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Abstract

The relationship between cytotoxic activity of platinum dinuclear complexes toward cancer cells and their intrinsic
Ž .properties electrophilicity and hydrophobicity have been examined. It is shown that the reactivity with chloride

anion is a good index of the electrophilicity of the platinum complexes. By assuming a cell kill pharmacodynamic
model, the relation between IC value and the electrophilicity is obtained. It is concluded that inside cells the50
reactivity of the platinum complexes having imide ligands is higher than that of CDDP. The other important factor

Ž .which affects the cytotoxic activity is hydrophobicity. The log k9 values k9: capacity factor are found useful to
estimate the hydrophobicity of platinum complexes. The accumulation of platinum into cells is dominated by the
hydrophobicity and the charge of platinum complexes. Highly hydrophobic complexes are thought to be adsorbed in
cell membranes, resulting in low cytotoxic activity since they cannot reach DNA. A schematic model of the
interaction between platinum complexes and serum proteins reveals that more hydrophobic complexes tend to bind
to serum proteins more stably. At least three possible paths of the cellular platinum accumulation are suggested:
direct accumulation of the platinum complexes, incorporation in the form of CDDP produced from the complexes,
and incorporation through protein]platinum complexes, although the contribution of the third one may be small.
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1. Introduction

The well-known anticancer platinum complex,
wCDDP cisplatin, cis-diamminedichloropla-

Ž .x w xtinum II 1 , is still an incomparably important
substance for clinical use. Despite a great deal of
exploration to find better activity and less toxicity
w x2 , none with validity superior to CDDP have
been discovered. Recently we showed that a

Ž .head-to-head HH platinum dinuclear complex
with 1-methylthymine ligand was active against

Ž .Sarcoma 180 cell lines, while a head-to-tail HT
derivative with 1-ethylthymine ligand was inactive
w x3 . We also found that HH complexes with imide

w xligands gave stronger cytotoxic activity 4,5 . It
was, therefore, challenging to focus on controlling
factors affecting the cytotoxic activity in the de-
sign and development of more advantageous com-
plexes. Two physicochemical factors are con-

Ž .sidered here, electrophilicity chemical reactivity
and hydrophobicity, which are generally thought

w xto be the fundamental parameters of drugs 6 .
ŽThese two factors are explained below, Section

.1.1 and Section 1.2 , followed by closely related
Ž .phenomena Section 1.3 and Section 1.4 .

1.1. Electrophilicity

There are many kinds of nucleophiles for plat-
inum complexes in vivo. Chloride anion is one of
the most important of these, and CDDP alters
the number of chloride ligands inside and outside

w xof cells 7 . Since the concentration of chloride
Žanion is much lower inside the cell 4 mM inside

.vs. 103 mM outside , CDDP releases its chloride
ligands in the cell. Proteins and water are also
significant candidates for alternative nucleophiles
in vivo. We therefore focused on ligand exchange

Ž .reactions viz. electrophilicity of the platinum
complexes. Imide analogues appeared suitable for
use in investigating the electronic effect of a free
carbonyl group not engaged in the coordination,
since a platinum complex with a-pyrrolidone lig-
ands is known to be inactive toward cancer cells
w x8 . The coordinating ability of nitrogen and oxy-
gen atoms is probably changed by electron-
withdrawing effect andror resonance effect of
the free carbonyl group.

1.2. Hydrophobicity

This property of biologically active compounds
is certainly one of the important features as is the

w xchemical reactivity 6 . Since CDDP is believed to
w xreact with DNA 9 , it must pass through cell

membranes, which is thought to be closely related
to the hydrophobicity of platinum complexes.

1.3. Accumulation of platinum in the cells

The observed amount of platinum is composed
of the species located inside cells and those ad-
sorbed in cell membranes. It is reasonable to
consider that this quantity is primarily dominated
by the hydrophobicity and charge of platinum
complexes.

1.4. Binding with serum proteins

Platinum complexes are assumed to interact
with proteins in serum, so their effect is also
examined in vitro using bovine serum albumin
Ž . Ž .BSA and fetal bovine serum FCS containing
various proteins.

In the present study, the series of platinum
complexes with 1-alkyluracil, 1-alkylthymine, and
cyclic imide derivatives were chosen as ligands, as
these were found to have cytotoxic activity toward

w xcancer cells in previous studies 3]5 .

2. Materials and methods

2.1. Reagents

All reagents, unless otherwise noted, were pur-
chased from the commercial suppliers specified in
parentheses and used without further purifica-

Ž . Žtion. cis-Diamminedichloroplatinum II CDDP;
. ŽSigma , fetal bovine serum FCS; Sankou Jun-

. Žyaku , bovine serum albumin BSA, Fraction V,
. Žprotease free; MILES , MEM medium Nissui,

. Ž .Japan , non-essential amino acid Gibco . BCA
protein assay reagent was a product of Pierce,
and all other reagents were of the highest grade
commercially available.
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2.2. Platinum complexes

The following platinum complexes were synthe-
w xsized previously 3]5 . The structures of the dinu-

clear complexes and the ligands are shown in
Scheme 1.

( )2.2.1. Dinuclear Pt II complexes with 1-alkyluracil
( )ligands 1]5

w Ž . Ž . xŽ . Ž . Ž .Pt MeUra NH NO HH 1 ,2 2 3 4 3 2
w Ž . Ž . xŽ . Ž . Ž . w ŽPt EtUra NH NO HH 2 , Pt n-Bu-2 2 3 4 3 2 2

. Ž . xŽ . Ž . Ž . wU ra N H N O H H 3 , P t2 3 4 3 2 2
Ž . Ž . xŽ . Ž . Ž . wBzlUra NH NO HH 4 , Pt2 3 4 3 2 2
Ž . Ž . xŽ . Ž . Ž .NaphCH Ura NH NO HH 5 .2 2 3 4 3 2

( )2.2.2. Dinuclear Pt II complexes with 1-
( )alkylthymine ligands 6]10

w Ž . Ž . xŽ . Ž . Ž .Pt MeThy NH NO HH 6 ,2 2 3 4 3 2
w Ž . Ž . xŽ . Ž . Ž .Pt MeThy NH NO ? H O HT 7 ,2 2 3 4 3 2 2
w Ž . Ž . xŽ . Ž . Ž .Pt EtThy NH NO ? 2H O HT 8 ,2 2 3 4 3 2 2
w Ž . Ž . xŽ . Ž . Ž . w ŽPt n-PrThy NH NO HH 9 , Pt n-2 2 3 4 3 2 2

. Ž . xŽ . Ž . Ž .PrThy NH NO ?2H O HT 10 .2 3 4 3 2 2

( )2.2.3. Dinuclear Pt II complexes with imide ligands
( )11]14

w Ž . Ž . xŽ . Ž . Ž .Pt SI NH NO ? H O HH 11 ,2 2 3 4 3 2 2

w Ž . Ž . xŽ . Ž . Ž . w xPt DMGI NH NO ?H O HH 12 22 ,2 2 3 4 3 2 2
w Ž . Ž . xŽ . Ž . Ž . w xPt DMGI NH NO HT 13 10 ,2 2 3 4 3 2
w Ž . Ž . xŽ . Ž . Ž .Pt EMGI NH NO HH 14 .2 2 3 4 3 2

( ) (2.2.4. Mononuclear Pt II complexes of SI 15 and
)16

w Ž . Ž . x Ž .cis- P t SI N H ? 2H O 15 , cis-2 3 2 2
w Ž .Ž . x Ž .PtCl SI NH 16 .3 2

( )2.2.5. Mononuclear Pt II complex of 1-alkyluracil
( )ligand 17

w Ž . Ž . x Ž .cis- Pt MeUra NH 17 .2 3 2

2.3. Instruments

UV-VIS spectra were recorded on a Hitachi
U-3200 or a Shimadzu MPS-2000 spectropho-

Ž .tometer. Capacity factor k9 of Pt complexes was
calculated from the retention time measured by

Ž .HPLC LC-6A, Shimadzu . The CAChe log P
values of ligands were calculated on a desk top

Žcomputer Macintosh Quadra 800, Apple Com-
.puter using the physical properties calculated by
ŽAM1 MOPAC ver. 6 in CAChe system, Sony

.Tektronix . Quantitative analysis of platinum was
carried out with a Zeeman atomic absorption

Scheme 1.
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Ž .spectrometer SpectrAA-400, Varian . Cytotoxic
activity was evaluated by counting the cell num-
ber directly by a Coulter Counter equipped with a

Ž .Channelyzer Coulter Electronics or by MTT
w xmethod 11 .

2.4. Assessment of electrophilicity

The CDDP formation in the reaction between
platinum complexes and chloride anions was used
as an index of electrophilicity of platinum com-

Ž .plexes. Platinum complexes 1 mmol were com-
Ž .pletely dissolved in saline 0.15 M, 1 ml , and kept

at constant temperature. Twenty ml of each solu-
Žtion were then chromatographed on HPLC ODS

column: Unisil Pack 250B, 6.0=250 mm, GL
Sciences Inc.; eluant: H O, flow rate: 0.8 mlrmin,2

.detector: ls230 nm . The yield of CDDP was
Ždetermined from the peak area retention time:

.6.5 min as a function of time.

2.5. Assessment of hydrophobicity

Ž .Capacity factor defined as k9s t y t rt wasR 0 0
used to estimate hydrophobicity of the platinum
complexes, where t and t were, respectively,R 0
the retention times of a platinum complex and a

Ž . Žstandard substance KI in HPLC ODS column:
Unisil NQ C18, 5.0=250 mm, GL Sciences Inc.;

Ž .eluant: CH CN:HNO 1 mM s45:55; flow rate:3 3
.0.8 mlrmin; detector: ls230 nm . Each sample

Ž .was dissolved in water ca. 0.1 mgrml and 20 ml
of the solution were injected. The CAChe log P
value of ligands was calculated as follows. Ligand
structures were first optimized by MM2 method
Ž .CAChe ver. 3.6 , then further optimized by AM1
method, and the heat of formation in vacuo
Ž . Ž .HOF and in water HOF and the solventvac water

Ž .accessible surface area SAS were calculated.
The solvent effect of water was estimated by a

Ž .conductor-like screening model COSMO with
Ž .default values of a dielectric constant 78.4 and

˚Ž .an effective radius 1.00 A in water. The CAChe
log P was then calculated from the above physi-
cal quantities using the following relation:

CAChelog Psy0.33263q0.048959 SAS

y0.027225 HOFvac

q0.03116 HOFwater

' ' Ž .y1.4003 N y1.0241 O 1

where N and O were the numbers of nitrogen and
oxygen atoms.

2.6. Platinum accumulation into cancer cells

Experiments on cellular platinum accumulation
were carried out with mouse Sarcoma 180 cells

w xemploying the method of Mistry et al. 12 . Cells
were cultured in MEM medium containing 5%
FCS, 20 mM HEPES, 1% non-essential amino

Ž 6 .acid. The cells 3]4=10 rwell in an exponential
growth phase were exposed to a single concentra-

Ž .tion 100 mM of a platinum complex with various
Ž .incubation times 1]3 h at 378C in 5% CO .2

Immediately after exposure, the medium was as-
Žpirated, and the cells were washed with PBS 3.5

. Ž .mlq1.5 ml , harvested in PBS 0.5 ml and soni-
cated for 30 min at 48C. To determine protein

Ž .content, the sonicated cells 50 ml were in-
Ž .cubated with 1 N sodium hydroxide 200 ml

overnight at room temperature before analysis.
Protein concentration was determined using BCA

w xprotein assay reagent 13 . Cellular platinum con-
centrations were measured directly from the soni-
cated cells by a Zeeman atomic absorption spec-
trometer using the internal additions method and
platinum standard solutions in 0.2% HNO . The3
platinum concentrations were expressed as
nmolrmg protein.

2.7. Interaction between platinum complex and
serum proteins

Interactions of the platinum complexes with
Ž Ž .FCS including several proteins BSA 17 grl ,

Ž . .globulin 16 grl , etc. were examined. Pure BSA
and proteins in FCS solution were used as serum

Ž .proteins. The complex 1 mmol was dissolved in
Ž2 ml of FCSrsaline solution the concentration

Ž ..was varied in the range of 0.0125]0.2 vrv and
reacted at 378C. CDDP formation was then fol-
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lowed by HPLC as described above. In the case of
BSA, after mixing 0.4 ml of a platinum complex

Ž .solution 0.20 mM in water and 0.4 ml of a BSA
Ž .solution 0.025]0.20 mM in 0.30 M aq. NaCl , the

mixture was immediately incubated at 378C. The
CDDP formation was then measured in the same
manner.

2.8. Assessment of cytotoxic actï ity

Ž 5 .The cells 1=10 rwell were exposed to vari-
ous concentrations of the complexes for 2 days
Ž . Ž .378C, 5% CO in a 24-well plate Costar . Cul-2
ture medium was used as a negative control and

Ž .mitomycin C MMC, 200 mgrml as a positive
control. Following the exposure the medium was

Ž .removed and trypsin-EDTA 200 ml was added
to each well. After confirming detachment of cells

Žfrom the bottom of the well, culture medium 700
.ml was added. The cell suspension was then

Ž .transferred to a test tube containing saline 4 ml
for counting by a Coulter Channelyzer. A MTT
assay method was also employed to evaluate the
activity.

3. Results

3.1. Electrophilicity of complexes

A time course of CDDP formation from vari-
ous platinum complexes of HH dinuclear com-

Ž .plexes with 1-alkyluracil ligands 1, 3, 5 in saline
at 258C is illustrated in Fig. 1. The observed rate

Ž w yx2 w yx .constants k sk Cl , Cl s0.15 M of 1, 3obs
Ž y1 .and 5 are almost the same ca. 0.1 h at 258C ,

which indicates that the modification of 1-al-
kyluracil ligands does not influence the elec-
trophilicity of the complexes to a great extent.
The time course from HH dinuclear complexes

Ž .with imide ligands 11, 12, 14 in saline at 258C
and 378C is shown in Fig. 2. The k values forobs

Ž y111, 12 and 14 were almost the same 0.9]1.3 h
y1 .at 258C and 4.3]4.7 h at 378C but were much

larger than those of 1, 3 and 5. Interestingly,
there was a difference in the final CDDP yield
among HH dinuclear complexes having the imide
ligands. That is, although the final yields from 12
and 14 were almost quantitative, that of 11 re-

Fig. 1. Time course of CDDP formation from platinum dinu-
clear complexes with 1-alkyluracil ligands in an aqueous NaCl

Žw x . w x w x y3solution NaCl s0.15 M at 258C; 1 s 3 s1.0=10 M,
w x y4 Ž . Ž . Ž . Ž5 s5.0=10 M; ` 1, v 3, ^ 5 the data of 1 were

w x.cited from 3 .

mained 80%. This suggests that 11 gives not only
CDDP but other by-products. In fact, one candi-
date was separated by HPLC and identified as

w Ž .Ž . x Ž .cis- PtCl SI NH 16 by elemental analysis. A3 2
time course of the formation of 15, 16 and CDDP
is shown in Fig. 3; the final yield of 16 was 40%
and those of CDDP and 15 were 80%.

3.2. Hydrophobicity of complexes

Hydrophilic drugs are easy to administer orally
in clinical use, but little of them passes through

Fig. 2. Time course of CDDP formation from platinum dinu-
clear complexes with imide ligands in an aqueous NaCl solu-

Žw x . w x w x w x y3 Ž .tion NaCl s0.15 M ; 11 s 12 s 14 s1.0=10 M; `
Ž . Ž . Ž . Ž .11, 258C, v 11, 378C, ^ 12, 258C, ' 12, 378C, I 14,

Ž .258C, B 14, 378C.
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Ž . Ž .Fig. 3. Time course of the formation of CDDP ` , 15 v

Ž . Žw xand 16 ^ from 11 in an aqueous NaCl solution NaCl s0.15
. w x y3M at 258C; 11 s1.0=10 M.

the hydrophobic cell membrane. On the contrary,
if the hydrophobicity of a drug rises above a
certain level, it is not only difficult to use clini-
cally but is also inactivated by interaction with
hydrophobic species and cell membranes in a
biological condition. Thus, in principle, drugs
should have an optimum hydrophobicity for their

w xgeneral activity 6 . The log P value has been
most commonly used as an index of hydrophobic-
ity. In the traditional measurement of log P, the
conventional shaking-flask method has been em-

ployed, but this is very laborious and time-con-
suming. A convenient alternative method is to

Ž .measure capacity factor k9 by HPLC and evalu-
w xate the hydrophobic property 14 . Table 1 sum-

marizes log k9 of the platinum complexes and
CAChe log P of the ligands together with the

Ž .observed retention time t and the other physi-R
Žcal quantities used for the calculation HOF ,vac

.HOF , SAS . Notably, a linear relationshipwater
exists between calculated CAChe log P and ex-

Ž .perimentally obtained log k9 Fig. 4 . For exam-
Ž .ple, Eq. 2 holds for the HH platinum complexes

with 1-alkyluracil ligand series.

Ž .log k9s0.19045q0.43159 CAChe log P . 2

It is apparent that the modification of the alkyl
groups of the ligands contributed regularly to the
overall hydrophobicity of the corresponding com-
plexes.

3.3. Accumulation of platinum to cancer cells

Drug accumulation in cancer cells is an impor-
tant property for an antitumor agent, since lower

Table 1
Observed log k9 of platinum complexes, calculated CAChe log P of ligands, and other physical quantities necessary for the
calculation

b c c dComplex Retention time log k9 HOF HOF SAS CAChevacuo water
a y1 y1 2˚Ž . Ž . Ž . Ž . Ž .t min kcal mol kcal mol A log PR

1 7.10 y0.29 y48.26 y68.91 70.77 y1.127
2 8.17 y0.13 y54.50 y74.79 77.84 y0.794
3 11.30 0.15 y68.19 y88.30 93.09 y0.095
4 14.63 0.33 y21.49 y42.78 102.18 0.495

e5 35.0 0.81 y0.962 y23.27 118.23 1.329
6 7.18 y0.29 y55.51 y74.83 77.11 y0.803
7 7.86 y0.18 y55.51 y74.83 77.11 y0.803
8 9.43 y0.01 y61.70 y80.67 83.99 y0.479
9 9.27 y0.02 y68.59 y87.36 91.26 y0.144

10 11.58 0.16 y68.59 y87.36 91.26 y0.144
11 7.06 y0.31 y77.37 y96.12 61.20 y1.070
12 8.77 y0.07 y97.27 y115.32 75.92 y0.405
14 11.30 0.14 y102.17 y120.20 81.73 y0.138

a Ž . Ž .Retention time of a standard substance KI t was measued in each experiment t was located in the range 4.74]4.76 min .0 0
b Ž . w xk9s t y t rt ; k9 values for 1]5, 11, 12 and 14 were cited from 5 .R 0 0
c Heats of formation of ligands in vacuo and in water.
dSolvent accessible surface area.
e Peak was broad.
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Ž .Fig. 4. Relation between log k9 and CAChe log P; v 1-al-
Ž . Ž . Ž .kyluracil ligands, ' 1-alkylthymine ligands HH , ` 1-al-
Ž . Ž .kylthymine ligands HT , ^ imide ligands.

drug accumulation caused by reduced uptake has
been reported to be responsible for acquired re-

w xsistance to CDDP in several cell lines 15 . The
precise mechanism by which CDDP enters cells is
unclear, but both passive diffusion and carrier

w xmediated mechanisms have been implicated 16 .
Thus a full analysis of factors affecting cytotoxic
activity should take into account the relative up-

w xtake of various platinum complexes to cells 12 .
A time course of cellular accumulation of typical

Ž .1-alkyluracil platinum complexes 1 and 5 and
CDDP is given in Fig. 5, where the accumulation
amount reflects their hydrophobicity and charge;
the accumulation of hydrophobic complex 5 was
three times higher than CDDP and 10 times
higher than 1. It was also found that mononuclear
complex 17 was accumulated to much less a de-

Ž .gree than 1 not shown in Fig. 5 .

3.4. Effect of serum proteins

The interaction of the platinum complexes with
serum proteins seems important because of their

w xhigh concentrations in serum 17 . In fact, serum
w xproteins are known to interact with CDDP 18 ,

while it is unclear whether certain serum pro-
tein]platinum complexes are therapeutically ef-
fective and contribute to the cytotoxic activity.
The CDDP]BSA complexes do not significantly

w xdissociate during dialysis experiments 17,19 . We

Fig. 5. Accumulation of platinum to Sarcoma 180 cells at
Ž . Ž . Ž .378C; ^ CDDP, v 1, ` 5.

expected that this interaction might be strength-
ened by the higher hydrophobic property of dinu-
clear complexes. Thus we sought to learn whether
proteins in the culture medium interact with HH

Ždinuclear complexes of 1-alkyluracil derivatives 2
.and 5 in an FCS-saline solution whose concen-

tration was varied in a similar range as that of the
culturing medium. The CDDP formation from 2
and 3 in saline with and without FCS was
observed, and the time-yield curve fitted the first
order rate equation. The amount of CDDP pro-
duced after 8 h in an FCS-saline solution was
reduced to 85% of that in saline alone, which
indicates that the interaction between dinuclear

Ž .complexes 2 and 3 and the proteins in FCS leads
to the suppression of CDDP formation. Fig. 6a
and b show the relationship between the concen-
tration of serum proteins and the yield of CDDP
after 8 h reaction of 2 and 5. In both cases the
CDDP yield decreases with increase in protein
concentration.

4. Discussion

If aquated complexes of platinum compounds
are truly active species against cancer cells, the
ligands of a complex must leave the metal center.
Dissociation of ligands in saline is accompanied
by the stepwise exchange of water andror Cly

w x20 . If both ligands are substituted by water, the
dinuclear complex should produce an aquated
complex. This complex would then be exchanged



( )M. Kodaka et al. r Biophysical Chemistry 75 1998 259]270266

Fig. 6. Effect of serum proteins on the yield of CDDP after 8
Ž . Ž .h reaction of 2 ` and 5 v in an aqueous NaCl solution

Žw x . Ž . Ž .NaCl s0.15 M at 378C; a BSA, b FCS.

stepwise by Cly, resulting in CDDP. The equilib-
rium between aquated complex and CDDP can
be shown as follows:

kq12q yw Ž . Ž . xcis- Pt NH OH qCl |3 22 2
ky1

qw Ž . Ž .xcis] PtCl NH OH3 22

kq2yw Ž . Ž .xcisy PtCl NH OH qCl |3 22
ky2

w Ž . xcis- PtCl NH2 3 2

ŽThe following rate constants k , k , k ,q1 y1 q2
. Ž .k and equilibrium constants K , K werey2 a b

w xreported by Miller and House 21 : k s9.09=q1
10y2 My1 sy1, k s 2.5 = 10y5 sy1, K sy1 a
k rk s 3.6 = 103 My1 ; k s 6.26 = 10y3

q1 y1 q2
My1 sy1, k s6.32=10y5 sy1, K sk rky2 b q2 y2

y1 Ž .s9.91=10 M at 258C ms0.1 M, NaClO in4

an acidic condition. In our examination, chloride
Ž w yx w x.anion 0.15 M, Cl 4 platinum complex was

selected as one of the nucleophiles for HH dinu-
clear complexes in water. Since total equilibrium
constant, KsK =K s3.6=105 My2 , suggestsa b
that the equilibrium is almost inclined to CDDP
under the present conditions, the rate of reverse
reaction to the original dinuclear complex seems
much slower than that of the CDDP formation
w x22 . The rate of CDDP generation can therefore
be used as an index of the electrophilicity of the
complexes.

Contrary to 12 and 14, 11 did not give CDDP
Ž .quantitatively at 378C Fig. 2 , due to the forma-

tion of by-product 16. To produce 16, a scission
must occur at the Pt]N coordination site of 15.
The isomerization of HH to HT forms was re-
ported by 195Pt NMR measurements in dinuclear

Ž . w xcomplex with glutarimide ligands GI 22 .
The HT dinuclear complex then gave
w Ž .Ž . Ž .xqPt GI NH OH in nucleophilic attack by3 2 2

Ž .water path D . It was reported that
w Ž .Ž . Ž .xqPt GI NH OH was also formed from the3 2 2
diaqua complex and a mononuclear complex,
w Ž . Ž . x Ž .Pt GI NH , through another path path E .2 3 2
Therefore, it is very likely that 11 may produce 16
through a similar path. For 12, however, the 195Pt
NMR experiment gave no indication of HT form
Ž .13 in water, probably because of the bulkiness

w xof two methyl groups of the ligand 22 . The same
logic may be applicable to 14.

It was reported earlier that the active com-
Ž .plexes low IC produce CDDP in saline but the50

Ž . w xinactive complexes large IC do not 3 . This50
means that all HH type complexes were active
and all the HT type ones were inactive. The

Ž .1-alkylthymine ligand complexes 6 and 9 were
less active than the 1-alkyluracil or imide series
Ž . w x Ž .1]5 or 12, 14 3,5 . Imide complexes 12, 14
showed the highest activity among the three
groups, the order of cytotoxic activity as a whole
being imide)uracil ) thymine complexes. The
dominating factor to be considered first is the
electrophilicity. To understand the relation
between electrophilicity and cytotoxic activity, we
proposed a possible reaction scheme based on a
basic pharmacodynamic model of chemothera-

w xpeutic effects 23 . The cell kill pharmacodynamic
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model of platinum dinuclear complexes is given in
Scheme 2. Here, the meanings of the parameters
are as follows: C , C , concentrations of the com-1 2
plexes in the medium; C , C , intracellular con-e1 e2
centrations of the complexes; k , pseudo-first-obs
order rate constant for the formation of CDDP;
C , total concentration of the complexes in them
medium; k , k , rate constants of drug-inducedd1 d2
irreversible cell death; K , K , equilibrium con-1 2
stants between intra- and extra-cellular concen-
trations; k , rate constant of cell proliferation; k ,s r
rate constant of physiological degradation of cells.
This model obeys the following assumptions: C ,m
C and C rapidly reach equilibrium; C ise1 e2 m
constant during the experiment; conversion of
dinuclear complex to CDDP is the pseudo-first-
order reaction.

Ž .Eq. 3 is derived from the above scheme,

dC rd tsk C yk C yk C C yk C Cs s s r s d1 s e1 d2 s e2

w Ž .s k yk yk K C exp yk ts r d1 1 m obs

� Ž .4 Ž .xyk K C 1yexp yk t C 3d2 2 m obs s

Ž .where C is the cell density. Solving Eq. 3 , wes
obtain

Ž . Ž .ln C rC s k yk yk K C ts s0 s r d2 2 m

Ž .qC k K yK Km d2 2 d1 1

� Ž .4 Ž .= 1yexp yk t rk 4obs obs

where C is the cell density at ts0. In thes0
control experiment where the platinum com-
plexes are absent,

Ž . Ž . Ž .ln C 9rC s k yk t 5s s0 s r

where C 9 is the cell density in the control experi-s
Ž . Ž .ment. Eq. 4 and Eq. 5 lead to

Ž . w Ž .ln C rC 9 s yk K tq k K yk Ks s d2 2 d2 2 d1 1

� Ž .4 x= 1yexp yk t rk Cobs obs m

Ž .6

Ž .Surviving fraction f of cells exposed to din-din
uclear platinum complexes is given by

Ž . Ž . Ž .f s100 C rC 9 s100exp ym C 7din s s din m

where

Ž .m sk K ty k K yk Kdin d2 2 d2 2 d1 1

� Ž .4 Ž .= 1yexp yk t rk 8obs obs

Scheme 2.
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ŽIf CDDP alone is present in the system viz.
.k becomes infinite , the surviving fractionobs

Ž .f for CDDP is represented byCDDP

Ž . Ž . Ž .f s100 C rC 9 s100exp ym C 9CDDP s s CDDP m

where

Ž .m sk K t 10CDDP d2 2

Ž . Ž .Eqs. 7 and 9 give IC as50

Ž . Ž .IC din syln0.5rm 1150 din

Ž . Ž .IC CDDP syln0.5rm 1250 CDDP

The ratio of IC values is thus given by Eq.50
Ž .13 ,

Ž . Ž .IC CDDP rIC din50 50

Ž .s1y 1yk K rk Kd1 1 d2 2

w� Ž .4 x Ž .= 1yexp yk t rk t 13obs obs

The relation between the IC ratio and k is50 obs
shown in Fig. 7 at various k K rk K valuesd1 1 d2 2
Ž .ts48 h . Here we obtain the following note-
worthy result. If k K rk K is smaller than 1,d1 1 d2 2
the IC ratio decreases as k decreases. How-50 obs
ever, if k K rk K is larger than 1, the ICd1 1 d2 2 50
ratio increases as k decreases. In the case thatobs
k K rk K is equal to 1, the IC ratio isd1 1 d2 2 50

Ž .always 1 constant . The physical meaning of this
result is that a platinum complex with high values
of K andror k tends to offer higher cytotoxic1 d1
activity especially when k is small. In Table 2obs
are summarized the observed IC ratio and k50 obs
for 1-alkyluracil, 1-alkylthymine, and imide com-
plexes. The IC ratio is smaller than 1 in the50
case of 1-alkyluracil and 1-alkylthymine com-

Ž .plexes 1 and 6 , but it somewhat exceeds 1 in the
Žcase of glutarimide derivative complexes 12 and

.14 . It is apparent from Fig. 7 and Table 2 that
k K rk K values of 12 and 14 are larger thand1 1 d2 2
1. It is suggested from the data on accumulation
of platinum complexes into cells that K is larger2

w xthan K 3 . Therefore, k should be larger than1 d1
k for 12 and 14, which means that 12 and 14d2
have higher reactivity than CDDP inside cells.

Table 2
Observed IC ratio and k50 obs

a y1 bŽ . Ž . Ž .Complex IC CDDP rIC din k h50 50 obs

258C 378C

c c1 0.66 0.097 0.058
c c6 0.61 0.23 0.79

12 1.01 1.3 4.7
14 1.08 1.3 4.7

a Ratio of IC values for CDDP and dinuclear complexes.50
b Pseudo-first-order rate constant for CDDP formation.
c w xCited from 3 .

This tendency seems reasonable, since the com-
plexes with larger electrophilicity for chloride an-
ion should have higher reactivity toward other
nucleophiles such as water and DNA bases inside
cells. The small IC ratio for 1 and 6 is probably50
ascribable to small k and k values, althoughobs d1
the ratio does not agree with the calculated one
quantitatively.

We have succeeded in the estimation of hy-
drophobicity of platinum complexes using the ca-
pacity factor in HPLC. As far as we know, there
has been no application of the capacity factor to
metal complexes. The key point in this success
was the use of nitric acid aqueous solution as an
eluant. As nitrate anion is a hydrophobic ion,
metal cationic complexes can be extracted into
organic phases in the form of hydrophobic ion
pairs. A similar mechanism can account for the
separation of the platinum complexes according
to their hydrophobicity by an ODS column. Since
the principle of this method should be applicable
to other metal complexes, it will be a tool of great
promise in the field of inorganic medicinal chem-
istry.

It is not likely that much platinum accumulates
inside cells in the case of 5 since its IC is higher50
than 2. It is very likely that 5 is adsorbed on the
membranes, because it has high hydrophobicity

Ž .and positive charge q2 . It is known that elec-
trostatic attractive force is strengthened in the

Žmedium of low dielectric constant in most cases,
high hydrophobicity tends to bring about a low

.dielectric constant environment . Another impor-
tant phenomenon relevant to the hydrophobicity
of platinum complexes is the interaction with
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Fig. 7. Theoretical relation between IC ratio and reaction50
Ž .rate constant k of CDDP formation from platinum dinu-obs

Ž . Ž . Ž . Ž . Ž .clear complexes; a k K rk K s0, b 0.1, c 1, d 2, ed1 1 d2 2
Ž .5, f 10.

serum proteins. In order to analyze this in detail,
the following scheme was assumed,

K km 2
D q S | D ?S ª D]S

Ž . Ž . Ž . Ž .a yxyw nb w y0 0

k1yD q 2Cl ª CDDP
Ž . Ž . Ž .a yxyw c z0 0

k3
CDDP q S ª CDDP]S

Ž . Ž . Ž .z nb r0

where D denotes a dinuclear complex, S signifies
a binding site on a protein, n is the number of the
binding site, D ?S is a reversibly bound complex
between a dinuclear complex and a binding site of
a protein, D-S is an irreversibly associated com-
plex, CDDP-S is an irreversibly associated com-
plex between CDDP and a binding site, a , b0 0
and c are initial concentrations of a dinuclear0
complex, a protein and chloride anion, respec-
tively, x is the amount of a dinuclear complex
converted to the other species, and y, z and w
are respective concentrations of D-S, CDDP and
D ?S. The above reaction scheme can be analyzed
under the assumption that the total concentration

Ž .of the binding site nb and the concentration of0
Ž .chloride anion c s0.15 M are constant during0

the reaction, since serum proteins such as BSA
possess many hydrophobic adsorption sites and c0

w xis also much larger than a 17,19 . The following0
equations are obtained:

Ž . Ž .K s a yxyw nb rw 14m 0 0

Ž .d yrd tsk w 152

Ž . 2 Ž .d zrdtsk a yxyw c yk znb 161 0 0 3 0

Ž .d rrd tsk znb 173 0

Ž . Ž . Ž .Eqs. 14 ] 17 lead to Eq. 18 ,

� 2 Ž .4d zrdtqk znb s k K c a r K qnb3 0 1 m 0 0 m 0

Ž 2 .=exp y k nb qk K c tr� 2 0 1 m 0

Ž . Ž .K qnb 184m 0

Ž . Ž .Solving Eq. 18 , we obtain Eq. 19 ,

� Ž . 2 4a rzs 1q k yk K nb rk K c0 2 3 m 0 1 m 0

Ž .= exp yk nb t3 0

Ž 2 .yexp y k nb qk K c tr� 2 0 1 m 0

Ž . Ž .K qnb 194m 0

Ž . Ž .Eq. 19 can be approximated by Eq. 20 under
the present experimental conditions,

Ž . 2 Ž .a rzs1q k yk K nb rk K c 200 2 3 m 0 1 m 0

The relation between a rz and b is shown in0 0
Fig. 8a and b, respectively, for BSA and FCS,
where good linearity was observed in both cases.
As these results are consistent with the above

Ž .model, we can use the quantity K snk rK as2 m
Ž 2 .an index for the interaction. Since k sk cobs 1 0

y1 Ž . 2 y1of 3 is 0.58 h Table 2 and k is 2.6=10 M3
hy1, the K values for 2-BSA and 5-BSA com-
plexes are calculated as 1.8=103 My1 hy1 and
4.7=103 My1 hy1, respectively, from the slopes
of the straight lines in Fig. 8a. We can conclude,
therefore, that more hydrophobic platinum com-
plexes form a more stable complex with serum
proteins.

From the above discussion, three possible paths
by which the platinum dinuclear complexes affect
cancer cells are considered: incorporation in the

Ž .form of 1 platinum dinuclear complexes in their
Ž .intact form, 2 CDDP produced from the dinu-

Ž .clear complexes, and 3 platinum]protein com-
plexes. Apparently the third path does not con-
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Fig. 8. Relation between a rz and concentration of serum0
Ž . Ž . Ž . Ž .proteins; a BSA, b FCS; 2 ` and 5 v .

tribute so much in view of the large size of the
complexes. Thus the net cytotoxic activity would
be actually determined by the result of the com-

Ž . Ž .petition of the above two species 1 and 2 .
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