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Summary. A new atom-additive method is presented for calculating octanol/water partition
coefficient (logP) of organic compounds. The method, XLOGP v2.0, givesRogalues by
summing the contributions of component atoms and correction factors. Altogether 90 atom
types are used to classify carbon, nitrogen, oxygen, sulfur, phosphorus and halogen atoms,
and 10 correction factors are used for some special substructures. The contributions of each
atom type and correction factor are derived by multivariate regression analysis of 1853 organic
compounds with known experimental |&gvalues. The correlation coefficien) (for fitting

the whole set is 0.973 and the standard deviatspis(0.349 log units. Comparison of various

log P calculation procedures demonstrates that our method gives much better results than other
atom-additive approaches and is at least comparable to fragmental approaches. Because of the
simple methodology, the ‘missing fragment’ problem does not occur in our method.

Key words: atom-additive, atom type, correction factor, partition coefficient

Introduction

The logarithm of the partition coefficient betweeroctanol and water (log

P) is often used to represent molecular hydrophobicity. Since the pioneer-
ing work of Hansch and Fuijita [1], loB has become a valuable parameter

in many quantitative structure—activity relationship (QSAR) approaches that
have been developed for pharmaceutical, environmental, biochemical, and
toxicological sciences. Studies have shown thatRoig useful for correl-

ating various properties of drug molecules, such as the transport process,
ligand—receptor interaction, biological and toxic effects [2,3]. Therefore, ac-
cessibility to accurate loB values for compounds of interest may be essential

* To whom correspondence should be addressed. E-mail: lai@mdl.ipc.pku.e8umn.
plementary information available from the authothe training set (including an index and
1853 organic compounds represented in Mol2 format), the test set (including an index and 138
organic compounds represented in Mol2 format), and the source codes of program XLOGP
v2.0.
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for the correct prediction of their biological properties. AlthoughRocan be
measured reliably for a given compound, the experimental process might be
time-consuming and expensive. This problem becomes critical when a large
number of candidate molecules, which sometimes are just virtual, require
screening during a drug design and discovery procedure. Thus, there is a
clear need for calculation procedures that can give reliable estimations of log
P based merely on the chemical structure of a given compound.

During the past three decades, many methods of calculating loave
been reported in the literature [4]. At present, the most widely accepted me-
thod is classified as the ‘additive method’, where a molecule is dissected into
basic fragments (functional groups or atoms) and itsRoglue is obtained
by summing the contributions of each fragment. ‘Correction factors’ are also
introduced to rectify the calculated Idvalue when some special substruc-
tures occur in the molecule. This method originated with Rekker and co-
workers [5,6]. Current popular fragment-additive methods include CLOGP
[7,8]), KLOGP [9], KOWWIN [10], CHEMICALC-2 [11], etc. Atom-additive
methods include MOLCAD [12], ALOGP [13], and SMILOGP [14]. There
are also methods that try to incorporate molecular properties into the calcula-
tion, such as HINT [15] and ASCLOGP [16]. A more detailed description of
these methods is beyond the scope of this paper.

We have recently developed a new atom-additive method, XLOGP, for log
P calculation [17]. In that approach, we used 80 basic atom types to classify
carbon, nitrogen, oxygen, sulfur, phosphorus, and halogen atoms. In addition,
we also introduced five correction factors to account for some intramolecular
interactions, such as internal hydrogen bonding. The final model was ob-
tained by multivariate regression analysis of 1831 organic compounds. The
correlation coefficient for fitting the whole seai fvas 0.968 and the standard
deviation 6) was 0.37 log units. XLOGP gives much better results than other
atom-additive methods. There are a number of users of XLOGP all over the
world.

In this paper, we will describe our improvements to the XLOGP method.
First, we have enlarged the training set to include more phosphorus-containing
compounds. Second, we have adopted a new scheme for atom classification.
Third, we have redefined the correction factors, which efficiently improves
the accuracy of lodP estimation. The new model, XLOGP v2.0, yields bet-
ter regression results than the previous one while still retaining the simple
methodology.
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Methods

Training set
Constructing a reliable training set is crucial for developing an empirical
model for logP calculation. We have inherited the previous data set [17]. It
contains 1831 diverse organic compounds. Since there were only four phos-
phorus-containing compounds in that set, we have added 22 additional phos-
phorus-containing compounds. Note that we do not include metalloorganic,
organosilicon or organic salts in the training set. The experimentaPlog
values of all 1853 compounds are from Hansch and Leo’s compilation [18].
Molecular models of all 1853 compounds are constructed with SYBYL
[19] on an SGI O2 workstation and minimized using the Tripos force field.
Atomic partial charges are calculated using the MNDO method. The models
are then saved in Mol2 format for further analysis. All these molecular models
as well as their lod® values are available in the supplementary information.

Atom classification

We use 90 atom types to classify carbon, nitrogen, oxygen, sulfur, phos-
phorus, and halogen atoms in neutral organic compounds (Table 1). The clas-
sification scheme differentiates atoms according to (i) element, (ii) hybrid-
ization state, (iii) accessibility to the solvent (represented by the number of
attached hydrogen atoms), (iv) nature of the neighboring atoms, and (v) adja-
cency tor-systems. Thus, atoms belonging to the same atom type generally
have similar solvent accessible surfaces and charge densities. This establishes
the rough theoretical support for the assumption that a certain type of atom
has a specific contribution to the partition coefficient.

Note that we do not use an additional atom type for hydrogen atoms be-
cause they are included in our atom classification scheme implicitly. In other
words, the atom types in our method are ‘united’ atoms that already include
the attached hydrogen atoms.

Correction factors
The whole is often more than the sum of its parts. It has become appar-
ent in logP calculations that, for various compounds, the Pgalues ob-
tained by summing the atom/fragment contributions alone deviate signific-
antly from the experimental values. This is usually explained by the intra-
molecular group—group interactions. The term ‘correction factor’ is appro-
priate because they are derived from analyzing the differences between the
calculated and the experimentally measuredRoglues.

We use 10 correction factors (Table 2). Since the atom types defined in our
method take the neighboring atoms into account, these correction factors aim
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Table 1. Atom types used in XLOGP v2.0

No. Descriptiod HB® Compound Occurrence Contribution
sp3 carbon in
1  CHgR (7=0) N 458 747 0.528
2  CHgR (r=1) N 324 413 0.267
3 CHgX N 327 461 —0.032
4  CHyRy (7=0) N 354 793 0.358
5 CHyRy (n=1) N 237 299 —0.008
6 CHyRy (7=2) N 55 57 -0.185
7  CHoR,Xo_,(x=0) N 375 564 0.137
8 CHR,Xo_,(x=1) N 151 154 -0.303
9 CHoRyXo_,(m=2) N 8 8 -0.815
10  CHR; (7=0) N 64 120 0.127
11 CHRs3(n=1) N 61 68 -0.243
12 CHR3(r>2) N 13 13 —0.499
13 CHR,X3_, (#z=0) N 149 297 —-0.205
14 CHR.X3_, (r=1) N 43 55 -0.305
15  CHRX3_, (7>=2) N 12 12 -0.709
16  CRy (7#=0) N 42 46 —0.006
17 CRy (r=1) N 94 100 -0.570
18 CRy(7>2) N 19 19 -0.317
19  CR,X4_, (x=0) N 18 20 -0.316
20 CRXa_,(x>0) N 13 13 -0.723
sp? carbon in
21 A=CH, N 41 52 0.420
22 A=CHR (z=0) N 77 106 0.466
23 A=CHR (r=1) N 137 191 0.136
24  A=CHX (7=0) N 114 124 0.001
25  A=CHX (v=1) N 34 34 -0.310
26 A=CR, (7=0) N 37 41 0.050
27  A=CR (x>0) N 178 228 0.013
28 A=CRX (r=0) N 397 448 —0.030
29  A=CRX (x>0) N 307 333 -0.027
30 A=CXo (r=0) N 219 222 0.005
31  A=CXp (#>0) N 30 30 -0.315




Table 1. (continued)

No. Descriptiod HB® Compound Occurrence  Contribution
Aromatic carbon in

32 C..CH)..C N 1355 6045 0.337
33  A..C(H)..N N 203 296 0.126
34 C..CR)..C N 1106 1800 0.296
35 C..C(X)..C N 925 1291 -0.151
36 A..C(R)..N N 128 166 0.174
37  A..C(X)..N N 60 93 0.366
sp carbon in

38 R=CH N 4 4 0.209
39 A=C-A N 85 92 0.330
40 A=C=A N 23 24 2.073
sp® nitrogen in

41  R-NH, (7=0) D 92 94 -0.534
42 R-NHp (7=1) D 178 192 -0.329
43 X-NHo D 16 16 -1.082
44  R-NH-R@=0) D 41 42 -0.112
45 R-NH-R@=>0) D 56 56 0.166
46  R-NH-R(ringf D 55 56 0.545
47 A-NH-X D 40 41 0.324
48  A-NH-X(ring) D 9 9 0.153
49  NRg (7=0) N 46 57 0.159
50 NR3(7>0) N 29 31 0.761
51 NRs (ring) N 50 50 0.881
52  NR;X3_, N 26 29 -0.239
53  NR,X3_,(ring) N 11 11 -0.010
Amide nitrogen in

54 —NH D 93 99 —0.646
55 -NHR D 283 324 —0.096
56 —NHX D 14 14 -0.044
57 -NR N 75 79 0.078
58 —NRX N 24 26 -0.118
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Table 1. (continued)

No. Descriptiod HBP Compound Occurrence  Contribution
sp? nitrogen in

59 C=N-R@=0) N 19 20 0.007
60 C=N-Rg=1) N 128 136 -0.275
61 C=N-X@=0) N 56 56 0.366
62 C=N-X@{@=1) N 13 24 0.251
63 N=N-R N 15 19 0.536
64 N=N-X N 14 17 -0.597
65 A-NO N 37 40 0.427
66 A-NO» N 138 157 1.178
Aromatic nitrogen in

67 A.N.A N 79 84 -0.493
Sp nitrogen in

68 —G=N N 239 301 —-0.566
sp3 oxygen in

69 R-OH =0) D/A 199 285 —-0.467
70 R-OH {=1) D/A 404 451 0.082
71 X-OH DI/IA 11 11 -0.522
72 R-O-R£=0) N 113 137 0.084
73 R-O-R£>0) N 469 549 0.435
74 R-O-X N 4 4 0.105
sp? oxygen in

75  A=O A 1074 1597 —-0.399
sp3 sulfur in

76  A-SH N 5 5 0.419
77  A-S-A N 77 85 0.255
sp? sulfur in

78 A=S N 46 47 -0.148
Sulfoxide sulfur in

79 A-SO-A N 5 5 -1.375
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Table 1. (continued)

No. Descriptio® HBP Compound Occurrence  Contribution

Sulfone sulfur in
80 A-SO-A N 81 88 -0.168

Phosphorus in

81 O=PA3 N 20 20 -0.477
82 S=PA N 9 9 1.253
Fluorine in

83 —F z=0) N 90 272 0.375
84 -F @=1) N 50 61 0.202
Chlorine in

85 —Cl (z=0) N 50 124 0.512
86 —Cl (z=1) N 190 297 0.663
Bromine in

87 —Br (z=0) N 21 23 0.850
88 —Br r=1) N 67 87 0.839
lodine in

89 —I (z=0) N 4 4 1.050
90 —l (r=1) N 36 37 1.109

@ _: single bond; =: double bonek: triple bond; ...: aromatic bond; X: any nitrogen

or oxygen atom; R: any other atom; A: any atomrepresents any-system, such

as double bond, triple bond, and aromatic ring. A notersfi’ indicates that there

aren rr-systems in the neighborhood.

b This represents the role that this atom may play in a hydrogen bond. D: donor
atom; A: acceptor atom; D/A: either donor or acceptor; N: ‘none’, ‘nothing’, or ‘no
way’.

¢ This atom locates in a conjugated ring, such as the nitrogen atom in a pyrrole ring.
d This represents the nitrogen atom in a six-membered aromatic ring, such as the
nitrogen atom in a pyridine ring.

at 1-3, 1-4, or even further intramolecular interactions, as explained in detalil
below.

(1) Hydrophobic carbonWe have observed that the I8yvalues of com-
pounds with hydrocarbon chains are often underestimated by atom addition.
Such compounds tend to be more flexible and easier to aggregate in the
agueous phase. We define af sps@ hybridized carbon atom as a ‘hydro-
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Table 2. Correction factors used in XLOGP v2.0

Compound  Occurrence

Factof Contribution
Hydrophobic carbon 0.211
Internal H-bond 0.429
Halogen 1-3 pair 0.137
Aromatic nitrogen 1-4 pair ~ 0.485
Ortho sp oxygen pair -0.268
Para donor pair -0.423
sp? Oxygen 1-5 pair 0.580
a-Amino acid -2.166
Salicylic acid 0.554
p-Amino sulfonic acid —-0.501

369
157
92
15
26
33
64
16
26
20

883
160
274
15
26
34
66
16
26
20

@ Please refer to the text for a detailed description.

CA

CB
X

Figure 1. lllustration of hydrophobic carbons. Here X represents a heteroatom. According to
our algorithm, CA is a hydrophobic carbon while CB is not because a heteroatom is within

four atoms.

phobic carbon atom’ if there is no heteroatom (any atom other than carbon)
within the 1-4 relationship (Figure 1). Such a carbon atom locates in a hydro-
phobic micro-environment and thus its hydrophobicity is reinforced. The total

number of hydrophobic carbon atoms in the given compound is counted. Note
that our definition of hydrophobic carbons does not include aromatic carbon

atoms.
O’H\ Q’H‘
_0 |
(a) ()]

(©

Figure 2. Examples of internal hydrogen bonds. (a) Both the donor and the acceptor are linked
to aring. (b) The donor is linked to a ring while the acceptor is not. (c) The acceptor is linked

to a ring while the donor is not.
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F F

R R
AR
@ (b)

Figure 3. Examples of halogen 1-3 pairs. (a) One pair. (b) Three pairs.

»

Figure 4. lllustration of aromatic nitrogen 1-4 pair.

(2) Internal hydrogen bondAlthough it is indisputable that internal hy-
drogen bonding can increase the molecular hydrophobicity, identifying the
existence of an internal hydrogen bond merely from the chemical structure
is not straightforward. Careful conformation analysis of the given compound
will help to solve this problem but, unfortunately, it is not likely to be pos-
sible for a quick logP estimation procedure. We have adopted the following
definition to detect an internal hydrogen bond. (i) The donor atom could be
any nitrogen or oxygen atom with at least one hydrogen atom attached, while
the acceptor atom could be any’spxygen atom or shoxygen atom in a
hydroxy group (see Table 1). (ii) Either the donor or the acceptor atom should
be linked directly to a ring. The ring serves to immobilize the orientations of
the donor and the acceptor. (iii) If both the donor and the acceptor are linked
to a ring, they should be of 1-4 relationship (see Figure 2a). (iv) If only the
donor or the acceptor is linked to a ring, they should be of 1-5 relationship
(see Figures 2b and 2c). By using such definitions, we take only ‘reliable’
internal hydrogen bonds into account.

(3) Halogen 1-3 pair\When two or more halogen atoms are attached to
the same atom, the properties of those atoms will change because of dipole
shielding. We count the number of halogen—halogen 1-3 pairs as a correction
factor (see Figure 3).

(4) Aromatic nitrogen 1-4 pairThis correction factor is triggered when
two aromatic nitrogen atoms are in the same aromatic ring and separated by
two other atoms (see Figure 4).

(5) Ortho sp oxygen pair:This correction factor is used for compounds
as illustrated in Figure 5.

(6) Para donor pair: This correction factor is used for compounds with
two para hydrogen bond donors on an aromatic ring (see Figure 6).
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OR

Figure 5. lllustration of ortho sp oxygen pair.
OH OH
NH ~NH
2 R
Figure 6. Examples of paralleled donor pair.

(7) sp? oxygen 1-5 pairThis correction factor is used for the chemical
structure as illustrated in Figure 7. It is not counted if such a sub-structure is
part of a ring.

(8) Indicator fora-amino acid:lt is well known thatx-amino acids do not
have free amino and carboxylic acid groups but rather exist as zwitterions (see
Figure 8). The lod? value of ane-amino acid will be largely overestimated
by atom addition alone. Therefore we use a special indicator variabte- for
amino acids. This indicator could be 0 or 1.

(9) Indicator for salicylic acid:Salicylic acid and its derivatives are gener-
ally more hydrophobic than we have predicted by atom addition alone. Even
after we add the correction of the internal hydrogen bond, theéPleglues
of such compounds are still underestimated. It seems that the internal hydro-
gen bond existing in such a compound is much stronger than an ‘average’
internal hydrogen bond. Therefore, we use an additional indicator variable
for salicylic acid and its derivatives (see Figure 9). The indicator could be 0
orl.

(10) Indicator for p-amino sulfonic acidThe log P values of p-amino
sulfonic acid and its derivatives are generally overestimated if predicted by
atom addition alone. Therefore, we introduce another indicator variable for
this kind of compound (see Figure 10). The indicator could be 0 or 1.

0 O © o O

DD I G S

R O R R H R

Figure 7. Examples of spoxygen 1-5 pair.
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0O 0O
NH, NH+

Figure 8. lllustration of alpha-amino acid.

HO__O RO __O
Figure 9. lllustration of salicylic acid.

Results

Regression analysis
The model for logP calculation includes additive (atom types) and con-
stitutive (correction factors) terms:

IogP:ZaiAi+ijBj (l)
i J

whereA, is the occurrence of thi¢h atom type and; is the occurrence of the
jth correction factorg; is the contribution of théth atom type andb; is the
contribution of thgth correction factor. There are 100 terms in this equation
(90 atom types plus 10 correction factors).

The contributions of each atom type and correction factor are obtained by
using Equation 1 to perform multivariate regression analysis on the training
set (see Tables 1 and 2). The regression analysis ymetds853,r =0.973,
s=0.349,F(100,1752) =312.4. The standard deviation of 0.349 log units is
within the experimental error range that is generally considered to be 0.4 log
units. Figure 11 shows the correlation between the experimental and calcu-
lated logP values. The slope and intercept of the regression line are 0.948
and 0.091, respectively. Figure 12 shows the distribution of the calculation
errors in which a zero-centering near-Gaussian distribution is observed.

We have also performed leave-one-out cross-validation on the whole train-
ing set, which yields a correlation coefficient between the experimental and
the predicted logP values () of 0.966 and a standard deviation in predic-
tion (s) of 0.373 log units. These results demonstrate the excellent predictive
ability of our method for log® calculation.
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I}

Figure 10. lllustration of p-amino sulfonic acid.

o

Programming

Based on the final regression model, we have developed a computer program,
XLOGP v2.0, in C++. This program reads the given compound (represen-
ted in SYBYL/Mol2 format), performs atom classification, detects correction
factors, and then calculates the IBgvalue using the parameters listed in
Tables 1 and 2. Because of the simple methodology we have developed, this
program is very fast. If run on an SGI O2/R10000 workstation, it can process
approximately 100 medium-sized compounds per second. The program is
available in the supplementary information.

Comparison to other log P calculation procedures

As mentioned in the Introduction section, many approaches have already been
developed for logP calculation. Some of them offer results comparable to
experimental measurement. As far as the cost is concerned, they are even
superior. However, routine application of I&ycalculation procedures de-
mands a continuous check of their validity by comparing with experimental
data. In an interesting paper [20], Mannhold and co-workers compared 14
calculation procedures using a test set of 138 organic compounds. Although
the value of this comparison should not be overestimated because the number
of compounds being tested is rather limited, it is remarkable that they have
collected so many lo@ calculation procedures. To check the validity of our
method, we also add XLOGP v2.0 to this comparison.

The test set is cited from Mannhold’s paper [20]. It is made up of 138
organic compounds, including 90 simple molecules and 48 chemically com-
plex drug molecules. The molecular models of the 138 compounds were built
using SYBYL, stored in Mol2 format, and then subjected to calculation.
The test set is available in the supplementary information. The correlation
between the experimental and the calculatedRogalues of the test set is
shown in Figure 13.

Fourteen logP calculation procedures were studied by Mannhold. All
are well-established, commercially available procedures that can be roughly
grouped into three categories: fragmental, atom-based, and conformation-
dependent approaches (see Table 3). Evaluation of all procedures, including
XLOGP v2.0, is performed as follows: (i) The individual estimation errors
are grouped using Mannhold’s criteria: errors less th@rb0 are considered
as acceptable; errors greater tha0.50 and less thaft1.00 are considered



Table 3. Comparison of 15 log calculation procedures

Program Acceptabfe Disputabl® Unacceptabf®e Uncalculate MSDe Y Fh Reference
Fragmental methods

PROLOGP _cdr5.1 76.8 16.7 51 1.4 0.199 0.957 0.448 1472 5
>f-SYBYL 81.9 13.8 4.3 0.0 0.200 0.959 0.444 1583 6
SANALOGP 79.7 15.2 3.6 14 0.167 0.967 0.402 1919 6
PROLOGP _comb 5.1 81.2 15.2 2.2 1.4 0.184 0.960 0.387 1582 6,13
CLOGP 4.34 84.8 10.1 3.6 1.4 0.156 0.965 0.398 1849 7,8
KLOGP 84.1 13.8 0.7 1.4 0.134 0.966 0.362 1859 9
KOWWIN 90.6 5.8 3.6 0.0 0.113 0.974 0.334 2517 10
CHEMICALC-2 68.8 17.4 13.8 0.0 0.418 0.926 0.535 827 11
Atom-based methods

MOLCAD 68.1 20.3 11.6 0.0 0.334 0.932 0.439 911 12
Tsar2.2 68.1 20.3 11.6 0.0 0.345 0.937 0.438 987 13
PROLOGP_atom5.1 76.8 145 7.2 1.4 0.262 0.947 0.431 1164 13
SMILOGP 49.3 24.6 18.8 7.2 0.551 0917 0.588 660 14
XLOGP 2.0 91.3 8.0 0.7 0.0 0.120 0.971 0.333 2341
Conformation-dependent methods

HINT 68.1 15.9 13.8 2.2 0.454 0.912 0.682 665 15
ASCLOGP 55.1 28.3 15.2 1.4 0.583 0.873 0.771 431 16

3percentage of acceptable results (estimation egr#:0.50). bPercentage of disputable results (estimation ee10.50 and<+1.00).
CPercentage of unacceptable results (estimation erﬂel.OO).dPercentage of uncalculated resuftslean squared deviation&orrelation

coefficient between the experimental and calculatedPloglues 9Standard deviation§Fisher values.

65
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Caleulated LogP
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Figure 11. Correlation between the experimental and the calculatedPlogalues of the
training set (n = 1853, r = 0.973, s = 0.349).

as disputable; and errors exceedifi.00 are considered as unacceptable.
The missing calculations are also counted. All these results are given as a
percentage of the entire test set. (ii) The experimental and the calculated log
P values are correlated using regression analysis. The statistical results (i.e.
r, s, andF-value) are recorded. The mean squared deviations (MSD) are also
calculated. All the results are summarized in Table 3. Except for XLOGP,
data for the other 14 calculation procedures are cited from Mannhold’s paper
[20].

Figure 14 presents a scatter diagram in which the horizontal coordinate is
the correlation coefficientr] while the vertical coordinate is the acceptable
percentage. According to Figure 14, the 15 procedures fall roughly into two
classes. The first occupies the upper-right corner with acceptable percentages
of 77% up to 91% while the correlation coefficients are generally higher
than 0.950. Most members in the first class are fragmental methods. All the
other procedures fall into the second class. They give acceptable percentages
lower than 69% and are less successful for this test set. Although XLOGP
is an atom-based approach, it is not in the second class. On the contrary, the
performance of XLOGP is, if not the best, among the several best procedures
in the first class.
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Figure 12. Distribution histogram of the calculation errors.

400

Calculated LogP

i i J) a0 1 5 ALl

Experimental Logl?

Figure 13. Correlation between the experimental and the calculated’leglues of the test
set(n =138, r=0.971, s =0.333).
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Figure 14. Scattering graph of 15 log calculation procedures being compared.

Discussion

Atom typing

Any additive method, either by fragment or atom, needs a relevant scheme
for fragment/atom classification. The quality of such a classification scheme
can be evaluated by how well the calculated Pgalues agree with their
experimental counterparts. To some extent, an additive method is the art of
fragment/atom classification.

We have developed a set of 90 atom types in our new method. Compared to
the atom classification scheme that we used previously [17], the new scheme
is more systematic and easier to understand. It pays more attention to whether
an atom is adjacent to amy-system, which proves to be important for affect-
ing the charge densities. Furthermore, by using the new scheme we no longer
need any ‘pseudo atom type’ for terminal groups such as cyano, isothiocyano,
nitroso, and nitro groups. On the negative side, the new atom classification
scheme uses 90 rather than 80 atom types. However, this number is still
smaller than Ghose’s set of 110 [13] and much smaller than Broto’s set of
222 [12]. Using fewer parameters does not weaken the power of our method.
In fact, our method yields better statistical results than Ghose’s and Broto’s
approach even by atom addition alone.

It is very informative to study the hydrophobic contributions of each atom
type. Although it is not proper to compare these coefficients with the ones
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H O | N\ OH
L =
XLOGP =1.11 XLOGP =2.45

Measured = 1.26

Figure 15. lllustration of tautomerization effect.

given by other additive methods (since other methods use different atom/frag-
ment classification schemes), some common conclusions can still be estab-
lished. For example, the hydrophobicity of carbon atoms clearly decreases in
the order: -CH, -CH,-, -CH<, >C<. The presence of a nitrogen or oxygen
atom generally lowers the hydrophobicity, while the presence of a halogen
atom increases the hydrophobicity by-IBr > Cl > F. If linked to ax-
system, a hydrophobic atom (e.g. carbon) will become less hydrophobic,
while a hydrophilic atom (e.g. nitrogen or oxygen) will become less hy-
drophilic. As the investigation of the charge densities proves, this happens
probably because the partial charge on such an atom is dispersed by the
-system.

The major problem that our atom classification scheme will encounter is
tautomerism. Since such compounds can be represented in different forms,
the estimated lodP values could be dramatically different (see Figure 15).
Although one of the tautomers usually will give an estimation close to the
experimental value, it is impossible to judge in advance which tautomer is
the right one. This problem also exists in the other additive methods. Perhaps
the ratio of all tautomers at equilibrium is necessary for the reliable prediction
of the logP value. However, this is definitely beyond the reach of a fasFlog
calculation procedure.

Correction factors
Since the atom classification scheme adopted in our method takes only the
nearest neighboring atoms into account, significant error in estimation may
occur when long-range intramolecular interactions exist within the given mo-
lecule. Many other approaches have demonstrated that, in such cases, us-
ing correction factors is an efficient way to improve the accuracy ofHog
estimation.

In our method, we use 10 correction factors. They fall into two categories:
representing either general intramolecular interactions or specific chemical
structures. ‘Hydrophobic carbon’ and ‘internal hydrogen bond’ belong to
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the first category while all the other correction factors belong to the second
category.

In our previous approach [17], ‘hydrophobic carbon’ is defined as the car-
bon atoms in a hydrocarbon compound. Being restricted to hydrocarbon, the
application of this correction factor is rather limited. In the current approach,
we have assigned this correction factor using a completely new concept: if
there is no heteroatom at a certain range, a carbon atom is a ‘hydrophobic
carbon’. By adopting the new definition, the application of this correction
factor has been extended to all kinds of organic compounds.

‘Internal hydrogen bond’ has also been introduced in our previous ap-
proach. In the current approach, we have reformed the algorithm of detecting
internal hydrogen bonds. The new algorithm requires that the donor or ac-
ceptor atom be immobilized by a ring. This will no doubt overlook some
plausible internal hydrogen bonds. However, we believe it is necessary con-
sidering that a detailed conformation analysis is impossible for a fad® log
calculation procedure.

Certain classes of compounds will show systematic errors i legtim-
ation if predicted by atom addition alone. The other eight correction factors
deal with such compounds. These correction factors are concerned with the
interactions between two electronegative atoms or are simply indicator vari-
ables for certain chemical structures.

However, we must admit that finding correction factors is a tedious pro-
cess. In fact, it is just as difficult as for either a ‘constructionist approach’ or a
‘reductionist approach’. Some fragment-additive methods, such as KOWWIN
[10], use hundreds of correction factors. Almost all their correction factors
are indicators for specific chemical structures, which are found by ‘trial-and-
error’ efforts. We believe this is a misleading strategy because one simply
cannot figure out all the possible combinations of chemical structures. Just
imagine using a double-sized training set — this will probably also double
the number of correction factors! Further improvement on the accuracy of
log P estimation should not come from using more parameters. Therefore,
we strongly suggest that the correction factor should be general rather than
specific. This is possible because, in theory, categories of intramolecular in-
teractions are limited. In our method, we have attempted to introduce some
‘general’ correction factors, such as ‘hydrophobic carbon’ and ‘internal hy-
drogen bond’, and we found they work well. We are currently working on
establishing a new system for defining correction factors and our ultimate
goal is to eliminate all the ‘specific’ correction factors.
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Comparison to other log P calculation methods

Our method, XLOGP, is basically an atom-based approach. Compared to
other atom-based approaches, XLOGP gives much better statistical results.
This is demonstrated by the comparison we have made above and also by
the feedback from many XLOGP users. The superiority comes from the ap-
plication of a new atom classification scheme and, more importantly, the
application of correction factors. There is no reason why an atom-additive
method must not use any correction factor. In fact, our method has brought
this idea to atom-based approaches for the first time.

Many believe that fragmental approaches are generally more accurate than
atom-based approaches, just as Mannhold concluded in his paper [20]. How-
ever, the results with XLOGP contradict this. Table 3 and Figure 14 demon-
strate that XLOGP is at least comparable to other popular fragmental meth-
ods. This may indicate that the only difference left between atom-based meth-
ods and fragmental methods is whether the basic units used in addition are
fragments or atoms. We do not see any reason why a fragmental method is
theoretically more ‘correct’.

We have four reasons for choosing to work on an atom-additive method:

(1) An additive method will not be able to do the calculation for any
compound containing a ‘missing fragment’. This often happens to fragment-
additive methods. Table 3 shows that there are quite a few procedures which
cannot calculate the entire test set. This problem will become severe when a
large database of thousands of compounds needs to be screened. The greatest
advantage of atom addition is that, in principle, atom typing can always de-
scribe the infinite variety of chemical structures.

(2) Some fragmental approaches produce ambiguous results because there
are different ways to dissect the given compound into fragments. This will not
happen to an atom-additive procedure since atoms are the elementary building
blocks of a molecule.

(3) In some applications of hydrophobic parameters, such as the molecular
lipophilicity potential approaches [21], atom-centered parameters are pre-
ferred. Therefore, the parameters derived from an atom-additive approach
will be incorporated into such applications straightforwardly. Although in
our method we have used correction factors in addition to basic atom types,
the contribution of a correction factor can also be distributed onto the atoms
involved in that correction factor and thus the ‘purity’ of atom addition is still
maintained.

(4) Atom-additive methods are conceptually concise. For example, our
method could be explained explicitly and thoroughly in a few pages while
other complicated fragmental methods, such as CLOGP, may need a whole
chapter. Atom-additive methods are also easier to program.
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Conclusions

In this paper we have described our new method foPlaglculation, XLOGP

v2.0. It calculates the loB value by summing the contributions of component
atoms and correction factors. The contributions of each atom type and correc-
tion factor are derived from regression analysis of a large number of organic
compounds. The final model yields satisfactory statistical results. A compar-
ison of various logP calculation procedures demonstrates that XLOGP v2.0
gives much better results than other atom-additive approaches and is at least
comparable to other fragmental approaches. It is also very easy to program
and applicable to QSAR studies.
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