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A method for the localization, the quantification,
and the analysis of hydrophobicity of a molecule

or a molecular fragment is presented which is
based on the concepts that the overall hydro-
phobicity of a molecule can be obtained as a
superposition of fragment contributions, and
that the corresponding free energy can be cal-
culated as an integral of the molecular free
energy surface density (MOLFESD) , p, over the
molecular solvent accessible surface [1-5]. The
MOLFESD is composed as a sum of atomic
increment functions. The concept can be well
used for the quantification of the hydrophobic
contribution to the (relative) binding constants
for molecule-receptor complexes. This is demon-
strated with the sweetener sucrose and its vari-
ous chlorine
derivatives.
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holds. The hydrophobicity of a molecule - measured, for
example, by its hydrophobicity index (Idvalue) - can be
regarded as the sum of increments related to the hydropho-
bicities of its fragmentsf;,

IogP:iZfi. 2)

Many authors (see [9] for references) published sets of frag-
mental values for partition coefficients (dominantly for the
n-octanol/water system). In place of these we refer to an
empirical quantification of lipophilicity contributions of indi-
vidual atoms which has been established by Ghose and
Crippen [10]. In their treatment the atomic contributions

were defined by using a classification of each atomic frag-
ment according to the number and nature of their next (and
second next) connected neighbors. The latest update of this
classification lists roughly 120 constitutive atom types,
he interaction of a non-polar molecule with an aquedescribing the adtg?.ms.in the(ijr individual sftrzptural rc]anviLon-
ous solvent or the quasi-attractive interaction oin:egt [1l]aA. mﬁ flication ?‘mh exte?]5|ong this set has been
organic compounds or non-polar groups in the watef' 2 orated in the group of the authors [3-5].
phase is known as thieydrophobic effecor hydrophobic The subdivision of molecular lipophilicity into fragmen-
interaction respectively [6,7]. Hydrophobic bonding is onetal contributions seems to be a prerequisite for the manifes-
of the most important forces that arise from the interactiogation of local hydrophobicity, and a surface map of this
of nonpolar regions of drugs with their receptor. From @uantity. It seems to be reasonable to postulate a di-
thermodynamic point of view, the hydrophobic effect can bgtance-dependent rule for the influence of different frag-
quantified using the solvation free energy of a moleculagments on the lipophilicity at a certain surface point. One
compound,AG, or the Gibbs free energy chan@&G =  possible function for this rule has been proposed by Audry
AGyangrer OF transfer of the compound between an aqueoust al. [12]. They introduced the name “molecular lipophilic-
and an apolar liquid phase. A similar approach can be usgg potential” (MLP), and postulated (in analogy to the elec-
to study the hydrophobic interaction of two molecules inrostatic potential function) a functional form
aqueous solution. Up to now, there is still simple physi-
cal model available for hydrophobicity and hydrophobic
interaction (for an extensive discussion see [6]). Viydrophobic = izfi /(1 +d). (3)
A simple thermodynamic measure for a quantitative co
parison of the overall hydrophobicity of different molecul
can be obtained from the partition coefficiefsor the
hydrophobic index lodP [8,9] of the sample in polar-apolar
heterogeneous reference systems. The two phases are irA variety of different distance functions have been pro-
equilibrium if the relation posed by other authors (see [2] for references). Despite of

rT\7vherefi is the partial lipophilicity of the-th fragment of a
€Smolecule andd; is the distance of the measured point in
3D-space from the center of fragmént
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the success of the MLP approach in qualitative discussions It is obvious, that the global hydrophobicity index Bg
there is no physical reason for the use of one or the othean be decomposed on the basis of the representation of the
distance dependencies in this “potential” and at the sanESD (Eg. 5) into incremental contributions

time using the partial lo§-values of Ghose and coworkers

as “partial charges” located at the positions of the atoms in
a molecule. AG e = RT logP = .Z AG (6)

In an earlier paper from the group of the authors [13] a
molecular hydrophobicity mapping (MHM) approach was
suggested which was particularly designed for projecting with AGZ?@ pi(r) dO. @)
atomic increment values on the molecular surface (a solvent ©

accessible surface or contact s_urface of a mo_lec_ule) [13-17|]he MOLFESD is represented as a superposition of incre-
The MHM approach is well suited for a qualitative discuSyenta| contributiong,(r) which are chosen in a similar way
sion of local hydrophobicity on the basis of incrementalg tne mapping functions considered earlier [13], i.e. only

contributions because the formalism induces a weighted prgiomic increments were considered and it was assumed that
jection of the incrementd}-values of Ghose and coworkersg can be adequately modeled by [3,4]
y

[10,11] onto the molecular surface and so allows an ea
visualization of this quantity [14-17]. However, there is no pi(rd = F i (r) (8)
way to compute quantitative data like&s, .., Or the parti-
tion coefficient P from molecular hydrophobicity “poten- with an increment specific constaRt and a membership
tials” or maps. This can be done using the molecular freinction [20]
energy density concept (MOLFESD) which was recently
developed in the group of the authors [1-5].

, _ NAEMENATNY )

In this development we followed the argumentation of

Richards [18-19] and coworkers, i.e. we started from the = .
assumption that the transfer free enefy$,. ., for one Indicating to what extent a surface pomtbelongs to the

mole substance from one solvent to the other can be Co,?q_crementi [2-4]. The normalization of the membership

posed of additive contributions which are related to the solt"ctions is chosen in such a way that

vent accessible surface of the molecule. In this approach the
AG,.nsirValue does not occur as a sum but as a surface inte- S U-(r) -1 (10)
gral over a free energy surface dengityThe concept is T
based on the idea that the overall hydrophobicity index is
related to the solvent accessible surface [18,19] and a quas-fulfilled for all surface points. The functian< ¢ where
tity which measures to what extent a certain surface elemefis a cutoff value which is termed tipeoximity distanceof
contributes to thé\G,,...rvalue per unit surface. an increment. For distances c the function values rapidly
] ] ] o tends towards zero within a distance raidgee. the corre-

We restricted our considerations to rigid molecules. Thgponding increment does not significantly contribute to the
central model assumption is that the total free energyverall value of the MOLFESD. The function represents a
AGyanste; for the transfer of one mole solute molecules fromyeighted average of all the values of atomic increments
solvent | (water) to solvent Il (octanol) can be representeffor which d, < ¢ is fulfilled, whered, is the distance from

as a surface extensive property (a surface integral) a surface point to the center of thih increment. All atoms
which are further away from the surface point do not con-
tribute significantly.
DGy = | P(r) 4O @ gnificanty

The discussion of these simple expressions is based on
_ _ ) i the assumption that the proximity parameterand § for

with the local functiorp(r) which may be defined as a func- 5| atomic increment types are known and that the incre-
tion in the whole space but has a physical meaning only Gfients’ FESD-values are well established. This establishment
the molecular.surface. Here it represents the transfer frg@s peen done in the group of the authors [3-5] (according
energy per unit surface which was termed as molecular freg Gnhose’s classification scheme [10,11]) within an empiri-
energy surface density (MOLFESD). Within this modelcy) statistical scheme where a large number of experimental
approach the MOLFESD can be represented as a superpqgidta are incorporated. From equation (6) and equation (7)

tion of local contributions one obtains with the explicit form gf(r) equation (8)
Py =2 p(r) (5) AG=FQ (11)
where the summation is taken over atomic or molecular with Qzﬁﬂi(fs)do- (12)
incrementsi. o
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The expression (12) represents the contribution of the inc 1 [sucrose Clderivatives
menti to the total molecular surfac®@, and one simply has 84 |r=0.96.5=0.94 ¢

o
|

0=2.Q: (13)

N
1

One should note here that although the total surface is g
as a sum of increment surfad®sthe latter are not strictly
local properties, i.e. a given surface point can only be as
ciated to an increment with a certain probability. There is |
sharp borderline between the individ@lareas in contrast 1
to the treatment of Richards et al. [18,19]. 0o .

The surface increment®, are in this representation not e
or]ly depe_:ndent on properties of the increment but on the | partial hydrophobicity index

ative position of all the other increments of the molecule re

ative to the incremerit i.e. O; is explicitly dependent on the

m,0|e,CUIar conformauqn, i.e. the same atomic 'ncr_emen Figure 1. Sweetness of sucrose and various chlorine derivatives
will, in general, contribute to the tot#lG.ervalue in @  (as in Fig. 2) as a function of the partial hydrophobicity index
different way, even if theé=-value of the increment is the (log P-value) which was calculated as a surface integral of the
same. This fact opens the possibility to include conform MOLFESD over the hydrophobic surface areas shown in
tion of a given compound in an empirical parametrizatic figure 2.

strategy.

(%)

sweetness (log units)

The FESD approach, however, is not only very useful f

the prediction of unknown loB values, it can form the basis

of an understanding and quantitative treatment of locgral over the molecular contact surface with the solvent. A
hydrophobic interaction. In the integral representation of thEolecular free energy surface density (MOLFESD) concept
log P value there are, in general, surface areas which CO,I;@S been formulated on the basis of atomic increment con-
tribute positively and there are such which contribute negdtibution. It was shown that the concept of the MOLFESD
tively. Areas of the first type are those which would prefefunction can be very well used for an empirical fit of para-
to be surrounded by water while those of the second tygBeters in such a way that the surface integral can be lin-
preferably would like to be surrounded by the less polar sofarly related to the experimentally determined Rogalues
vent. When we call the first hydrophilic and the second? the case ofi-octanol/water solvents. In addition, the for-
hydrophobic, the molecular surface can be subdividefralism allows to st_udy the influence of conformational
according to these two classes. The FESD approach allo%8anges on hypothetical I&gvalues [1]. It has been demon-
to take the surface integral over each of these areas in or@éiated that the MOLFESD approach opens new possibilities
to establish |oca| Contributions to the tomtransfer n Ol’del’ to generate COI‘I’e|atI0n pal’ameters n QSAR

. . studies.
This has been demonstrated with the sweetener sucrose

and its various chlorine derivatives. The present structure
sweetener relationship rests on the idea that all sweet tast-
ing molecules have a common tripartite structural element: Acknowledgements
a hydrogen bond donor, a hydrogen bond acceptor func-
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[21] for references). If one assumes that these binding S't%'iarmstédt) for stimuliating discussions and for computa-

contribute independently to t2¥G; value for the binding of tional assistance. This work was supported by the Fonds der
the sweetener to the (still unknown) receptor, one shoul hemischen Industry, Frankfurt
a ’ )

expect a linear relationship between the sweetness and
local AG, value if a sweetener is only modified at the bind-
ing sitei. This is indeed found [3] in studies of the sweet-
ener sucrose and sucralose and their modifications at the Pixner, P.; Heiden, W.; Merx, H.; Mdller, A.; Moeckel, G.;
hydrophobic site. The integral over the hydrophobic part Brickmann, J. Empirical Method for the Quantification and
over the MOLFESD of these molecules (see Fig. 2) nicely Localization of Molecular Hydrophobicity). Chem. Inf.
correlates with the experimentally found sweetener (see COmput. Scil994 34, 1309-1319.
Fig. 1). 2. Brickmann, J. Localisation of Hydrophobicity, in: Software
Development in Chemistry, Jochum C., Ed., GDCh-
It has been demonstrated [1-5] that the transfer free Publication, Frankfurt, 1994; pp. 139-156.
energy for bringing a molecule from one solvemb(tanol) 3. Schmidt, F.; Schiling, B.; Jager, R.; Brickmann, J.
to another (water) can be well represented as a surface inte- Localisation and Quantification of Hydrophobicity:
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