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A quantitative structure-property relationship (QPSR) for the octanol-water partition of platinum complexes
was constructed using molecular descriptors derived from density functional (DFT) calculations. A dataset
of partition data for 64 complexes, consisting of 43 square-planar platinum(II) and 21 octahedral platinum-
(IV) complexes, was drawn from literature sources. Not only does this dataset include considerable structural
diversity of complexes considered but also a variety of techniques for the measurement of partition coefficients.
These data were modeled using descriptors drawn from electrostatic potentials and hardness/softness indices
projected onto molecular surfaces. This required initial descriptor selection using a genetic algorithm approach,
followed by partial least-squares regression against logPo/w data. In this way, a statistically robust model
was constructed, with errors of similar size to the variation in logPo/w from multiple experimental
measurements. Implications of lipophilicity for cellular accumulation of Pt-based drugs, and hence for design
of new drugs, are discussed, as is the uptake of metabolites of cisplatin.

Introduction

Hydrophobicity or lipophilicity parameters have found ex-
tensive use as tools in the field of quantitative structure activity
relationships (QSARsa) for numerous biological effects. Among
other factors, hydrophobicity has been shown to affect absorp-
tion, transmembrane transport, bioavailability, cellular drug
accumulation, hydrophobic drug-receptor interactions, metabo-
lism, pharmacological activity, as well as the toxicity of
molecules1. The lipophilicity of a molecule or drug has been
related to its ability to cross cell membranes by means of passive
diffusion and reflects the relative solubility of the drug in lipid-
like (e.g., lipid bilayers of a cell membrane) and aqueous (the
fluid in and out of cells) environments.

Following the seminal work of Hansch and Leo, lipophilicity
has become almost synonymous with then-octanol/water
partition coefficient log Po/w, where Po/w is the ratio of
concentrations of a compound inn-octanol and in water.
Traditionally, measurement of partition coefficients has been
performed using the “shake flask” method in which a compound
is dissolved in water, layered with an equivalent volume of
n-octanol, and after a period of shaking, the concentration of
drug in both phases is measured. Because logPo/w has become
an important hydrophobic parameter, many experimental and
theoretical methods have been developed to measure or calculate
log Po/w for organic molecules. Nowadays, chromatography2,3

is often used to replace slow and expensive shake flask methods.

For instance, RP-HPLC retention parameters have been cor-
related to the hydrophobicity of compounds.4

Platinum complexes such as cisplatin and carboplatin (Figure
1) are well established as effective anticancer drugs. However,
clinical challenges arising from toxicities and intrinsic and
acquired resistance have prompted the search for novel ana-
logues and the synthesis and testing of thousands of platinum
complexes.5,6 For platinum complexes, logPo/w is an important
parameter related to the accumulation of the drug into cells; an
exponential relationship between logPo/w and Pt accumulation
in cells7,8 has been reported previously. This is a significant
observation, particularly given the reduced cellular accumulation
associated with acquired resistance of clinical platinum drugs.
Platinum(II) complexes are generally hydrophilic, with generally
negative logPo/w values. However, addition of large nonpolar
ligands such as 1,2-diaminocyclohexane (dach) can increase
lipophilicity and hence uptake into cells. The platinum(IV) drug
satraplatin (Figure 1,22), currently in clinical trials, was
synthesized as a lipophilic platinum drug with two acetate axial
ligands and retains activity in cisplatin resistant cell lines in
part due to its increased cellular accumulation.9,10

Although logPo/w of platinum complexes can be measured
via HPLC methods, the experimental process is still relatively
time-consuming and expensive, limiting its use in screening as
part of a drug design procedure, and prediction of platinum drug
lipophilicity is useful for both retrospective analysis of data and
for predicting the features of drug design candidates. Thus,
reliable estimations of logPo/w based on chemical structure are
of considerable interest. Hansch and co-workers11 set out a
group-additive method for calculating logPo/w, quantified by a
substituent constant, so that features of compounds could be
predicted prior to their syntheses. Subsequently, many groups
have established similar group contribution methods for estima-
tion of log Po/w; these work well when all group constants are
known, but unfortunately, these are not available for many
ligands of metal complexes, including platinum. In addition,
the polarizing effect of the metal center alters the properties
and interactions of organic ligands,12 such that their properties
cannot be simply transferred to metal complexes.
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Figure 1. Structures of complexes included in the dataset.
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Figure 1. Continued.
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Instead, we turn to quantum mechanical calculations, the
results of which can be condensed into three-dimensional (3D)
descriptors for a whole molecule and used to construct biologi-
cally relevant quantitative structure-property relationship (QSPR)
models. The molecular electrostatic potentialV(r) created around
molecules has been shown by Politzer13 to describe the ability
to form noncovalent interactions, which in turn determine a
molecule’s logPo/w. V(r ) is given by the sum of nuclear and
electronic contributions

whereZA is the charge on nucleusA, located atRA, andF(r ) is
the electron density. The sign ofV(r ) at positionr depends upon
whether the effects of the nuclei or the electrons are dominant.

Politzer has shown that molecular descriptors based on the
electrostatic potential measured on isosurfaces of the electron
density,VS(r ), can be used to describe and predict hydrogen
bonding and related phenomena,14 including those in biological
systems.15 These descriptors model “hard” Coulombic interac-
tions, long-range forces that often dominate intermolecular
interactions. It has been suggested that “softer” short-range
forces can also be represented by local surface properties. QSPR
descriptors seeking to model these rely, for instance, on the local
ionization energy16 or the local electron affinity,17 which are
well suited for the prediction of chemical reactivity since they
give information about donor/acceptor interactions.18 The local
ionization energy may be defined as

whereFi(r) are the electronic densities of the occupied molecular
orbitals with eigenvaluesεi. An alternative definition of local
hardness was proposed by Geerlings et al. (DFT) based on the
electronic-only contribution to the electrostatic potential,Vel,
scaled by the total number of electrons in the molecule,N.19-21

This definition was tested in this work but found to be inferior
for our purposes to the local ionization potential, and therefore,
it was not pursued any further.

Several years ago, we reported22 one of the first attempts to
construct a QSPR for logPo/w, based on 23 compounds whose
experimental logPo/w values had been previously reported, using
molecular descriptors based around polar surface areas. This
yielded anR2 value of 0.90 and a standard deviation of 0.35
log units. Subsequently, we reported23 a QSPR model for 24
Pt(II) complexes (complexes1-5, 20, 23, 25, 27, 47-59, 61,
and62 in Table 1 and Figure 1), whose logPo/w values were
determined using reverse-phase high-performance liquid chro-
matography (RP-HPLC). This model was based on four mo-
lecular descriptors derived from DFT,24 including surface
electrostatic and surface ionization potentials,VS(r ), and Ih(r ),
as well as the dipole moment and polarizability. This model
was found to correlate logPo/w values with anR2 value of 0.95
and an rms error of 0.21 log units, that is, significantly improved
over our first paper. This was, to our knowledge, the first attempt
to use descriptors derived from quantum chemical calculations
to predict logPo/w for platinum complexes. Despite the promise
of this approach, however, the structural variety of the com-
plexes considered was somewhat limited. In this work, therefore,
we attempt to extend this methodology to a much larger and
more structurally diverse dataset. In addition, we also attempted
to combine logPo/w data from a variety of literature sources

based on different measurement protocols, which should provide
a greater challenge to the QSPR methodology and ultimately a
more reliable and generally applicable predictive model.

Results
The dataset was collected from literature data published

between 1991 and 20064,23,25-31 and contains 64 platinum
complexes with associated experimentally determined logPo/w

values. Most data stem from shake flask methods, some using
saline solution to prevent equilibration into aquated species, and
drug detection employed atomic absorption spectroscopy. A
significant minority of data is from RP-HPLC studies. In most
cases, the logPo/w values were provided in the literature;
however, values in Kidani et al.30 were converted to logPo/w

from thePo/w data provided. While some earlier studies report
the partition coefficient between chloroform and water,32 these
were not incorporated into the dataset. Enantiomers of the same
complex with different experimental values were treated as
separate data points with the same set of descriptors. The
complexes studied are shown in Figure 1 and Table 1, also
giving the original literature reference of the experimental log
Po/w measurements. Of the 64 compounds selected, 21 are
platinum(IV) complexes, and while not all conform to classical
Pt structure-activity rules, all complexes reported contained
cis-am(m)ine ligandssa fundamental requirement for activity
in conventional platinum drug design.5

Three molecules within this dataset have multiple literature
values, that is, cisplatin (four values reported), oxaliplatin (three
values), and carboplatin (three values). Several other molecules
have two data values. In such cases, logPo/w values were
transformed into the correspondingPo/w data before averaging,
and the log of this average was taken as a single value in the
QSPR. For the three molecules mentioned above, the availability
of multiple data from different laboratories and/or methods
allows us to monitor the reproducibility of logPo/w data. For
cisplatin and oxaliplatin, a range of approximately(0.15 log
units results from this analysis, but for carboplatin, a larger
spread of(0.44 log units is observed. These values provide a
useful context for the statistical accuracy of any QSPR models
made from this data.

Using the same set of descriptors as those in our previous
study of 24 Pt(II) complexes,23 a model constructed using
multiple linear regression analysis (MLRA) givesR2 ) 0.767
and RMSE) 0.671 for all 64 complexes, that is, considerably
worse performance results from application to this larger dataset.
This could be ascribed to the much greater structural diversity
of the current, larger dataset or may stem from the inherent
variability of values derived from several sources using different
experimental methods. In order to test these hypotheses, a more
sophisticated statistical analysis is required, using a better
combination of descriptors to incorporate the wider range of
physical characteristics present in the more diverse dataset.

In total, we calculated 39 descriptors for each molecule in
the dataset (see Experimental Section), many of which were
highly intercorrelated. Because of this, conventional MLRA is
not an appropriate method to use due to its sensitivity to
intercorrelation. Partial least-squares (PLS) offers a more
statistically robust method of handling descriptors that are
correlated, balancing the two objectives of fitting to response
data (logPo/w in this case), and predicting the external data,
based on the assumption that directions in the predictor space
that are well sampled should provide a better prediction for new
observations when the predictors are highly correlated. This
focus on prediction, rather than fitting, matches our aim of
producing a model to predict logPo/w for new complexes.

V(r ) ) ∑
A

ZA

|RA - r |
- ∫ F(r ′)dr ′

|r ′ - r |
(1)

Ih(r ) ) ∑
i

occMOFi(r )|εi|
F(r )

(2)
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It is known that the performance of PLS degrades if
descriptors not relevant to the property of interest are employed,
that is, there is an optimal set of input descriptors for a given
PLS model. In order to select these, we employed a genetic
algorithm approach, in which populations of descriptor sets were
constructed randomly and their “fitness” to explain logPo/w via

PLS was tested. The fittest populations were retained and
allowed to mutate and interchange the descriptors included, until
an optimum set was reached.

This combination of genetic algorithm descriptor selection
and partial least-squares regression (GA-PLS) was therefore
employed for all 64 complexes, selecting DFT-based descriptors

Table 1. Log Po/w of Platinum Complexesa

structure no. chemical name logPo/w (average) primary sourceb

1 cis-[PtCl2(NH3)2] [cisplatin] -2.30 (-2.19,-2.53,-2.28,-2.27) a, b, d, h
2 cis-[PtCl2(NH2CH3)2] -1.80 (-1.68,-1.97) a, h
3 cis-[PtCl2(NH2CH(CH3)2)2] -0.44 (-0.32,-0.61) a, h
4 cis-[PtCl2(NH2Buc)2] 0.25 (0.36, 0.09) a, h
5 cis-[PtCl2(NH2Pec)2] 0.95 (0.81, 1.06) a, h
6 cis-[Pt(NO3)2(NH3)2] -3.36 a
7 cis-[Pt(NO3)2(NH2CH3)2] -3.28 a
8 cis-[Pt(NO3)2(NH2Buc)2] -1.71 a
9 cis-[Pt(NO3)2(NH2Pec)2] -1.14 a

10 cis-[Pt(NO3)2(cha)2] -0.91 a
11 cis-[Pt(NO3)2(NH2Hpc)2] -0.35 a
12 cis-[Pt(NO3)2(4-HOCH2Py)2] -2.13 a
13 cis-[Pt(NO3)2(4-CH3COOPy)2] -1.41 a
14 cis-[Pt(NO3)2(Py)2] -1.59 a
15 cis-[Pt(NO3)2(4-(CH2)2NPy)2] -0.83 a
16 cis-[Pt(NO3)2(4-ClPy)2] -1.06 a
17 rac-[PtCl4(dach)] [ormaplatin] -1.17 b
18 R,R-[PtCl4(dach)] -1.18 b
19 S,S-[PtCl4(dach)] -1.03 b
20 R,R-[Pt(ox)(dach)] [oxaliplatin] -1.54 (-1.65,-1.64,-1.39) b, g, h
21 S,S-[Pt(ox)(dach)] -1.59 b
22 cis-trans-[Pt2Cl2(OCOCH3)2(NH3)(cha)]

[JM216, satraplatin]
0.10 (-0.16, 0.26) b, g

23 [Pt(CBDC)(NH3)2] [carboplatin] -1.64 (-2.30,-1.398,-1.63) b, e, h
24 [PtCl2(N,N′-(C2H5OH)2-en)] -2.136 c
25 [PtCl2(N-(C2H5OH)-en)] -2.16 (-2.214,-2.12) c, h
26 cis-[PtCl2(NH2C2H5OH)2] -2.223 c
27 [PtCl2(en)] -2.22 (-2.30,-2.16) d, h
28 [PtCl4(en)] -1.91 d
29 cis-[PtCl4(NH3)2] -2.06 d
30 cis,trans,cis-[PtCl2(OCOCH3)2(NH3)2] -2.20 d
31 cis,trans-[PtCl2(OCOCH3)2(en)] -1.88 d
32 cis,trans,cis-[PtCl2(OH)2(NH3)2] -2.81 d
33 cis,trans-[PtCl2(OH)2(en)] -2.78 d
34 [Pt(acetyl-Glu)(dach)] -0.903 e
35 [Pt(propionly-Glu)(dach)] -0.453 e
36 [Pt(carbobenzyloxy-Glu)(dach)] 1.197 e
37 [Pt(pivaloyl-Glu)(dach)] 0.179 e
38 [Pt(phthaloyl-Glu)(dach)] 2.067 e
39 trans,cis,cis-[Pt(OCOC3H7)2(ox)(dach)] 0 g
40 trans,cis,cis-[Pt(OCOC4H9)2(ox)(dach)] 0.93 g
41 trans,cis,cis-[Pt(OCOC5H11)2(ox)(dach)] 2.00 g
42 trans,cis,cis-[Pt(OCOC3H7)Cl(ox)(dach)] -1.25 g
43 trans,cis,cis-[Pt(OCOC4H9)Cl(ox)(dach)] -0.62 g
44 trans,cis,cis-[Pt(OCOC5H11)Cl(ox)(dach)] -0.076 g
45 [PtCl2(tmen)] -0.85 h
46 [PtCl2(dmppz)] -1.23 h
47 [PtCl2(dach)] -1.40 h
48 [Pt(mal)(NH3)2] -2.32 h
49 [Pt(mal)(en)] -2.19 h
50 [Pt(mal)(tmen)] -1.17 h
51 [Pt(mal)(dmppz)] -1.47 h
52 [Pt(CBCD)(en)] -1.70 h
53 [Pt(CBDC)(tmen)] -0.47 h
54 [Pt(CBDC)(dmppz)] -0.79 h
55 [Pt(mal)(dach)] -1.37 h
56 [Pt(CBDC)(dach)] -0.85 h
57 cis-[PtCl2(Py)2] -0.04 h
58 [Pt(dach)(OCOC5H11)4] 3.03 i
59 [PtCl2(enCONHC5H11)] -0.04 h
60 [PtCl2(enCONHCH(CH3)2))] -0.46 h
61 [Pt(OCOCH3)4(dach)] -1.59 i
62 [Pt(OCOC2H5)4(dach)] 0.18 i
63 [Pt(OCOC3H7)4(dach)] 1.54 i
64 [Pt(OCOC4H9)4(dach)] 2.54 i

a Abbreviations: Buc, cyclobutyl; CBDC, 1,1′-cyclobutanedicarboxylato; cha, cyclohexylamine; dach, 1,2-diaminocyclohexane; dmppz,N,N′-dimethyl-
piperazine; en, ethane-1,2-diamine; Glu,L-glutamate; Hpc, cylcoheptyl; Hxc, cyclohexyl; mal, malonato; ox, oxalato; Pec, cyclopentyl; Py, pyridine; tmen,
N,N,N′,N′-tetramethylethane-1,2-diamine.b References: (a) Ref 25; (b) ref 4; (c) ref 26; (d) ref 27; (e) ref 28; (f) ref 29; (g) ref 30; (h) ref 23; (i) ref 31.
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as required from the pool of 39. The best model found in this
manner was based on eight descriptors: polarizability; the
number of ESP local minima; the IP minima and variance;
along with the number and sums of the IP local maxima and
minima. Seven latent vectors were used, giving the final
eq 3 and statistics shown below. Randomization tests were
carried out 500 times, yielding intercepts forR2 ) 0.04 and for
Q2 ) -0.08, indicating that overfitting has not occurred in this
case

Descriptors based on local hardness were included in the GA
procedure but did not appear in the best models found using
GA-PLS. All such descriptors constructed were closely related
to polarizability and volume descriptors, suggesting they
represent similar physical properties. The maximum
hardness value was alone in having no cross-correlations with
other descriptors considered but was not significant in the
PLS models of logPo/w. Figure 2 shows the observed against
predicted logPo/w using the model above and shows good
accuracy across the full range of observed values traversing more
than 6 log units. The average logPo/w value for all complexes
in the set is negative (mean) -0.92), as one might expect for
hydrophilic complexes, though clearly complexes with lipophi-
licity similar to that of organic molecules and drugs can be
achieved.

Since the descriptors used in constructing eq 3 are not on
the same scale, coefficients cannot be directly compared to
evaluate which properties dominate the model. Instead, we
calculated the variable importance parameter (VIP) of each
descriptor in the final model. These are reported in Figure 3
and Table 2. This analysis reveals that polarizability is the

dominant descriptor, as was found to be the case in our previous
work.23 The positive coefficient for polarizability shows that
more polarizable compounds prefer octanol, as might be
anticipated on the basis of the physical properties of water and
octanol. Polarizability is also closely correlated to molecular
size, thereby reflecting the relative ease of forming cavities in
octanol compared to water. Other measures of molecular size,
such as the volume enclosed by the 0.001 au isodensity surface,
were found to be less significant than polarizability in the
GA-PLS model.

The number of minima on the surface electrostatic potential,
N[VS

-], is in essence a measure of the hydrogen bond basicity
of a molecule. Its importance is in agreement with the known
physical properties of the octanol/water system since water is a
more Lewis acidic medium than octanol.VS

+ and related
descriptors for H-bond acidity are not featured in any model,
which can be attributed to the similarity in the hydrogen bond
basicity of water and octanol. That the number of such minima,
rather than their depth, emerges as a significant descriptor from
the GA-PLS procedure is somewhat surprising. This may reflect
the importance of multiple hydrogen bonds, that is, several water
or octanol molecules surrounding a single complex, which is
likely to be particularly relevant to larger complexes. Several
descriptors based on the surface ionization potential were found
to be significant in this QSAR, including the global minimum
IP, along with the number and sum of minima and maxima on
the surface. The significance of these terms was assigned23 to
the “harder” nature of water over octanol, leading to a lower
log Po/w for harder molecules.

Of the 64 complexes studied, 21 are octahedral platinum-
(IV), and 43 are square-planar platinum(II) complexes, or
roughly 1:2, reflecting the Pt(II) compounds’ greater heritage
as potential successors to cisplatin. The overall rms error of
0.39 for all data can be decomposed into values of 0.35 for the
43 Pt(II) and 0.43 for the 21 Pt(IV) complexes, that is, good
results for both coordination types, with slightly better perfor-
mance for Pt(II). This may reflect the greater structural diversity
of Pt(IV) complexes, or it may simply be due to the greater
number of Pt(II) complexes in the dataset used to build the
model. It is also possible to develop separate QSPR models for
Pt(II) and Pt(IV) complexes, although the relatively small
number of Pt(IV) data hinders this somewhat. Stepwise linear
regression for the Pt(II) data shows that a QSPR model similar
to that previously published for a subset of this data, incorporat-
ing polarizability, dipole moment,VS,Min, and IS,Max performs
reasonably well, withR2 ) 0.85 and RMSE) 0.46. For the
Pt(IV) complexes, it is interesting to note that polarizability
alone correlates with logPo/w, with R2 ) 0.90 and RMSE)
0.55. The dipole moment is not significant here, perhaps
reflecting the higher symmetry of these complexes, while adding
VS andIS terms provides only minor improvements,R2 ) 0.93
and RMSE) 0.47.

Figure 2. Observed versus predicted logPo/w values from eq 4,
incorporating a line of best fit withR2 ) 0.92

Figure 3. Variable importance values for the best GA-PLS model.

log Po/w ) 1.102+ 0.00550R - 0.0497N[VS
-] -

11.936IS,min + 0.654N[IS
+] - 1.461ΣIS

+ + 0.184N[IS
-] -

0.363ΣIS
- - 183.128σ2 (IS)

n ) 64 R2 ) 0.919 RMSE) 0.386 Q2 ) 0.871 (3)

Table 2. Variable Importance for the Best Ga-PLS Model

descriptor VIP

1 R 1.11259
2 IS,min 1.09882
3 ΣIS

+ 1.04137
4 N[IS

-] 0.998374
5 N[IS

+] 0.995512
6 N[VS

-] 0.97517
7 ΣIS

- 0.932499
8 σ2(IS) 0.813634
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Discussion

The cellular accumulation of platinum drugs is believed to
be dependent on both passive diffusion and active transport.
Active transport can involve mediated entry into the cell via
plasma membrane transporters such as the copper transporter

CTR1 (SLC33A1) and organic cation transporters 1 and 2
(SLC22A1 and SLC22A2), as well as active efflux of the drug
by the copper efflux transporters ATP7A and ATP7B or efflux
of Pt-glutathione conjugates by the GS-X efflux transporters.33

The relative importance of passive versus active transport

Table 3. Cellular Accumulation Values Reported for Complexes1-8 in Ang et al.37 and Calculated LogPo/w Values for the Complexes; Complexes
2-8 are Platinum(IV) Complexes Possessing a Common Equatorial Moiety (Based on Cisplatin,1) and Varying in the Axial Ligands

a Experimental data from Ang et al.37 b As predicted from eq 3.
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pathways for drug uptake is yet to be determined but is probably
cell-type specific. Platinum drugs display the hallmarks of
passive diffusion: linear, nonsaturable uptake kinetics, a lack
of competitive uptake inhibition by analogues, and accumulation
that correlates with lipophilicity.34 Yet, uptake can be lowered
with metabolic inhibitors, which is indicative of energy-
dependent uptake, and most importantly, cell lines that are
selected for resistance to cisplatin demonstrate lowered ac-
cumulation, probably due to loss of the energy-dependent
transport function, as little change in the cell membrane
composition has been reported in resistant cells.34

Given the loss of accumulation due to the active transport
function in resistant cells, complexes with increased lipophilicity
may increase passage across the lipid bilayer without relying
on active/facilitated transport, potentially circumventing resis-
tance. As such, an understanding of the potential for platinum-
derived chemotherapeutics to diffuse across lipid bilayers is
paramount. For instance, satraplatin was developed as an orally
available lipophilic platinum(IV) drug and was found to
circumvent cisplatin resistance in cells due to increased cellular
accumulation.35 While much information exists in the literature
on the cytotoxicity and DNA binding (the key cytotoxic
mechanism of action) of platinum complexes, there is frustrat-
ingly little comparative data on cellular accumulation of diverse
platinum complexes.5,33 This is probably partly due to the
techniques required for platinum drug accumulation (GFAAS
or ICP-OES) not regularly being present in cell biological
laboratories. While one may find in the literature a number of
papers comparing accumulation of one or two novel compounds
to cisplatin, the range of cell lines, conditions, and concentration
or time dependence of the accumulation studies render com-
parison among studies difficult at best, and no accepted
standards for drug accumulation assays exist in the field that
might facilitate this.

A small number of publications have been identified by us
where accumulation for four or more agents in a single cell
line is reported. We have previously demonstrated8 an expo-
nential relationship between lipophilicity and the uptake of five
complexes reported by Loh et al.36 in 41M human ovarian cancer
cells, and a similar exponential relationship (R2 ) 0.94) is found
using the method for calculation of logPo/w set out in this work.
For eight complexes with a narrow range of experimentally
determined logPo/w values (-2.8 to -1.8), one of us showed

a positive correlation between logPo/w in A2780 ovarian cancer
cells and A2780cisR cisplatin resistant cells (accumulation being
lower in the resistant line).27

Dyson and co-workers37 recently reported a series of plati-
num(IV) complexes with substituted benzoates coordinated
in the axial positions and examined their accumulation
in A549 lung and HT29 colon carcinoma cell lines. In order
to rationalize their activity, logPo/w values for the corresponding
benzoic acids were reported, but no clear relation to
accumulation was observed (Table 3). We have revisited this
data using the method refined above for prediction of logPo/w

values for platinum complexes. This approach has the key
advantage that logPo/w is predicted for the entire complex
rather than for a single ligand, thus allowing us to compare
structurally unrelated molecules and, hence, to explore relation-
ships between logPo/w and accumulation in different cell lines.
This is of particular interest as cell lines express a range of
influx and efflux transporters that complement passive diffusion
into the cell. Figure 4 plots accumulation into two different cell
types against logPo/w, along with an exponential line of best
fit. These data further support our previous finding of an
exponential relation between lipophilicity and accumulation in
cells, with R2 values of 0.681 and 0.799 for A549 and HT29,
respectively.

Comparison of logPo/w values of the axial benzoate ligands
incorporated in3-8 (Table 3) with predicted values for the
entire complexes reveals little or no relationship between these
two estimates of lipophilicity (R2 ) 0.238). This may be due to
differing ligand orientation among the complexes resulting in
varying ligand surface exposure to solvent, suggesting that
simply incorporating a lipophilic moiety into a platinum complex
does not necessarily confer increased lipophilicity. Given that
cellular accumulation is a key determinant of cellular sensitivity,
we suggest that prediction of logPo/w for new complexes should
be incorporated into presynthetic drug design strategies for
platinum complexes.

While complex7 has a similar logPo/w value to that of8
(0.70 and 0.61, respectively),8 demonstrates poor cellular
accumulation (Table 3). This is probably due to the pendant
acetic acid moieties present in8 being predominately deproto-
nated at physiological pH, giving singly and doubly negatively
charged species. While at equilibrium some of8 would
remain uncharged, this amount is clearly low; compound8 has

Figure 4. Plot of calculated logPo/w for complexes3-7 in Table 1 versus the reported cellular accumulation in A549 and HT29 cells. Values for
complex8 are excluded; see text for details.
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a calculated lipophilicity similar to those of3 and7 (log Po/w:
3 ) 0.46, 7 ) 0.70) that demonstrate uptake 2-3 orders of
magnitude greater than8 in vitro. This is not unexpected, as no
transporters have yet been identified that can translocate
negatively charged platinum complexes (though cationic Pt
complexes demonstrate avid uptake by an as-yet undetermined
mechanism).38 Given the anomalous cellular accumulation in
both cell lines due to charge, complex8 was not incorporated
into Figure 4. The data demonstrate an upward trend for cellular
accumulation with increasing lipophilicity and little difference
in accumulation patterns between the two cell lines.

Recent work examining the biotransformation products of the
clinical drugs carboplatin and cisplatin in biological media have
shown that a number of charged species form with endogenous
biomolecules such as carbonate and phosphate, and the paradigm
of cisplatin as a naive molecule which exclusively enters cells
via passive diffusion has been discarded.39 While these charged
species are unlikely to enter cells via passive diffusion, there is
little consensus in the literature on whether aquated species are
able to enter cells. It is usually stated that when a chloro ligand
on cisplatin is displaced by a labile water ligand outside of the
cell, a process known as aquation, the drug cross-reacts with
biomolecules, including proteins that deactivate the drug.33

Cisplatin forms a number of aquated species; however, the
primary species formed (Figure 5) is the neutral chlorohydroxo
species (c in Figure 5), which accounts for 26% of species at
equilibrium in high chloride concentration. Not only isc present
in the extracellular media at relatively high levels, the platinum-
hydroxo bond is relatively unreactive; however, experimental
determination of its logPo/w is not possible given the compli-
cated equilibria at play. Table 4 reports the proportions of each
species present in 104 mM chloride,40 the approximate chloride
concentration present in the extracellular media, the charge of
each of the aquation species shown in the scheme, and the log
Po/w calculated for cisplatin (1) and the neutral chlorohydroxo
species. The calculated logPo/w for cis-[PtCl(OH)(NH3)2] (c)
is -2.7, only slightly lower than that for cisplatin (-2.4). Given
the prospect of hydrogen bonding with phosphates on the cell
membrane fostering preassociation with the cell membrane,41

this result suggests that the chlorohydroxo species is capable

of passively diffusing into the cell and that “aquation” of
cisplatin does not necessarily represent deactivation.

Conclusions

We present a QSPR for the lipophilicity of platinum
complexes based on 64 literature octanol-water partition data.
Using a combination of genetic algorithm descriptor selection
and partial least-squares regression (GA-PLS), we can identify
eight descriptors that form a statistically valid and robust model
of log Po/w. This model explains 92% of the variance in the log
Po/w dataset, while cross-validation gives aQ2 value of 87%.
The root-mean-square error of 0.39 log units can be compared
to the spread of data found from multiple measurements, which
is in the range of 0.15 to 0.45 log units. The QSPR model allows
us to predict whole-molecule lipophilicity for unmeasured
complexes, which shows significant differences from attempts
to use substituent constants alone. A broad upward trend of
lipohilicity against uptake into cells is observed, and the
implications of this for design of new drugs that may circumvent
resistance to cisplatin is discussed. We also predict the logPo/w

value for an activated metabolite of cisplatin, that is,cis-[PtCl-
(OH)(NH3)2], which is only slightly less lipophilic than cisplatin
itself, demonstrating the ability for prediction to impact on our
understanding of cellular accumulation mechanisms. This work
should have great significance to the pharmaceutical industry
allowing in silico screening of potential synthetic targets using
calculated molecular properties alone.

Experimental Section

Descriptor Generation. All calculations were performed with
Gaussian0342 on the “Helix” Beowulf cluster43 Computation and
Visualization Facility of Cardiff University. Following previous
work,23 geometries of the gas-phase complexes were fully optimized
without any symmetry constraint using the B3LYP hybrid functional
with the LANL2DZ basis set; then, electron density,V(r ), andI(r )
were calculated using B3LYP with the 6-31+G(d,p) basis set on
all light atoms, and the CEP-121G basis set and core potential were
used for Pt. The molecular dipole moment and dipole polarizability
were also calculated at this level.

Properties were calculated individually at every lattice point
within an approximately cubic grid centered on each molecule using
803 ) 512000 lattice points. An in-house C-program then extracted
the isodensity surface, located localV(r ) and I(r ) extrema, and
calculated statistical descriptors from these surface properties. As
in our previous work,23 surface descriptors were computed on the
0.001 and 0.0005 au electron density isocontour forVS(r ) andI(r ),
respectively. On the basis of previous experience with organic
molecules,44 an empirical cutoff for minima inVS(r ) of -0.03 au
was used for two additional descriptors (ΣVS

-
cutoff and Ave[VS

-
cutoff])),

attempting to eliminate spurious minima that may distort descriptor
values for large compounds; however, these cutoff descriptors did
not enter the final QSPR model. An approximate measure of
molecular volume was constructed from the number grid points
within the 0.001 au density surface. Statistical descriptors23 were
produced from this data, including global maximum and minimum
values, the number and sum total of minima and maxima, averages,

Figure 5. Aquation scheme for cisplatin in water, showing singly (a)
and doubly (b) aquated species and their hydrolysis products. Note
that the chlorohydroxo species (c) is neutral.

Table 4. Proportions of Each Species Present in 104 mM Chloride

compound 104 mM charge logPo/w (calc)a

1 67 0 -2.4
a 4 1+ a
b <1 2+ a
c 26 0 -2.7
d <1 1+ a
e 1 0

a Log Po/w values were not calculated for charged species ande,
which is not detected in biological reactions such as DNA binding
experiments.41
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and standard deviations (see Supporting Information for full
definitions and numerical data).

Statistical Methods.For the genetic algorithm (GA), a popula-
tion of 256 possible combinations of descriptors were generated at
random and allowed to mutate, crossover, and add or subtract
descriptors to find populations with better PLS statistics, over a
maximum of 200 generations. All descriptors were scaled to a
standard deviation) 1 and centered to have a mean of 0 before
GA methods were applied.

The quality of fit was measured by the squared correlation
coefficient,R2, the fraction of total variance in logPo/w explained
by the regression equation, and by the root-mean-square error
(RMSE). PLS is capable of overfitting, that is, tailoring the model
too much to the current data, to the detriment of future predictions.
Cross-validation, in which the data set is divided into groups, is
therefore important. The model is fitted to each group except one
and then used to predict the omitted group, yielding theQ2 and
prediction root-mean-square error (PRMSE) values.45 A further test
for overfitting was the randomization procedure available in
SIMCA-P46, which randomly permutes the logPo/w values and fits
a model to the permuted data. Only if overfitting is present should
a significant model result; this process was repeated, andR2 and
Q2 values were plotted against the correlation between original and
permuted logPo/w and extrapolated to the intercept. High values
indicate an overfitted model, with a rule of thumb of 0.05 as the
maximum allowable value forR2.
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