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Application of hydrogen bonding
calculations in property based drug

design

Michael H. Abraham, Adam Ibrahim, Andreas M. Zissimos,
Yuan H. Zhao, John Comer and Derek P. Reynolds

A drug can be characterized by ‘descriptors’ that include size (volume)

and H-bond acidity and H-bond basicity. These descriptors can be rapidly

estimated from structure by a fragment scheme and used to predict

physicochemical and transport properties of drug candidates (e.g. logP,

solubility, gastrointestinal absorption, permeability and blood-brain

distribution). The solvation equations can be interpreted to provide a

qualitative chemical insight into biological partition and transport

mechanisms. Applications to blood-brain partition and human intestinal

absorption (HIA) are discussed.
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Vv It is a major challenge to convert a com-
pound binding with high affinity to a biologi-
cal target (i.e. a hit, lead or candidate molecule)
into a successful drug on the market. Attrition
during the drug development process is a
serious economic problem for the pharmaceu-
tical industry and it is often a result of inap-
propriate physicochemical characteristics and
related poor absorption and poor pharmaco-
kinetics [1]. It is now widely recognized that
the early drug discovery process needs to ad-
dress in parallel not only potency (in relation
to the primary target), but also other biological
(selectivity), toxicological and physicochemi-
cal (pharmacokinetics related) properties [2].
Van de Waterbeemd and his colleagues at Pfizer
have called this approach ‘property-based de-
sign’ [3] and it emphasizes the importance of
understanding how medicinal chemists can
manipulate the crucial combinations of phys-
ical and structural properties which contribute
to ‘drug-likeness’.

Drug solubility and the ability of molecules
to permeate barriers are two key properties
that are often considered to be linked to lipo-
philicity. Excessive lipophilicity is a common

cause of poor solubility and can lead to erratic
and incomplete absorption following oral ad-
ministration. A biopharmaceutics classifica-
tion scheme has been proposed under which
drugs can be categorized into four groups ac-
cording to their solubility and permeability
properties [4]. However it has been argued
that the principal properties are not solubility
and permeability, but rather the basic com-
ponents of both, namely molecular size and
hydrogen (H)-bonding [5]. Octanol-water
partition (logP) and distribution (logD) coeffi-
cients are the most widely used measures of
lipophilicity and several different schemes
have been devised to provide a quantitative
explanation of logP in terms of molecular size
and polar parameters (e.g. H-bonding terms)
[6-9].

In more recent years it has been found that
processes involving passive diffusion (e.g.
membrane permeation, intestinal absorp-
tion) depend primarily on the H-bonding
capacity or polar surface area of a drug solute
[10-14]. Quantitative experimental measures
of H-bond strengths can be derived from
partition measurements in different organic
solvents, but recent drug discovery applica-
tions require high-throughput methods and
computational approaches to H-bonding are
generally used. Some calculations are simple
and H-bonding contributions are crudely es-
timated from simple parameters such as the
number of H-bond donors and acceptors. For
example, the well-known Lipinski ‘rule-of-
five’ generates an alert (indicating possible
absorption problems) for compounds where
any two of the following conditions is satis-
fied [15]:
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Molecular weight >500

Number of H-bond donors >5

Number of H-bond acceptors >10

Octanol-water clogP >5

Clearly such a rule is only qualitative and for more
quantitative predictions a better estimation of H-bond
strength is required.

Choice of parameters to describe ‘drug-likeness’
Property distributions in drug databases have been studied
as an approach to understanding ‘drug-likeness’ [16,17]
and recently the difference between ‘drugs’ and ‘leads’ has
also been examined [18,19]. These all show the importance
of molecular size and H-bonding capacity. Computational
methods have been used to estimate absorption through
various barriers [20], for example, intestinal absorption
[21-27], blood-brain transport [28-33], percutaneous absorp-
tion [34-37] and corneal permeability [38]. Both correlations
with single properties (e.g. polar surface area [21,22,29,31]),
as well as multiple variable approaches have been used. A
problem for the medicinal chemist who wishes to investi-
gate and understand the behaviour of a new lead series is
that many different descriptors can be calculated using a
range of commercially available software packages, such as
Cerius2, Tsar, Hybot, QsarlS, and so on. Often when multi-
variate statistical approaches are applied it is some rather
obscure or ill-defined descriptors that best describe a specific
dataset. For example, Wessel et al. developed a six-descrip-
tor non-linear computational neural network model for
the estimation of %HIA (human intestinal absorption) for
a dataset of 86 drugs [26]. The parameters used were clearly
related to molecular size and H-bonding, but some of
them, for example, SHDW-6 (normalized two-dimensional
projection of molecule on XY plane), GRAV-3 (cube root of
gravitational index) and SCAA-2 (surface area x charge of
H-bond acceptor atoms/number of H-bond acceptor atoms)
are for many chemists difficult to relate to specific struc-
tural elements or the properties of functional groups.
Approaches for estimating the strengths of H-bonds can
be divided into two groups, quantum chemical calcula-
tions and empirical methods. The use of ab initio calcula-
tions allows the energy and geometric structures of small
molecules to be described with an accuracy approaching
those of experimental results. However, a similar treatment
of large molecules is not yet practical. Reliable empirical
H-bond parameters for drug-like molecules need to be
derived from large databases of experimental measurements.
Raevsky’s program HYBOT is linked to a database of several
thousand thermodynamic measurements of 1:1 H-bond-
ing systems and can estimate H-bond donor and acceptor
factors for the relevant sites in any compound based on its
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chemical structure [39]. There is however a difference be-
tween H-bonding scales that refer to 1:1 complexation and
scales that refer to the overall or summation H-bond acid-
ity and basicity. The second scales deal with the situation
in which a solute is surrounded by solvent molecules so
that all acid (i.e. H-bond donor) groups and all basic (i.e.
H-bond acceptor) groups in the solute are potentially in-
volved in acid-base interactions at the same time. In the
approach by Abraham [8] these differences are explicitly
addressed and it has been concluded [40] that functional
group constants derived from overall H-bond parameters
are the more useful in analyses of physicochemical and
biochemical properties.

Property-based design [3] is a difficult problem that
requires, on the one hand, an understanding of the prop-
erties of biological barriers and, on the other hand, an
adequate and consistent description of the properties of
drug molecules. Simple parameters (e.g. number of H-bond
donor and acceptor sites) are highly useful but we believe
that a more rigorous approach is desirable for the descrip-
tion of molecules and advocate the use of Abraham
descriptors and the general solvation equation. In the fol-
lowing sections this approach is explained in more detail
and some applications are examined.

Abraham descriptors and the solvation equation
The Abraham approach based on the solvation equation
correlates solute properties such as solubility, partitioning,
blood-brain distribution, cell permeability, and human in-
testinal absorption, with a set of five molecular descriptors.
These solute descriptors are based on the physically mean-
ingful theoretical cavity model of solute-solvent interactions
(Fig. 1). They are:
 E - excess molar refraction which models dispersion
force interactions arising from the greater polarisability
of pi- and n- electrons (E = 0 for saturated alkanes)
« S —solute polarity/polarisability (due to solute-solvent
interactions between bond dipoles and induced dipoles)
* A -solute H-bond acidity
* B - solute H-bond basicity
* V - McGowan characteristic molar volume
The H-bonding parameters are summation terms rel-
evant to the behaviour of solutes in solvents. The acidity
‘A’ relates to the strength and number of H-bonds formed
by donor groups in the solute when they interact with lone
pairs of acceptor groups in solvent molecules. The basicity
‘B’ relates to the strength and number of H-bonds formed
by the lone pairs of acceptor groups in the solute when
they interact with donor solvents. Although perhaps not
familiar to all medicinal chemists, once understood, the
Abraham descriptors are chemically intuitive.
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The range of solutes for which de-
scriptors are currently available is now
quite large and encompasses com-
pounds that range from simple gases
(e.g. hydrogen, nitrogen) to complex
drugs and pesticides (Table 1). For satu-
rated hydrocarbons, A, B, S and E are
all zero. The properties of compounds
are therefore effectively referenced to
the properties of saturated hydrocar-
bons. For most other compound classes
the descriptors are positive, however, a
few compound types, for example, per-
fluorinated alkanes have negative val-
ues for S and E and behave as less polar
and more hydrophobic solutes than

Fig. 1. The transfer of a drug from one phase to another can be considered in terms of
the difference in solvation of the drug in the two phases. The cavity model that we use

(b) (€)
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the corresponding hydrocarbons.

The solute descriptors can be com-
bined in a linear free energy relation-
ship (LFER; Egn 1):

SP=c+eE+sS+aA+bB+vV [Egn 1]

breaks down solvation into three steps. (a) The intermolecular forces holding the phase
(or solvent) together have to be broken to form a cavity of the same size as the drug (or
solute) and this is energetically unfavorable. (b) The phase (or solvent) molecules around
the cavity have to be reorganized. (c) Solute-solvent interactions are set up when the
solute is inserted into the cavity and these are all energetically favorable. The work of
forming the cavity in step (a) will be proportional to the drug volume, V and the general
dispersion interaction in (c) is also proportional to V so that the vV term in the solvation
equation includes a cavity effect, and an opposite general dispersion interaction effect. The
various other solute-solvent interactions in step (c) are described by the terms E, S, A and B.

Where the dependent variable, SP, is

a solute property in a given system. For
example, it might be logP, for a set of solutes in a given
water-solvent partition system. The coefficients in the
equations are found by the method of multiple regression.
Because the solute descriptors (E, S, A, B and V) represent
the solute influence on various solute-solvent phase inter-
actions, the regression coefficients c, e, s, a, b and v corre-
spond to the complementary effect of the solvent phases
on these interactions. The coefficients can then be regarded
as system constants which characterize the phase and con-
tain chemical information about the phase in question.

As an example, the important octanol-water system is
characterised by Eqn 2 [9]:

LogP,. = 0.088 + 0.562E — 1.054S - 0.032A -3.4608B + 3.814V
N =613, R=0.9974, sp = 0.116, F = 23161.6 [Ean 2]

into account by the terms involving E and V. The large
positive v-coefficient is in part a result of the higher energy
required to create a given-sized cavity in water, and in part
a result of the greater dispersion force interactions with
solutes in octanol. Solutes with 1= and n-electron pairs are
more polarizable (E>0) than the corresponding saturated
hydrocarbons (E = 0) and this results in stronger dispersion
interactions with octanol as shown by the positive e-coeffi-
cient.

In the Abraham QSAR approach the same five descrip-
tors are always forced into the regression equation. Although
in statistical terms there is sometimes little benefit in using
more than four of the parameters, there is a big practical
advantage because the equations for different properties
can be directly compared. For example, a group from Pfizer

The a-coefficient is almost zero,

Table 1. Validated solute descriptors available in the UCL database

which shows that octanol is as strong a
H-bond base as is water. However, water
is a very strong H-bond acid and H-
bond basic solutes (i.e. large B) interact
less strongly with octanol resulting in
a negative b-coefficient. Octanol is also
less polar (i.e. dipolar/polarizable) than
water hence the negative s-coefficient.

Descriptor

A (H-bond acidity)
B (H-bond basicity)

V (Molar volume)

S (Dipolarity/polarisability)
E (Excess molar refraction)

Maximum Minimum Total number
value value available

4.33 0.00 4490

4.52 0.00 3440

5.60 -0.54 3760

4.62 -1.37 4290

8.56 0.07 4380

Dispersion force interactions are taken
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developed a high-throughput reverse-phase-HPLC method
for determination of logP, values. A comparison of the
derived solvation equations demonstrated that the HPLC
method encoded the same information as obtained from
a shake flask logP,.; determination [41]. In a similar but
more general approach to lipophilicity determination the
coefficients of solvation equations have been used to char-
acterize the different selectivity characteristics of various
HPLC stationary phases and organic modifiers [42].
Because they are derived from experimental data using a
solvation model that accounts for all the major intermole-
cular interactions (i.e. dispersion forces, dipole-dipole, di-
pole-induced dipole and H-bonding), Abraham descriptors
should provide a consistent and fairly complete set for the
derivation of QSAR relationships that explain properties
that are not sensitive to molecular shape or conformation
(i.e. usually solution-phase properties that involve rapid
molecular motions). It is desirable to be able to relate these
empirical parameters to other purely theoretical descrip-
tions of molecules and to be able to calculate Abraham pa-
rameters directly using various theoretical approaches. The
various ways of doing this have recently been compared [43].

Methods for obtaining solute parameters
Any application of the general solvation equation (Eqn 1)
depends on the availability of the solute descriptors, and
the need to calculate descriptors for new compounds is of
primary importance. The descriptor V can be calculated
quite simply from the molecular formula and the number
of rings in the molecule. The E descriptor can be calculated
either from the observed or calculated liquid refractive
index. The remaining three descriptors S, A, and B have to
be obtained by analogy to other closely related compounds,
by fragment addition, or by fitting to a set of experimental
measurements such as logP values for a given solute in sev-
eral different water-solvent systems [44]. Many alternative
computed QSAR parameters are difficult to validate and
the ability to derive Abraham descriptors from experimen-
tal data clearly differentiates them from such purely theoreti-
cal numbers. However, it is clear that any predictive appli-
cation of the solvation equation (e.g. to guide library design
before synthesis) requires rapid calculation methods. Platts
and co-workers used the database of known values (see
Table 1) to identify common substructures and relevant
intramolecular interactions and evaluate their contribu-
tions to each descriptor. The final model used 81 fragment
values for E, S, and B with a separate set of 51 fragments for
calculation of A. Typically, errors of ~0.05-0.15 log unit (for
values covering a range of 2-6 log units) were found [45].
Applications such as the high-throughput prediction of
physicochemical and biochemical properties for compound
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~
HsC OH
Fragment A B S E
Acid (-COCH), correction 0.26 -0.44 -0.40 -0.22
(-OH) 0.33 0.43 0.24 0.08
Methyl (-CHa) 0.00 0.00 -0.08 -0.11
Methylene (-CHa-) 0.00 0.00 0.00 0.00
Carbonyl (=O) 0.00 0.34 0.40 -0.06
R2>C= SP, Carbon 0.00 0.02 0.10 0.20
Intercept 0.00 0.07 0.27 0.25

Sum of group descriptors 0.59 0.41 0.53 0.14
Observed value 0.60 0.45 0.65 0.23
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Fig. 2. The descriptors required for the application of the
general solvation equation have been obtained from
experimental data for some 3,500 drug and non-drug
molecules. They can be calculated from structure by a fragment
contribution method as included in the Absolv program (Sirius
Analytical). Details for propanoic acid are shown above. Absolv
is PC-based software that enables descriptors to be calculated
for ~80-200 molecules per minute, starting from chemical
structure. The calculation of numerous properties, such as %
intestinal absorption, blood-brain distribution, skin permeation,
and so on, can be carried out simultaneously at the same rate.

libraries require access to suitable software. The published
calculation scheme [45] for Abraham descriptors can be
implemented using any suitable chemical software tools.
For scientists that want a ready-made solution, the pro-
gram Absolv is available for a Windows PC (Sirius Analytical
Instruments; http://www.sirius-analytical.com). It has a
straightforward graphical interface, can predict values for
over 120 solute properties based on published LFER equa-
tions, and provides references to the original source litera-
ture. An example of the calculation of descriptors by Absolv is
shown in Fig. 2, and a screenshot of the program is in Fig. 3.

Applications of the solvation equation in
property-based design

The solvation equation (Egn 1) provides an investigational
framework that allows relatively small sets (>30) of mol-
ecules to be used to probe the characteristics of biological
transport systems. The resulting regression coefficients (c,
e, s, a, b and v) encode chemical information about the
barrier and the contributing equilibria and/or kinetic
processes. Furthermore, the coefficients for different
putative biological mimetic systems can be compared, to
uncover significant mechanistic differences. The solute de-
scriptors (E, S, A, B, and V) provide a consistent description
of molecules and they comprise a generally useful set of
QSAR parameters. Until recently, the lack of rapid approaches
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Fig. 3. Screenshot from the Absolv program. It is an easy to use and commercially available Windows-based PC tool for calculating Abraham
molecular descriptors from molecular structure and predicting the properties of molecules including drugs, agrochemicals and pollutants. It
can predict values for 125 solute properties (e.g. logP, solubility in water, gastrointestinal absorption, permeability through skin, and blood-brain
distribution) based on published linear free energy relationship (LFER) equations, and provides references to the original source literature.
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to parameter estimation from chemical structure has lim-
ited their application, but the availability of commercial
software removes this restriction. However, it is important
to appreciate that the paucity of reliable in vivo and ex vivo
biological data is a primary restriction that limits our ability
to properly understand the factors controlling absorption
and distribution.

Brain penetration

Brain uptake of drugs is a subject of great importance to
the pharmaceutical industry and the two measures that are
most amenable to physicochemical analysis are: (a) blood-
brain distribution and (b) rate of uptake during brain per-
fusion. Most work has been done on blood-brain distribu-
tion (BB), and several workers [29,30,31] have analyzed a
dataset similar to that of 57 compounds first assembled by
Abraham and co-workers [46]. Recently the set has been
extended to 148 compounds [33] and the solvation equation
determined (Eqn 3):

LogBB =0.044 + 0.511E - 0.886S —0.724A - 0.666B + 0.861V
N =148, R=0.843,sp=0.367, F=71.0 [Egn 3]
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Reasonable statistics were obtained for Egqn 3, however
several large discrepancies were observed for carboxylic
acid containing molecules such as salicylic acid and
indomethacin, and an improvement over Eqn 3 was ob-
tained by inclusion of an indicator variable. The equations
are significantly different from Eqn 2, which describes
octanol-water logP, and show that size strongly enhances
brain uptake, whereas polarity/polarizability, H-bond acid-
ity, basicity, and the presence of carboxylic acid groups
strongly reduce brain penetration. This model is as good as
any of the other reported QSAR models that have used
only subsets of the data. It is worth noting that several al-
ternative models include polar surface area (PSA) [29,31] or
topological polar surface area (TPSA) [47] as a descriptor of
logBB with encouraging results. This is not in conflict with
Eqn 3 because PSA correlates roughly with the sum A + B
but PSA and TPSA are more simplistic parameters that are
not sensitive to H-bond strength and are not influenced by
interactions such as intramolecular H-bonding as shown
in Fig. 4. TPSA is calculated simply by adding contributions
from 43 polar atom types and there are no interaction cor-
rections, whereas the calculation routines for A and B will
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Brug Discovery Today first important process is often dissolu
tion. Many cases of dissolution-rate
Fig. 4. Polar surface area (PSA) has been used for the prediction of various drug transport limited absorption have been reported
properties [47]. Simple H-bond counts have also been used for fast computational and so solubility is a broperty that
screening and shown to correlate closely with PSA [14]. PSA and H-bond counts, are not y_ p. perty
sensitive to H-bond strengths and cannot reveal important details such as internal H- needs to be considered in the early
bonding. In the example shown, two compounds, ortho- and para-nitrophenol are stages of drug discovery. After dissolu-
indistinguishable in PSA terms despite the fact that the ortho- substituent exhibits an tion moderately lipophilic compounds
intra-molecular H-bonding interaction. This interaction is clearly shown to be important . i o
when the Abraham descriptors of the two molecules are considered. As a direct will generally diffuse through the lipid
consequence of intra-molecular H-bonding the H-bond acidity of the phenolic hydrogen membranes of the gastrointestinal
in the ortho- substituted phenol is very low (A = 0.20) compared with that of the para- tract (transcellular absorption) whereas
substituted phenol (A = 0.87). The basicity of the ortho-substituted phenol (B = 0.42) is Il hvd hili ds diff
higher than the para-substituted phenol (B = 0.22). This difference between the two sma ydrophilic compounds diftuse
molecules is reflected in their properties. An example of this is the logP value in the through the aqueous pores at the tight
water-cyclohexane system. LogP,, for the ortho-phenol (1.45) is much larger than for the junctions between cells (paracellular
para-phenol (-2.05), even though they have the same H-bond count, and similar PSAs. absorption). Because animals have

only work correctly for new compounds if the relevant
interactions have been observed in the training set and
properly parameterized. When compounds containing
new fragments are synthesized it is always possible to de-
termine the correct overall solute descriptors by making
appropriate partition measurements.

Brain perfusion experiments measure a rate constant
from experiments over a short timescale and because of the
variation in experimental procedure the various sets of
available data are not compatible. Analysis of rate con-
stants (k) from one set of rat brain perfusion experiments
[48] gave Eqn 4:

Log k = -1.213 + 0.711E - 1.868S — 0.0A — 2.795B + 3.301V
N =18, R=0.976,sp=0.48, F = 65 [Eqn 4]

evolved mechanisms to protect them
against harmful xenobiotics, the membranes of the gut
wall contain metabolizing enzymes (e.g. CYP3A4) and
transporter proteins (e.g. P-glycoprotein) that can act to-
gether to reduce the absorption of any compounds that are
substrates for their rather indiscriminate binding sites. To
have good oral absorption a drug must have a high trans-
membrane flux as well as avoid efflux by P-glycoprotein
and metabolism by gut wall CYP3A4. As a pragmatic
approach to designing orally absorbed drugs, it has been
suggested that focussing on the factors that give a drug a
high permeation rate will give the best chance of saturat-
ing the efflux component and the metabolizing enzymes
of the gut wall [3].

As noted previously, the paucity of suitable data often
limits our ability to construct reliable QSAR. For human
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intestinal absorption a large dataset of compounds was
rigorously analyzed by Zhao et al. [27]. Data were collected
from the literature on 241 drugs and critically appraised
and classified so that they could be analyzed with some
confidence. Data from 169 drugs were suitable for inclu-
sion in the analysis and were used to derive a solvation
equation that directly related the percentage of drug
absorbed to the Abraham descriptors E, S, A, B and V.
Abraham and Le [49] have obtained a modified general
solvation equation for aqueous solubility that includes a
cross-term A*B, to take account of intermolecular interac-
tions in liquids or solids, so that no melting point is
needed. It is of interest that the H-bonding terms (A and B)
that act to increase aqueous solubility act in the reverse
way to decrease intestinal absorption. For comparison with
other solvation equations an effective rate of absorption
(Gl k) was calculated (for those drugs where absorption
was not either 0 or 100%) to obtain Egn 5 [50]:

Log (Gl Kg) = 0.544 — 0.025E + 0.141S — 0.409A —
0.514B + 0.204V
N=127,R=0.89,sp=0.29, F=94 [Egn 5]

Reasonable statistics were obtained for Eqn 5; however,
the regression coefficients bear no relation at all to those
in the numerous equations that have been constructed for
water-solvent partition equilibria (e.g. EQn 2). By contrast,
Eqn 5 is similar to equations that describe diffusion
processes, and this strongly suggests that diffusion through
an unstirred water or mucus layer together with interfacial
(mucus—-membrane) transfer is the rate-determining step in
human intestinal absorption.

In summary, the Abraham descriptors are able to success-
fully predict absorption for a diverse set of drugs. The signifi-
cant descriptors are the H-bonding terms A and B although
the volume term can also contribute. Other authors had
previously analyzed subsets of this data and correlated in-
testinal absorption with polar surface area (PSA) [21,22,31].
It has been suggested that PSA in some way describes the
desolvation of a compound as it moves from an aqueous
to a lipid environment [28]. The rule PSA >140 A2 has been
proposed as a crude filter to identify poorly absorbed com-
pounds before synthesis [22] and it has also been demon-
strated that PSA can be modelled using H-bonding descriptors
[14]. Similar criteria are also relevant to the more difficult
problem of oral bioavailability. Based on data for over 1100
drug candidates measured at GlaxoSmithKline it has been
suggested [51] that compounds which meet only two cri-
teria of (1) 10 or fewer rotatable bonds and (2) PSA <140 A2
(or 12 or fewer H-bond donors and acceptors) will have a
high probability of good oral bioavailability in the rat.
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Decision trees

Any models that attempt to account for all the factors in-
volved for the prediction of in vivo transport and distribu-
tion of drugs will be complex. However, if methods can be
developed to identify the critical or rate-limiting steps
within any overall process, then more precise and more
predictive QSAR relationships will be possible. Recently,
the software program, Algorithm Builder (from Pharma
Algorithms; http://www.ap-algorithms.com), has become
available and it allows computational filters incorporating
complex decision trees to be programmed through a sim-
ple graphical interface [52]. For example, a human intesti-
nal absorption (HIA) filter has been devised that generates
an alert for compounds predicted to have low absorption
(HIA<10%). The model was derived from an analysis of
data from over 1000 compounds with experimental HIA
values classified into a binary format (i.e. high, low). The
decision-tree criteria are based on rules that include de-
scriptors based on charge (e.g. compounds containing qua-
ternary N+ are not absorbed), size, logP, PSA, and H-bond
acidity (A). The HIA filter can itself be incorporated into
other decision trees with additional rules; for example, to
classify compounds according to their oral bioavailablility.
These decision trees are easily updated by independent
experts with new (custom) rules and have been termed
‘open-concept’ filters. Hopefully pharmaceutical compa-
nies will continue to publish new rules based on their
in-house data and reveal the principles on which they are
based, even when, as a result of the proprietary nature of
their compounds, it becomes impossible to reveal the
actual chemical structures from which the criteria were
derived.
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