(a), 4(b))
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4/10



@SCiMedCentral

Chen Z, et al. (2020)

0.8 —Complex 1 + CT-DNA

e
@
1

Absorbance
[=]
>

ot
(<)
!

0.0 T T T
250 300 350 400
Wavelength (nm)

Figure 3 Time-dependent absorption spectra of 1 (40 puM) in the
presence of a fixed amount of CT-DNA (r = [DNA]/[complex] = 0.5) at
room temperature in pH 7.40.
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Figure 4a Fluorescence emission spectra of complex 1 (0.3 uM, A_ =
360 nm) in the absence (dashed line) and presence (solid lines) of CT-
DNA (r = [DNA]/[1] = 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9) at 37 °C
after 24 h of incubation;
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Figure 4b Fluorescence emission spectra (Aex = 526 nm) of the CT-
DNA-EB system ([DNA] = [EB] = 1.136 x 10-5 M) in the absence and

presence of complex 1 (1.0 x 10-3 M, 10 pL per scan). Inset: the Stern-
Volmer plot of the EB-DNA fluorescence titration for complex 1.

The fluorescence spectra of 1 in the absence and presence of
CT-DNA are shown in Figure 4(a). The complex possesses intense
fluorescence with emission and excitation maxima at 426 nm and
360 nm, respectively. Upon the incremental addition of DNA, the

fluorescence emission intensity of 1 gradually decreases, implying
that 1 can bind to DNA and quench the native fluorescence. To
further clarify the interaction pattern of the complex with DNA,
fluorometric competitive binding experiments were carried out using
EB, a known DNA intercalator that causes a significant increase in
the fluorescence intensity when bound to DNA and its displacement
from the DNA-EB adduct leads to a dramatic decrease in the intensity
[25]. The fluorescence emission spectra of the EB-DNA system in
the absence and presence of 1 are shown in Figure 4(b). As shown
in Figure 4(b), the fluorescence emission intensity at about 608 nm
(A= 526 nm) decreases obviously with titration of the complex to
the EB-DNA system and finally reaches saturation, indicating the
partial removal of EB from DNA molecules due to the interaction of
the complex with DNA. The inset of Figure 4(b) shows the plot of F0/
Fvs. [complex], which exhibits good linear correlation with high R
values (R = 0.9984, the correlation coefficient) within the quenching
concentration range, and suggests that the fluorescence quenching
curve of DNA-bound EB by 1 is in good agreement with linear Stern-
Volmer equation. The quenching constant (Ksv) of 6.2 x103 M
was obtained from the slope of the linear plot, indicating a strong
binding affinity of 1 to CT-DNA [26]. Furthermore, from the plot of
FO/F vs. [complex], the apparent DNA binding constant (Kapp) was
calculated using the following equation [27]:

K, [EB]=K__[complex] (1)

where KEB is the DNA binding constant of EB (KEB = 1.0 x107
M), [EB] is the concentration of EB (1.136 x 10°M), and [complex]
is the concentration of the complex at 50% reduction of the initial
fluorescence emission intensity of EB [28]. The values of Kapp are
7.06 x105 M, which is less than the binding constant of the classical
intercalators and metallointercalators (10" M) and is in the range
of 10*-10° M*[29,30]. The results show that DNA binding of the
complexes might be mainly by the groove binding mode. Since the
planar 2-(4-aminophenyl)benzothiazole aromatic ring exists in the
ligand system of 1, which maybe favor intercalation of the complex
between base pairs of DNA, intercalation binding mode could not
be ruled out in the interaction between the complex and DNA.
Moreover, considering its high reactivity towards 5-GMP, a covalent
binding to DNA is highly possible, which would greatly affect the
conformation of DNA (Figure 5).

10
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Figure 5 CD spectra of CT-DNA (0.1 mM, dashed line) under the
influence of complex 1 at concentration ratios of complex to DNA of
0.4 and 0.8.
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The conformational change of CT-DNA is measured using circular
dichroism (CD) spectroscopy. Figure 5 displays the CD spectra of
CT-DNA in the absence and presence of varying amounts of complex
1 ([1]/[DNA] = 0.4, 0.8). It is known that, the positive absorption
band at about 275 nm and the negative one at about 245 nm in the
CD spectrum of free CT-DNA (dashed lines) are due to the base
stacking and the right-handed helicity of B-DNA, respectively [31].
The simple groove binding or electrostatic interaction between small
molecules and DNA causes less or perturbation on the base stacking
and helicity bands, whereas a classical intercalation can stabilize the
helix conformation of B-DNA, and enhances the intensities of both
the CD bands, as observed for the classical intercalator methylene
blue [32]. When treated with 1, the positive bands decreased generally
in ellipticity with obvious redshifts and the negative band ellipticity
decreased obviously with a significant red shift. The result showed that
the complex could bind to CT-DNA and the interaction could disturb
the base stacking of DNA, unwind the DNA helix conformation, and
lead to the loss of helicity [33]. Such a changing tendency is similar
to the changes induced by cisplatin, which suggests that the covalent
binding between Pt and DNA other than the groove binding mode
might dominate the interactions between DNA and 1 [34]. Therefore
1 could bind to DNA through multiple binding modes involving
non-covalent interaction and monofunctionalplatination of the
platinum(II) moiety.

Interaction with protein (Figure 6)

Human serum albumin (HSA) is the most abundant protein
present in the blood serum and plays many indispensable
physiological roles, especially it serves as a transport protein for many
intravenously administered drugs, such as platinum-based anticancer
drugs [35,36]. Reaction between platinum-based drugs and HSA
is considered to be one of important routes for the drugs in blood
plasma [37,38]. Studies on the binding of plaitnum-based drugs to
HSA in vitro can provide information on the structural feature that
determines the therapeutic effectiveness of drugs and standardiezed
screens for protein binding in new anticancer drug designs and for
fixing dose limits [39]. Herein, the interaction of complex 1 with
HSA was first studied by fluorescence spectroscopy. HSA possesses
intrinsic fluorescence mainly resulting from the sole tryptophan
residue (Trp-214) in the hydrophobic cavity of the protein [40]. The
effect of complex 1 on the fluorescence emission spectra of HSA is
shown in Fig. 6. As seen, the intensity of the characteristic broad
emission band at about 350 nm of HSA decreased with increasing
concentration of complex 1, which indicated that complex 1 could
interact with HSA and quench its intrinsic fluorescence. The changes
in the fluorescence intensity of Trp-214 in the presence of complex 1
may arise as a direct quenching or as a result of protein conformational
changes induced by 1. In Figure 6, there is an obvious red shift (350
nm - 387 nm) of the maximum emission wavelength of HSA during
the interaction, suggesting that the binding of complex 1 to HSA
altered the microenvironment of the tryptophan residues, and the
residues of HSA were placed in a more hydrophilic environment by
interactions of 1 with HSA [41]. The result agrees with those obtained
from the UV-vis absorption measurements Figure 7.

The UV-vis absorption spectra of HSA in the absence and
presence of complex 1 are shown in Figure 7. HSA possesses two main
absorption peaks around 208 nm and 278 nm. The strong absorption

peak at about 208 nm originates from the n >m'transition of HSA’s
characteristic polypeptide backbone structure C=0 and is related to
the changes in the conformation of the peptide backbone associated
with the helix-coil transformation of HSA [42]. The week absorption
peak at about 278 nm arises from the phenyl rings in the aromatic
amino acid residues as Try, Tyr, and phenylalanine [43]. From Figure
7, it can be observed that with increasing amounts of 1 added to the
HSA solution, the intensity of the absorption peak of HSA at 208 nm
distinctly decreased with an obvious red shift (for 208 to 230 nm). The
result indicates that the interaction between complex 1 and HSA lead
to the loosening and unfolding of the protein skeleton. However, the
intensity of the peak at 278 nm is generally increased by the addition
of the complex, indicating that more aromatic acid residues are
extended into the aqueous environment, and the tertiary structure of
HSA is destroyed Figure 8(a) and Figure 8(b).

To investigate the quenching mechanism of HSA induced by
complex 1, the fluorescence quenching data at different temperatures
(291, 299, and 309 K) are analyzed according to the Stern-Volmer
equation (eq. 2) and the modified Stern-Volmer equation (eq. 3) as
follows [44]:

800 4
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400 4

Fluorescence Intensity

200

300 l 3%0 " 460 " 4&0 500
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Figure 6 Fluorescence spectra of HSA (0.4 uM, A =280 nm, A =351

nm) in the absence and presence of complex 1 (1.5, 3.0, 4.5, 6.0, 7.5,
9.0,12.0, 15.0, 20.0, 30.0, 60.0,90.0, 120 uM) at 191 K and pH 7.40.
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Figure 7 The UV-vis absorption spectra of HSA (1.0 uM, black line)
in the absence and presence of increasing amounts of complex 1 (0.5,
1.0,1.5,2.0,2.5, 3.0, 3.5, 4.0,4.5,5.0 uM) at 37 °C in pH 7.40 after 24 h
of incubation time. In order to eliminate the absorption of complex 1
itself, an equal amount of 1 was subsequently used as reference.
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where FO and F are the fluorescence intensities of HSA in the absence
and presence of complex 1, respectively, [Q] is the concentration of
complex 1, Ksv is the Stern-Volmer quenching constant, kq is the
quenching rate constant of HSA, 7,is the average lifetime without
complex 1 (,=10"s) [26], and KD and KS are the dynamic and static
quenching constants, respectively. Figure 8 shows the plots of FO/F
for HSA vs. [Q] of complex 1 ranging from 0 to 120uM and 0 to 15
M under various temperatures. Plots in Figure 8(a) show upward
curvature towards the y-axis, and FO/F is related to [Q] by the modified
Stern-Volmer equation (see eq. 3), which indicated that combined
quenching (both dynamic and static) process was involved at higher
concentration of complex 1 as discussed in the literature [4,45,46].
From Figure 8(b), it is clear that for lower concentration for complex
1, the Stern-Volmer curves are a good linear relationship. This
suggests that the quenching type at lower complex concentrations was
a single quenching mechanism, either static or dynamic [46]. Based
on eq. 2, the calculated quenching constants and the rate constants
at the corresponding temperature are listed in Table 2. As observed
from Table 2, KSV increases with rising temperature, indicating that
the fluorescence quenching of HSA by complex 1 is likely to occur via

100
m T=201K
g0 ® T=299K
A T=309K

0 20 40 60 80 100 120
[Qx10°m

m T=291K
e T=299K
A T=309K

0 2 4 6 8 10 12 14 16
[Q] x10°M

Figure 8 Stern-Volmer plots for the quenching of HSA (0.4 uM) by
complex 1 ranging from 0 to 120 uM (a) and 0 to 15 pM (b) at different
temperatures (291 K, 299 K, and 309 K) and pH 7.40.

T(K)  Kx10°(M")  kx10°(M's)  K,x10°(M") |«
291 0.74 £ 0.01 0.74 £ 0.01 0.84 +£0.01 1.21
299 0.96 + 0.02 0.96 + 0.02 1.11 £ 0.02 0.94
309 1.38 £ 0.02 1.38 £ 0.02 1.76 + 0.02 0.93

a dynamic quenching mechanism at lower complex concentrations.
However, the values of kq are much higher than the maximum value
(2.0 x 10" M's™!) for diffusion-controlled quenching [39]. This result
indicates that there is a specific interaction between the complex and
HSA, and the probable quenching mechanism is not initiated by a
dynamic process but by a static one (Table 2).

The binding parameters for the interaction of complex 1 and
HSA were obtained by analyzing the fluorescence data. The apparent
association constant KA and the number of binding sites n were
calculated using the modified double logarithm regression equation
(eq. 4) [47]:

F,—F

log =nlogKA—nlog[

! j @)
[Q1-(F,~F)[P/F,

whereF0 and F are the fluorescence intensities in the absence and
presence of complex 1, respectively, [Qt] and [Pt] are the total
concentrations of complex 1 and HSA, respectively. Figure S5 shows
the plot of log[(F, —F)/F] versus log{1/([Q] - (F,~F)[P ]/F)}or the
interaction between HSA and complex 1 at different temperatures, and
the calculated values of KA and n are listed in Table 2. The association
constants obtained are 10° M, which are just at a moderate level [48].
The association constants increase with the temperature, suggesting
that the interaction is an endothermic process [49]. The number of
binding sites in HSA approximates to 1, indicating that only one site
in HSA is reactive to complex 1. However, cisplatin can crosslink
several residue sites on human albumin. Therefore, the interaction
of HSA with complex 1 is relatively weaker than that with cisplatin
(Figure 9(a), 9(b)).

Aiming to investigate the structural changes o pf HSA induced by
complex 1, synchronous fluorescence spectra of HSA were measured
before and after the addition of complex 1 to get valuable information
on the molecular microenvironment, particularly in the vicinity of
the fluorophore functional groups [39]. The impact of complex 1 on
the synchronous fluorescence spectra of HSA at A\ = 15 nm and A\
= 60 nm is shown in Figure 9. The maximum emission wavelengths
of tyrosine residue (about 285 nm) in HSA exhibited no notable
red or hypsochromic shifts when AA= 15 nm, indicating that the
microenvironment around the tyrosine residue did not undergo
obvious changes during the binding process. However, the increasing
concentration of the complex led to a significant red shift (from
279 to 284 nm) at the maximum emission peak of the tryptophan
residue when A\ = 60 nm, suggesting that the conformation of HSA
was altered and the polarity around the tryptophan residues were
placed in a less hydrophobic environment and more exposed to the
solvent molecules during the interaction. Additionally, upon addition
of complex 1 to HSA, the quenching of fluorescence intensity is
observed for both Tyr and Trp residues with a concomitant increase
in the fluorescence intensity of the Pt(IT) complex (371 nm at AA=
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Figure 9 Impact of complex 1 (0, 1.5, 3.0, 4.5, 6.0, 7.5, 9.0, 12.0, 15.0

uM) on the synchronous fluorescence spectra of HSA (0.4 uM) at AA =
15 nm (a) and A = 60 nm (b).

15 nm; 325 nm at 60 nm, Figure S6). The obvious decrease in the
fluorescence intensity between complex 1 and HSA may occur in
domain II of HSA because both Tyr and Trp residues of HSA are
located in this domain Figure 10.

To further confirm the conformational changes of HSA induced
by complex 1, CD spectroscopy was performed. The CD spectra of
HSA in the presence of complex 1 are shown in Fig. 10. As can be seen
from Figure 10, HSA exhibits two negative bands at 208 and 222 nm
in the ultraviolet region, which are characteristic of the typical a-helix
structure of the protein [50]. The two negative bands contribute to
the m>m* and n >7n* transfers for the peptide bond of a-helical
secondary structure content. This may imply that complex 1 is able to
interact with the amino acid residues of the main polypeptide chain
of HSA and destroy the hydrogen-bonding network. However, the
CD spectra of HSA in the presence and absence of complex 1 are
observed to be similar in shape, suggesting that the structure of HSA
is predominantly a-helix even after binding.

CONCLUSION

In this study, we have prepared and characterized a novel
benzothiazole-based mononuclear platinum(II) complex. The
complex exhibited a cytotoxicity comparable to that of cisplatin

against MCF-7 cell lines, and more potent activities against HeLa
and A-549 cell lines. The complex could coordinate with N7-
GMP and GSH to form the Pt-GMP adduct and Pt-GS complex,
respectively. The coordination binding of 1 with GSH did not prevent
the formation of a certain amount of the Pt-GMP adduct in the
reaction process, which may be favorable in the clinical application
of the complex. In addition, the complex could bind to human serum
albumin (HSA) with a moderate binding affinity and quench the
intrinsic fluorescence of HSA.
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