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The aim of this study was to devise experimental protocols and computational models for the
prediction of intestinal drug permeability. Both the required experimental and computational
effort and the accuracy and quality of the resulting predictions were considered. In vitro
intestinal Caco-2 cell monolayer permeabilities were determined both in a highly accurate
experimental setting (P;) and in a faster, but less accurate, mode (Papp). Computational models
were built using four different principles for generation of molecular descriptors (atom counts,
molecular mechanics calculations, fragmental, and quantum mechanics approaches) and were
evaluated for their ability to predict intestinal membrane permeability. A theoretical decon-
volution of the polar molecular surface area (PSA) was also performed to facilitate the
interpretation of this composite descriptor and allow the calculation of PSA in a simplified
and fast mode. The results indicate that it is possible to predict intestinal drug permeability
from rather simple models with little or no loss of accuracy. A new, fast computational model,
based on partitioned molecular surface areas, that predicts intestinal drug permeability with
an accuracy comparable to that of time-consuming quantum mechanics calculations is presented.

Introduction

The search for pharmacologically active compounds
often involves the screening of large compound libraries.
Although this method has proven to be successful in
terms of generating leads with high affinity for the
selected receptor, failure to comply with biopharma-
ceutical demands, such as permeation of the intestinal
mucosa, is likely to terminate the development of many
drug candidates.!? Recently, several experimental and
computational models of varying complexities have been
devised for the prediction of biopharmaceutical proper-
ties such as intestinal drug permeability.3

Among the experimental models, drug transport
across intestinal epithelial Caco-2 cell monolayers grown
on permeable filter supports has received particular
attention. In its simplest form, an apparent permeability
coefficient (Papp) may be obtained by measuring the rate
of drug transport across the cell monolayer by a single
point determination. Alternatively, a more demanding
experimental procedure involving multiple data points
may be used.* By using the latter method, it is possible
to avoid experimental artifacts introduced by unstirred
water layers or by the filter on which the cells are
cultured, thus obtaining the true cell monolayer perme-
ability coefficient (P.). The choice of methodology will
therefore depend on the accuracy needed for predictions
of human intestinal permeability in vivo.

The varying complexities of the computational mod-
els, which range from simple (and rapid) counting of
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atoms or fragments (e.g., rule of five, see ref 5) to time-
demanding approaches involving quantum mechanics
calculations (see, e.g., ref 6), also call for cost—benefit
considerations. So far, the more computationally inten-
sive methods have proven to be more accurate than the
faster methods for the prediction of intestinal perme-
ability.”8 However, to our knowledge a cost—benefit
analysis of these methods has not yet been performed
to assess what the tradeoffs are in terms of accuracy
when a faster method is applied as a virtual perme-
ability screen. Among the computational methods, mo-
lecular surface properties, in particular the polar surface
area (PSA),® have found application as a computational
filter for membrane permeability.1%11 Although it is
generally assumed that this composite descriptor is
closely related to hydrogen bonding, the nature of PSA
has yet to be explored in quantitative terms.

The aim of this study was to devise optimal experi-
mental protocols and computational models for the
prediction of intestinal drug permeability. Conse-
quently, two themes have been explored. First, we
compared Caco-2 cell monolayer permeabilities in vitro
using both a simple (Pap) and an experimentally
demanding, and presumably more accurate (P¢), mea-
sure of permeability for a set of structurally diverse
model drugs with known human intestinal absorption.
Papp and P. were investigated for their abilities to
describe in vivo permeability. Second, we performed a
comparative analysis of computational models of vary-
ing complexities for the prediction of intestinal drug
permeability. The models investigated were selected to
represent four different principles for the generation of
computational descriptors, namely, atom counts, mo-
lecular mechanics calculations, fragmental, and quan-
tum mechanics approaches. The analysis included a

10.1021/jm001101a CCC: $20.00 © 2001 American Chemical Society
Published on Web 05/16/2001



1928 Journal of Medicinal Chemistry, 2001, Vol. 44, No. 12

deconvolution of the composite descriptor PSA into
several readily interpreted physicochemical properties.
Finally, a new computational model based on parti-
tioned molecular surface areas for the prediction of
intestinal membrane permeability was devised.

Methods

Cell Culture. Caco-2 cells obtained from American Tissue
Collection, Rockville, MD, were maintained in an atmosphere
of 90% air and 10% CO, as described previously.?3 For
transport experiments, 5 x 10° cells of passage numbers 96—
105 were seeded on polycarbonate filter inserts (12 mm
diameter; pore size = 0.4 um; Costar) and allowed to grow and
differentiate for 21—34 days before the cell monolayers were
used for transport experiments.

Model Drugs and Radiolabeled Markers. Amiloride,
diazepam, hydrocortisone, lactulose, mannitol, metolazone,
nordazepam, oxazepam, phenazone, phosphonoformic acid
(foscarnet), p-raffinose, sulfasalazine, sulpiride, and terbuta-
line were purchased from Sigma (St. Louis, MO). Olsalazine
was a gift from Pharmacia and Upjohn (Uppsala, Sweden).
SB209670 and SB217242 were gifts from SmithKline Beecham
Pharmaceuticals. Sildenafil was a gift from Pfizer Limited.
Ciprofloxacin and [**C]ciprofloxacin were gifts from Bayer AG
(Wuppertal, Germany). [**C]Phosphonoformic acid was pur-
chased from Moravec Biochemicals (Brea, CA), [*H]lactulose
was from American Radiolabeled Chemicals, Inc. (St. Louis,
MO), and [**C]mannitol and p-[*H]raffinose were obtained from
NEN Life Sciences (Boston, MA).

The solvents of the radiolabeled markers were allowed to
evaporate in a LAF hood. Tritiated markers were subject to
an additional evaporation step whereby 100 uL of purified
water was added and evaporated in an LAF hood overnight.

Transport Studies. Drug transport rates across Caco-2 cell
monolayers were determined for the compounds in data set 1
as described below or were obtained from previous publications
from our laboratory (see refs in Table 3).1 Drug transport
experiments were performed as described previously.'® In
general, the markers were dissolved in Hank’s balanced salt
solution containing 25 mM Hepes at pH 7.4 (HBSS pH 7.4) to
a final concentration of 0.1—5 mM. The amount used of each
particular compound depended upon its solubility, the detec-
tion limits of the HPLC analysis, the presence of saturable
active transport mechanisms, and effects on monolayer integ-
rity as described below. Transport experiments were initiated
by incubating the monolayers in HBSS pH 7.4 at 37 °C for 20
min in a humidified atmosphere. Drug solution was added to
the donor side of the cell monolayers, and the inserts were
placed on a calibrated shaker (IKA-Schuttler MTS4) and kept
at 37 °C throughout the experiment. By using two different
stirring rates (100 and 500 rpm, respectively) it was possible
to obtain the cellular permeability, P, which is unaffected by
the aqueous boundary layer as described below.* Monolayer
permeability to the paracellular marker [**C]mannitol was
routinely used to investigate the integrity of the monolayers
under the experimental conditions. To detect the possible
influence of active transport or efflux mechanisms, the per-
meabilities for all compounds but SB217242 and SB209670
were measured in both apical to basolateral (a—b) and baso-
lateral to apical (b—a) directions. Under “sink” conditions, the
apparent permeability coefficients (Papp) were calculated from

~AQ 1
ap — At AC, @

where AQ/At is the steady-state flux (mol/s), Co is the initial
concentration in the donor chamber at each time interval (mol/
mL), and A is the surface area of filter insert (cm?). For rapidly
transported compounds, where sink conditions could not be
maintained for the full duration of the experiments, P,y was
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calculated as described previously!® from
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where Cg(t) is the time-dependent drug concentration in the
receiver compartment, M is the total amount of drug in the
system, Vp and Vg are the volumes of the donor and receiver
compartments, respectively, Cr is the drug concentration in
the receiver compartment at the beginning of the interval, and
t is the time from the start of the interval. P4y, was obtained
from nonlinear regression, minimizing the sum of squared
residuals (3 (Criiobsd — Criicaicd)?), Where Criionsa IS the observed
receiver concentration at the end of the interval and Cg;icaicd
is the corresponding concentration calculated according to eq
2.16

P. was calculated from the slope of the relationship between
V/Pgpp and V
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where Pgy, is the apparent permeability obtained at 100 or
500 rpm, V is the stirring rate, and P: is the calculated
permeability of the filter support.*

Analytical Methods. Radioactive samples were analyzed
using a liquid scintillation counter (Packard Instruments
1900CA TRI-CARB; Canberra Packard Instruments, Downers
Grove, IL). SB209670 and SB217242 were analyzed using LC-
MS/MS. The LC-MS/MS system incorporated an analytical
Hypersil BDS column (50 x 2 mm) and negative APCI with
detection of the 417 Da fragments. All other model compounds
were analyzed using reversed-phase HPLC. The HPLC system
consisted of a Perkin-Elmer isocratic LC pump 250, a Perkin-
Elmer advanced LC sample processor 1SS-200, a Spectra
Physics UV100 detector, and an integration software
(Chromatography Station for Windows). An analytical Hich-
rom Partisil ODS3 column (100 x 4.6 mm) with a mean
particle size of 5 um was used. The mobile phase was composed
of phosphate buffer (pH 3.0—6.5; 60 mM KH;PO,, 8 mM Hs-
PO,) and acetonitrile; 10—80% acetonitrile was used to obtain
retention times of 6—15 min at flow rates of 0.5—1.5 mL/min.
Injection volumes were 10—200 uL.

Calculation of Electrotopological State Indices. The
Molconn-Z program'” was used to calculate electrotopological
state indices related to hydrogen, nitrogen, and oxygen atoms
as described recently.'® Briefly, the electrotopological state
index for a particular atom is a value resulting from its
topological and electronic environment. The index will encode
the electronegativity as well as the local topology of each atom
by considering perturbation effects from its neighbors. For each
molecule, the indices of hydrogen bonding hydrogen, all
nitrogen, and all oxygen atoms were added together into three
groups termed SumH, SumN, and SumO, respectively. An
additional term related to the electrotopological state indices
of non-hydrogen-bonding hydrogen atoms (SHother) was also
included. In addition, the numbers of hydrogen bond acceptors
and donors were derived.

Calculation of Hydrogen Bond Strength. Hydrogen
bond donor and acceptor strengths were calculated using
Hybot.!® The program Hybot, which is based on experimental
data from ~12000 hydrogen bond complexes,?° was used as a
benchmark for the calculated hydrogen bond strengths for the
other methods investigated in this study.

Lipophilicity and Refractivity. Drug lipophilicity (ClogP)
and molecular refractivity (CMR) were calculated using Bio-
Byte software?! accessed via the Sybyl interface.??

Conformational Analysis. For the compounds in data set
1 (Table 3), a 10—120000-step Monte Carlo conformational
search? was performed using the MMFF force field in Macro-
Model v6.5% on a Silicon Graphics workstation. Energy
minimizations were made with and without simulated water.
By using this procedure, the entire conformational space of
low-energy conformations (AEs < 2.5 kcal/mol) was expected
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to be covered. For the flexible compounds, the conformational
search was performed by two or more Monte Carlo simulations.
The global minimum of each simulation was then used as
starting conformation for a subsequent conformational search.
The resulting conformers from the searches were then com-
bined, and duplicate conformers were removed. For the
compounds in data sets 2 and 3, a single 3D conformation was
generated using Concord.?®> The generated conformers were
then geometry optimized using the MMFF force field in
MacroModel without the presence of simulated solvent.

Surface Area Calculations. The in-house computer pro-
gram MAREA?® was used to calculate the surface area of each
conformer as described previously.?” The program calculates
the free surface area of each atom as well as the molecular
volume (V). The atomic van der Waals radii used were the
following: sp2 carbons, 1.94 A; sp3 carbon, 1.90 A; oxygen, 1.74
A; nitrogen, 1.82 A; sulfur, 2.11 A; electroneutral hydrogen,
1.50 A; hydrogen bonded to oxygen, 1.10 A; and hydrogen
bonded to nitrogen, 1.125 A (obtained from PCMODELVA4.0,
see ref 28).

The polar surface area (PSA) was defined as the area
occupied by nitrogen and oxygen atoms plus the area of the
hydrogen atoms attached to these heteroatoms. The nonpolar
part of the surface area (NPSA) was defined as the total
surface area (SA) minus PSA. We also calculated the fraction
of the surface area occupied by polar groups (%PSA).

Dynamic surface properties were calculated for the com-
pounds in data set 1. The dynamic surface area (SAq) is a
statistical average obtained by weighting the surface area of
each low-energy conformation (AEs < 2.5 kcal/mol) by its
probability of existence according to a Boltzmann distribu-
tion.>? The dynamic polar surface area (PSAg), dynamic
nonpolar surface area (NPSAy), percentage of the total dy-
namic surface area that is polar (%PSA4), and dynamic volume
(Vq) were determined in the same manner.

Semiempirical Calculations. The global minima from the
conformational searches in MacroModel were used as starting
geometries for semiempirical geometry optimizations using the
AM1 method in Spartan.3°

Ab Initio Calculations. An ab initio single-point calcula-
tion using the 3-21G* basis set in Spartan was performed on
each optimized geometry to obtain a wave function suitable
for input to the MolSurf program.

MolSurf Calculations. The wave function of each com-
pound was used as input in the MolSurf program.3* MolSurf
calculates various chemical and physicochemical properties.
The molecular descriptors for each compound derived from
MolSurf were as follows: the strength of hydrogen bond donors
of each compound; the number of hydrogen bond donors; the
strength of hydrogen bond acceptor oxygens (HBAO); the
number of hydrogen bond acceptor oxygens; the strength of
hydrogen bond acceptor nitrogens (HBAN); the number of
hydrogen bond acceptor nitrogens; the sum of HBAO and
HBAN; the molecular electrostatic potential surface area; the
polarizability; the polarity; the Lewis acid strength; the Lewis
base strength; the acid dissociation constants; octanol—water
partition and distribution coefficients; heptane—water parti-
tion and distribution coefficients; and the amount of electro-
static potential surface area being strongly positive, weakly
positive, strongly negative, or weakly negative.31:32

Data Analysis. The molecular descriptors were examined
by principal component analysis (PCA).33 Descriptors showing
a skewness in excess of 1.5 were cubic root transformed before
being subjected to further analysis. Correlations between
multiple calculated descriptors or between calculated descrip-
tors and permeability were established by the method of
partial least squares projections to latent structures (PLS).%*
The number of computed PLS components was determined by
Q?, the leave-one-out cross-validated R? (where R? is the
fraction of the sum of squared permeability coefficients
explained by the model). Only PLS components resulting in a
positive Q2 were computed, and the number of components was
never allowed to exceed one-third of the number of descriptors
used for the model. The model was further developed by a
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Table 1. Physicochemical Characteristics of the Compounds of
the Three Data Sets in This Study?

mean standard deviation

descriptor®  all 1 2 3 all 1 2 3
P. (cm/s) 8.7 x 1075 1.6 x 107

ClogP 25 07 23 26 21 30 23 19
Muw 309 338 287 315 105 125 122 97
#HBAO 27 42 24 27 20 35 20 18
#HBAN 21 24 18 21 16 23 18 15
#HBD 1.7 36 15 17 16 32 17 14

PSA (A2 66 103 57 67 37 55 43 32
SA (A2 371 398 332 383 119 131 132 111

2 Mean values and standard deviations are given for all
compounds used in this study (all) and separately for data sets 1,
2, and 3. See Supporting Information for histograms of these
properties. Permeabilities (P;) were obtained only for the com-
pounds in data set 1 (Table 2). P Permeability (P.), lipophilicity
(ClogP), number of hydrogen bond accepting oxygens (#HBAo) and
nitrogens (#HBAnN), number of hydrogen bond donating hydrogens
(#HBD), polar molecular surface area (PSA), and total molecular
surface area (SA) were calculated as described under Methods.

stepwise selection of variables. Initially, all descriptors were
included in the PLS model. After the first round, the descriptor
with least influence on the prediction was deleted and the PLS
repeated. If exclusion of a descriptor resulted in a more
predictive model (as assessed by Q2), the descriptor was
permanently left out of the model. The variable selection was
repeated until no further improvement of Q2 was achieved.
PCA and PLS analyses were performed using Simca.®® The
external predictivity of the models was assessed by the root-
mean-square error of the test set (RMSEte). The strength of
linear relationships between single variables was assessed by
the correlation coefficient, r.

Training Set Selection. To validate the derived PLS
models, the data set was further divided to obtain a training
and a test set for each respective model. Unless otherwise
stated, the training set was selected from two-thirds of the
data set used to develop the model. The training sets were
also selected to cover a maximum range in descriptor space,
which was achieved by selecting the extreme values from the
first three components of the PCA.

Results and Discussion

Data Set. A total of 674 drugs covering a wide range
in physicochemical properties and permeability were
investigated in this study (Table 1; Supporting Informa-
tion). The data set was divided into three subsets based
on the level of experimental and computational effort
spent on each compound (Table 2). Most information
was obtained for the 27 compounds in data set 1, for
which experimental in vitro and in vivo data as well as
seven sets of computationally derived descriptors were
generated (Table 3). These compounds were carefully
selected from published in vivo data so that only
compounds that are predominantly absorbed over the
intestinal wall by passive diffusion were included in the
study. The selection was also performed to minimize the
contribution from complicating factors such as low
solubility, instability in the gasintrointestinal lumen,
or presystemic metabolism. Although the structural
diversity among these compounds was large enough to
span a significant space of conventional drugs, the
structural diversity of data set 1 was increased by the
inclusion of compounds representing newer drug classes
such as opioid peptides (TAPP and lef553, which rep-
resent large, hydrophilic tetrapeptides) and peptide
receptor antagonists (SB217242 and SB209670, which
represent large, lipophilic compounds obtained from
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Table 2. Overview of Generated Experimental and Calculated Parameters of the Three Data Sets in This Study

data surface electro-
set n P2 Papp? FA2 Hybot? MolSurf2 ClogP? #HB?2 CMR?2 area? topological®
10 27 X X x© X X X X X xd X
2 170 X X X8 X X X X
3 477 xf X x9 X X

a Experimentally determined cell monolayer permeabilities (P¢), apparent permeabilities (Papp), and the fraction of drugs absorbed
after oral administration to humans (FA) as well as molecular descriptors determined by the programs Hybot and MolSurf, lipophilicity
(ClogP), molecular refractivity (CMR), surface areas, and fragmental electrotopological state indices were obtained as described under
Methods. ? The compounds of data set 1 are detailed in Table 3. ¢ FA was obtained for 21 of the compounds in data set 1. 4 Both dynamic
and static surface areas were calculated. ¢ Due to missing fragments, ClogP was calculated for 168 compounds. f Due to missing fragments,
ClogP was calculated for 427 compounds. 9 Due to missing fragments, CMR was calculated for 475 compounds.

Table 3. Intestinal Permeability to the Compounds in Data Set 1

compound? P. a—b (cm/s x 105)° Papp @a—b (cm/s x 10%)P a—b/b—ab FA°
alfentanil* 3109 + 16.8 83+ 7.7 1.1d n/a®
alprenolol 2427+ 14.0 88+ 7.2 ~1f 96
amiloride 0.78 £ 0.064 0.56 £ 0.041 0.83 58 £5.0
antipyrin 215+ 11 77+79 1.1 97 £ 7
atenolol* 1.09+£0.10 0.59 £+ 0.056 ~19 54 £ 17
cimetidine* 1.2¢4 + 0.087 1.23 £+ 0.082 1.8d 79
ciprofloxacin 1.9 £0.076 1.7 £ 0.096 0.44 69+7
diazepam 756 £ 73 119+ 54 1.7 97
foscarnet 0.050 + 0.0035 0.045 + 0.0064 0.65 17 +35
hydrocortisone 41.6 £ 1.25 27+1.8 0.56 n/a®
lactulose 0.27 + 0.064 0.30 + 0.012 1.4 0.6 +£0.3
lef553" 0.023 + 0.0061 0.037 + 0.015 0.41 n/a®
mannitol* 0.19 + 0.014 0.11 + 0.0084 0.89 26 (1-89)
metolazone 6.1 £0.31 6.2 +£0.24 0.64 64 £+ 23
metoprolol 92f+ 4.0 64 + 4.1 ~1f 100 + 5
nordazepam* 307 £ 8.0 96 + 1.0 1.0 99 + 19
oxazepam* 246 £ 4.4 91+1.6 1.1 97 £ 11
oxprenolol* 120f £ 6.7 61+ 10 ~1f 97 +£13
pindolol* 55f 4+ 0.60 36+ 1.8 ~1f 92 +11
practolol* 3.5+ 0.53 1.84+0.08 ~1f 954+ 3
raffinose 0.047 + 0.0040 0.051 + 0.0041 1.2 0.3(0.1-0.9)
SB209670 8.8 +0.86 9.8 +£0.32 n/a® n/a®
SB217242i 70 + 22 54 +£11 n/a® n/a®
sildenafil 87 +1.6 48 + 0.90 0.83 92
sulfasalazine 0.16 + 0.021 0.16 + 0.014 0.087 12+5
sulpiride* 0.39 + 0.054 0.23 £+ 0.0045 0.87 36 + 20
TAPPh 0.022 + 0.0024 0.040 + 0.022 j n/a®

a Compounds designated with an asterisk were assigned to the test set in the PLS analyses of structure—permeability relationships
unless otherwise stated. ® Cell monolayer permeability coefficients (P.) and apparent permeability coefficients (Papp) are presented for
transport studies in the apical to basolateral direction and are given as means + standard deviation. n = 3—12. The ratios of transport
in the absorptive (a—b) to the secretory (b—a) directions are also shown.>! ¢ Values of the fraction absorbed after oral administration to
humans (FA) were obtained from the literature (amiloride,>? sildenafil,3® cimetidine,>* and the references to the remaining compounds
are collated in ref 27). Values represent mean =+ standard deviation or (range) where available. 4 Obtained from ref 16. ¢ Not available.
f Obtained from ref 9. 9 Obtained from ref 15. " For 1ef553 (Tyr-Arg-Phe-Phe-NH;) and TAPP (Tyr-p-Ala-Phe-Phe-NHy), P. values were
calculated by assuming that the effect of the unstirred water layer was negligible.5> ¥ Structures are given in ref 38. 1 Due to lack of
substance, permeability was not determined in the b—a direction. However, as TAPP was used at a high concentration (5 mM), active

transport or efflux was probably not a problem.

high-throughput pharmacological screening) for which
human in vivo data are not yet available. The variability
in lipophilicity, molecular weight, and charge of the
compounds in data set 1 is comparable to those of
registered drugs intended for oral administration.>36

An in-house database of wave functions of publicly
available compounds at AstraZeneca was used to obtain
structures for the compounds in data set 2 (Table 2).
The database mainly consisted of conventional drugs
(=85%) but also some hydrocarbons and a few other
model compounds such as alcohols and sugars. First,
compounds that overlapped with data set 1 were
removed. Thereafter, compounds bearing permanent
charges (i.e., quaternary ammonium ions) were also
removed as the charges are not well parametrized when
molecular mechanics calculations are applied. As the
number of permanently charged drugs is negligible,3®
this exclusion criterion is not likely to limit the applica-
bility of any derived model for drug screening.

Data set 3 was compiled from the CMC database®’
by extracting compounds belonging to the therapeutic
classes consisting of analgesic and antihypertensive
drugs and removing those compounds that were already
present in data set 1 or 2. A large structural variability
of the compounds in data set 3 was secured because
analgesic and antihypertensive drugs are represented
by chemically quite different classes of compounds.

Experimental Predictions of Intestinal Perme-
ability. The experimental and theoretical methods
employed in the present study primarily aim at predict-
ing passive membrane transport. However, recent re-
search indicates that an increasing number of drugs are
not only passively but also actively transported or
secreted by the intestinal epithelium.® Consequently, it
was important to investigate if the transport mechanism
of the compounds in data set 1 in Caco-2 cell monolayers
was mainly passive diffusion across the monolayers (as
suggested by the in vivo data). Bidirectional perme-
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a-b b-a a-b b-a
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a-b b-a a-b b-a
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Figure 1. Effect of 200 uM verapamil (VP) on the bidirectional
transport of sulpiride (A) and metolazone (B). Caco-2 cell
monolayer permeabilities (P;) were determined in the apical
to basolateral (a—b) or the basolateral to apical (b—a) direction.
The error bars represent standard deviations (n = 3—4). n/s
= no significant difference between a—b and b—a transports.

ability coefficients were therefore determined for all
compounds except SB217242 and SB209670, which have
already been shown to permeate Caco-2 cell monolayers
by a passive mechanism.®® Most compounds had a <2-
fold difference in P in the apical to basolateral (a—b)
direction as compared with the basolateral to apical
direction (b—a) and were therefore considered to be
passively transported (Table 3). It was not possible to
determine P. in the b—a direction for olsalazine as this
compound affected the membrane integrity when ad-
ministered to the basolateral side (results not shown).
Consequently, olsalazine was excluded from further
analyses.

Sulpiride and metolazone had 6- and 9-fold higher P,
values in the b—a than in the a—b direction, respec-
tively, indicating involvement of an efflux mechanism.
However, after saturation of the efflux mechanism with
the p-glycoprotein substrate verapamil, a—b and b—a
transports were equalized, and the passive permeability
could be determined (Figure 1). Ciprofloxacin had a b—a/
a—b ratio of 4 at 1 uM (Figure 2). Because p-glycoprotein
substrates such as verapamil are not good inhibitors of
ciprofloxacin efflux,3® the efflux was partly inhibited by
increasing the ciprofloxacin concentration 1000-fold.
This caused P. b—a to decrease while P, a—b remained
constant, indicating that active efflux contributes only
qguantitatively to P. in the b—a direction of ciprofloxacin.
Similarly, sulfasalazine has a b—a/a—b ratio of 12, but
it has been demonstrated that inhibition of the efflux
system affects transport only in the b—a direction.*°
Thus, we conclude that the compounds used for in
vitro—in silico and in vitro—in vivo analyses are trans-
ported across the epithelial membrane in the a—b
direction mainly by passive mechanisms. Caco-2 cell
monolayer permeabilities (P and Papp) and the fraction
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1 100 1000

Concentration (uM

Figure 2. Concentration dependence of Caco-2 cell perme-
ability to ciprofloxacin (P;) in the basolateral to apical (shaded
bars) and apical to basolateral (open bars) direction. The error
bars represent standard deviations (n = 3—4).

-3 -

> -4 % X
£ Sl
L 54 >2<
@ 61 >3
2 74 >{<
X
‘8 T T T T e |

log P, (cm/s)

Figure 3. Relationship between Caco-2 cell monolayer per-
meability (P;) and apparent permeability (Pap,) to the 27
compounds in data set 1.

of drug absorbed after oral administration to humans
(FA) for the model drugs are shown in Table 3.

Experimental Prediction of Intestinal Drug Ab-
sorption in Vivo. Determination of Popp using multiple
sampling at two different stirring rates allows the
calculation of P¢, which is unaffected by extracellular
artifacts, such as the resistance of the unstirred water
layer at the cell surfaces and the filter support itself.4
Therefore, the experimentally demanding parameter P,
would hypothetically provide stronger relationships to
predictors of membrane permeability and also be ex-
pected to better predict drug absorption in vivo than
Papp Values obtained at a single stirring rate. However,
a strong correlation with a slope of 0.87 was observed
between log P; and log Papp (r2 = 0.99; Figure 3). A slope
of less than unity was expected because the relative
effect of the unstirred water layer and filter support on
Papp is larger for rapidly transported compounds. This
is also apparent from the plateau observed as Papp
reaches 10™* cm/s (Figure 3). Fitting the data to the
sigmoidal equation FA = (0—100)/[1 + (log P¢/log Pcs0s)¥]
+ 100, where log Pcsoy is the in vitro permeability at
50% FA and k is a slope factor,*! shows that 90% FA is
expected at log P; of —5.3 or 5.0 x 107% cm/s, a value
far below 10~4 cm/s. A log P below —6.9 or 1.3 x 1077
cm/s would result in <10% FA (R% = 0.90; Figure 4).
The corresponding 90 and 10% values for Py, were 3.5
x 1076 and 7.4 x 10-8 cm/s, respectively (R2 = 0.88; data
not shown). We conclude that Py, can substitute for P
in predictions of FA.

Computational Methods for the Prediction of
Intestinal Drug Permeability. A. Polar Surface
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Figure 4. Relationship between Caco-2 cell monolayer per-
meability (P) and fraction absorbed after oral administration
to humans (FA) of the 21 compounds in data set 1 for which
FA was available. The line was fitted to the data as described
in the text (R? = 0.90).
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Figure 5. Variability of polar surface area (PSA) among low-
energy conformations of the 27 compounds in data set 1. PSA
of the global minimum conformation (x) is plotted against the
dynamic polar surface area (PSA4). The horizontal bars
indicate the largest and smallest PSA of each respective

compound. The solid line has a slope of 1 and an intercept of
0.

Area. 1. Dynamic and Static Surface Areas. Cal-
culation of the dynamic polar surface area (PSAy) takes
all low-energy conformations of the drug molecule into
account, which allows a more accurate analysis of how
steric effects, for example, influence the preferred
conformation. However, although this may be important
for the prediction of membrane permeability to more
flexible molecules,*® our own results as well as those of
others suggest that PSA from single low-energy confor-
mations may be sufficient to predict drug perme-
ability.827 Indeed, a narrow range of PSAs of the low-
energy conformations of data set 1 was observed also
in this study, indicating that PSA of any low-energy
conformation can be used to describe membrane perme-
ability (Figure 5). However, it is also apparent from
Figure 5 that the span of PSA among low-energy
conformations increases with increasing PSA, suggest-
ing that flexible compounds with larger PSA are more
sensitive to the choice of conformation for the calculation
of PSA.42

2. Effect of Simulated Solvent. The effect of
simulated solvent (which slows the calculations) on
calculated surface properties was also investigated using
data set 1. Again, the surface areas calculated from
geometry optimizations performed in simulated water
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and in a vacuum were strongly correlated (r2 = 0.99;
Supporting Information), thus strengthening earlier
results obtained with small analogous data sets.”1543

We conclude that PSA calculated from single confor-
mations gives results comparable to those obtained after
a more computationally demanding conformational
search. Similarly, we conclude that PSA calculated from
conformations generated in a vacuum can be used
instead of the more time-consuming calculations in a
simulated water environment.

3. Deconvolution of PSA. The surprisingly high
accuracy and the increasing application of PSA as a
predictor of intestinal membrane permeability in drug
discovery settings call for an analysis of what this
composite descriptor actually represents. We reasoned
that the deconvolution of PSA into various well-known,
and presumably readily interpreted, physicochemical
properties will make results from PSA calculations
easier to translate into drug design and structure
optimization efforts. Various measures of hydrogen
bonding, lipophilicity, and charge were calculated using
guantum mechanics calculations as detailed under
Methods. A multivariate PLS projection to latent struc-
tures was used to describe PSA in terms of the param-
eters derived by quantum mechanics. Because no ex-
perimental permeability data were needed for this
analysis, an extended training set comprising 128 of the
compounds from data sets 1 and 2 was investigated. The
remaining 69 compounds of data set 2 were assigned
as a test set. Five principal components were used to
build the model of PSA (R? = 0.98, Q2 = 0.96, model 1
in Table 4). The importance of each variable for the
prediction of PSA (VIP) is shown in Figure 6. It is
apparent that the number rather than the strength of
hydrogen bonding atoms best describes PSA in this
diverse data set. Despite large variations in polarity and
size-related descriptors,** these descriptors seem to be
of less importance. This was confirmed by a PLS model
based on all compounds in data sets 1 and 2, which
described PSA using #HBAo, #HBAn, and #HBD only.
The model based on these approximate descriptors of
hydrogen bonding accounted for 93% of the variance in
PSA (Figure 7). The predictivity of the derived model,
as assessed by the 477 compounds in data set 3, was
also good (model 2, Table 4). It should be noted that
these models were built from PSA calculated from single
conformations where the effect of intramolecular hy-
drogen bonding might be less pronounced because
conformations stabilized by internal hydrogen bonds
may not be accounted for. The extensive computations
required to determine PSAq prevented us from perform-
ing a full conformational search on all 674 compounds.
Furthermore, PSA of molecules larger and more flexible
than those described herein is not expected to be
accurately predicted by atom or fragment counts,* as
intramolecular hydrogen bonding will be more impor-
tant for these compounds.

The strong relationship between PSA and hydrogen
bond count led us to investigate correlations between
various hydrogen bonding measures obtained from
computational methods based on hydrogen bond counts,
fragment descriptors (Hybot and electrotopological state
indices), and quantum mechanics calculations (MolSurf)
(Table 5). Fair to good correlations were observed among
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Table 4. Statistics of Derived PLS Models
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model2 descriptor set? response? R2b Qz2b Ac Ntrd RMSEtre Nted RMSEte®
1 MolSurf PSA 0.98 0.96 5 128 7.47 69 13.2
2 #HB PSA 0.93 0.93 1 197 12.4 477 10.9
3a surface P. 0.95 0.86 2 17 0.33 10 (9)f 1.15 (0.85)f
3b surface Pc 0.85 0.79 2 27 0.56
4a fragmental Pc 0.71 0.67 1 17 0.84 10 0.86
4b fragmental Pc 0.68 0.67 1 27 0.84
5a MolSurf Pc 0.87 0.78 1 17 0.56 10 0.83
5b MolSurf Pc 0.79 0.74 2 27 0.66
5¢c MolSurf Pc 0.84 0.79 1 25 0.56

a Models 1 and 2 describe polar surface area (PSA) using descriptors derived by quantum mechanics (MolSurf) and hydrogen bond
counts (#HB), respectively. Model 3a describes Caco-2 cell permeability (P;) in terms of surface areas (surface). Models 4a and 5a describe
P¢ in terms of fragmental electrotopological state indices (including CMP and ClogP) and descriptors derived by quantum mechanics
(MolSurf), respectively. Models 3b, 4b, and 5b differ from models 3a, 4a, and 5a by including all 27 compounds in the training set. Model
5¢ differs from model 5a by including all compounds but raffinose and lactulose in the training set. ® R2 is the coefficient of determination,
and Q2 is the leave-one-out cross-validated R2. ¢ A is the number of principal components used to construct the model. ¢ Ntr and Nte
represent the number of compounds used for training the model and testing the model, respectively. ¢ RMSEtr and RMSEte are the
root-mean-square errors of the training and test sets, respectively. f Numbers within parentheses indicate the model statistics after exclusion

of cimetidine from the test set, as discussed in the text.
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Figure 6. VIP plot for the description of PSA by parameters
calculated by a quantum mechanics methodology. The plot
indicates a dominating contribution of hydrogen bond counts.
The PLS model was built using five principal components. The
descriptors used in the final model were number of hydrogen
bond donating hydrogens (#HBD), number of oxygens (#HBAO),
total strength of hydrogen bond acceptors (SumHBA), strength
of hydrogen bond accepting oxygens (HBAo), amount of the
isoelectric molecular surface area being weakly positive (weakly
pos.) or negative (weakly neg.),% polarity, Lewis acid strength,
amount of isoelectric molecular surface area being strongly
positive (strongly pos.) or negative (strongly neg.), total iso-
electric surface area (surface), polarizability (polaris.), number
of nitrogens (#HBAN), and heptane—water partition coefficient
(logP h/w).

all measures of hydrogen bond acceptors. However,
hydrogen bond donor strengths calculated by MolSurf
did not correlate well with calculations using the other
three methods. The reason for this is most likely that
MolSurf assigns hydrogen bond strengths to all polar-
ized hydrogen atoms, not just the ones connected to
oxygen and nitrogen atoms. In conclusion, deconvolution
of PSA revealed a major role of the number of hydrogen
bond moieties rather than the strength of the hydrogen
bond interaction. The intercorrelations among various
hydrogen bond properties calculated by hydrogen bond
counts, fragmental methods, or quantum mechanics was
generally weaker. This was particularly apparent for
hydrogen bond donating properties. Therefore, it does
not seem likely that hydrogen bond count could suc-
cessfully substitute for, for example, guantum mechan-
ics calculations, in predictions of membrane perme-
ability.

300 -

Observed PSA (A?)

0 100 300

200
Predicted PSA (A%

Figure 7. Prediction of PSA from hydrogen bond count for
674 compounds (model 2, Table 4). Compounds in the training
and test sets are denoted O and x, respectively.

B. Computational Prediction of Intestinal Drug
Permeability. We wished to compare the rather simple
computational protocols based on hydrogen bond counts
and surface areas discussed above with fragmental
methods and computationally demanding quantum
mechanics calculations in order to suggest an efficient
computational protocol for predictions of intestinal
membrane permeability. Because the computational
requirements of these methods differ quite markedly
(Table 6), we set out to determine if the computationally
demanding methods provided higher accuracy in the
predictions of intestinal membrane permeability. Thus,
molecular descriptors derived by computational methods
representing four different principles were used to
construct models of intestinal permeability (Pc)*® and
FA. We also note that the experimental variations and
complex nature of FA make it difficult to quantitatively
compare computational models based on FA only.
However, because it is FA rather than P; that represents
the end point in the drug development process, the use
of FA as an indicator of model quality is still motivated.
The principles (methods) investigated were atom count
(hydrogen bond count), molecular mechanics calcula-
tions (molecular surface areas), fragmental count
(electrotopological state indices, ClogP, and CMR), and
quantum mechanics calculations (MolSurf).

1. Hydrogen Bond Count. A sigmoidal relationship
has previously been used to relate various molecular
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Table 5. Correlation Matrix (r) of Hydrogen Bond Properties Calculated with Four Different Methods?

electrotopological® #HBP MolSurf? Hybot
electrotopological 0.97/0.96/0.89 0.94/0.89/0.69 0.94/0.83/—0.92
#HB 0.91/0.94/0.49 0.94/0.86/—0.93
MolSurf 0.93/0.91/-0.51
Hybot

a Correlations between hydrogen bond accepting oxygen atoms/hydrogen bond accepting nitrogen atoms/hydrogen bond donating hydrogen
atoms are shown in the table for the 197 compounds from data sets 1 and 2.  Electrotopological state indices, hydrogen bond counts
(#HB), and hydrogen bond strengths from MolSurf and Hybot were determined as described under Methods.

Table 6. Scoring of the Investigated Computational Models Based on Time Consumption, Ease of Interpretation of Results, and

Accuracy in Predicting Intestinal Permeability

time for generation

interpretability accuracy

of descriptors? of resultsP of prediction®
hydrogen bond count 3 (ms) 3 1
static surface areas, composite 3 (ms) 2 2
static surface areas, partitioned 3 (ms) 3 3
electrotopological state indices 3(s) 1 3
guantum mechanics 1 (hours—days) 1 3
dynamic surface areas, composite 1 (minutes—weeks) 2 2
dynamic surface areas, partitioned 1 (minutes—weeks) 3 3

a Indicates the approximate time needed for generation of descriptors from a 2D structure. May in certain cases involve the generation
of a 3D structure, a conformational search, or a wave function as detailed in the text. A score of 1—3, where 1 is slow and 3 is fast, is
assigned to the methods. ms = milliseconds. P The interpretability indicates the ease by which predictions generated by the model are
transferred to structural information for use in drug design and structural optimization. The methods are arbitrarily scored from 1 to 3,
where 3 means that the results are readily interpreted. ¢ Accuracy of prediction of intestinal drug permeability is based on the performance
of the methods assessed by the external test set (Table 4). The methods are arbitrarily scored from 1 to 3, where 3 means that the method

provides accurate predictions.

descriptors to FA.27 Fitting hydrogen bond count to the
sigmoidal relationship FA = 100/[1 + (x/xs0)”], where x
is the hydrogen bond count, xso is the count at 50% FA,
and y is a slope factor, resulted in weak relationships
(R? = 0.64 for the total number of hydrogen bonding
atoms, R2 = 0.53 for the number of hydrogen bond
acceptors, and R? = 0.58 for the number of hydrogen
bond donors). Highly scattered correlations were ob-
tained also when log P was correlated to hydrogen bond
counts (r2 = 0.57 for the total number of hydrogen
bonding atoms, r? = 0.38 for the number of hydrogen
bond acceptors, and r? = 0.62 for the number of
hydrogen bond donors). Thus, it was not possible to
describe either in vivo or in vitro intestinal membrane
permeability using hydrogen bond counts only.

2. Molecular Surface Properties. Fairly strong
sigmoidal relationships between FA and PSA4 calcu-
lated without solvent and with simulated water were
observed (R? = 0.81 and 0.82, respectively; Figure 8a).
These relationships were only marginally weaker than
those observed between FA and in vitro permeability
coefficients (see above). However, it is important to note
that there were no FA data available for some of the
compounds in data set 1 (Table 3). Surprisingly, the log
P. values of the compounds in data set 1 were only
poorly described by PSA calculated without solvent and
with simulated water (r2 = 0.63 in both cases, Figure
8b). PSA, as predicted by the hydrogen bond count
(Table 4, model 2), also resulted in a weak correlation
with log P, (r2 = 0.58). In agreement with the strong
correlation between PSA and PSA4, dynamic surface
areas did not provide stronger correlations to log P, than
surface areas calculated from single conformations (r?
= 0.63 0.64, respectively, for conformations generated
without or with simulated water). This correlation is
weaker than those observed previously when PSAy was
used to describe Caco-2 cell monolayer permeability to
various homologous series of compounds,”%15 suggesting
that the reason for the weaker correlation was related
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Figure 8. Relationship between dynamic polar surface areas
(PSAq) and (A) fraction of drug absorbed after oral administra-
tion to humans (FA) or (B) cell monolayer permeability
coefficients (P.) of the compounds in data set 1. PSA; was
calculated from conformational searches performed in a vacuum.

to the high diversity of data set 1. Intestinal membrane
permeability to a structurally diverse set of conventional
drugs has previously been successfully correlated to
PSA, but the present investigation also includes peptide
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Figure 9. Loading plot showing the inter-relationship be-
tween molecular surface areas in the description of Caco-2 cell
monolayer permeability (P¢), PLS model 3a (Table 4). The most
important variable for prediction of P is the polar surface area
(PSA), followed by (in decreasing order of importance) the
fraction of the total surface area being polar (%PSA), the
surface area of double-bonded oxygen atoms (O double bonded),
the surface area of sp3-hybridized nitrogen atoms (Nsp3), the
surface area of hydrogen atoms bonded to oxygen atoms (H to
oxygen), the surface area of sp*-hybridized carbon atoms (Csp?),
the surface area of single-bonded oxygen atoms (O single
bonded), the total nonpolar surface area (NPSA), and the
saturated part of the nonpolar surface area (Nonpolar satu-
rated).

derivatives as well as some newer, more lipophilic drugs
as discussed above. No outliers are immediately appar-
ent from the correlation between log P and PSAy, so
we speculated that the diversity of the data set intro-
duces a general scatter, possibly because of a lack of
scaling of the atomic surface areas making up the PSA
or because the nonpolar part of the surface area (NPSA)
strongly influences the permeability to the investigated
compounds. The latter phenomenon was previously
observed for peptides and endothelin receptor antago-
nists.”*3 However, an optimal linear combination of PSA
and NPSA provided only a marginally stronger correla-
tion to log P, than PSA4 alone (r? = 0.68).

We therefore investigated whether it was possible to
fragment the total molecular surface area further. A
multivariate methodology was used to correlate log P
to surface areas of single atom types as well as collated
measures by means of PLS. Before the analyses were
performed, nonabundant atom types that showed a
highly bimodal distribution (here defined as a skewness
>4) were removed. Thus, 19 molecular surface proper-
ties*® calculated from single conformations generated
without simulated solvent were used for variable selec-
tion of a PLS model describing log P.. Nine surface
properties*’ remained after the variable selection in the
final two-component model (Table 4, model 3). The inter-
relationships among these nine properties in making
up the model are presented in the loading plot (Figure
9). Despite the presence of oxygen, nitrogen, and polar
hydrogen surfaces in the model, the most important
descriptor for the prediction of P, was PSA. Interest-
ingly, both NPSA and the nonpolar saturated surface
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Figure 10. Relationship between observed Caco-2 cell mono-
layer permeabilities (P;) and permeabilities calculated from
the partitioned molecular surface properties detailed in Figure
9 (PLS model 3a; Table 4). Compounds in the training and
test sets are denoted O and x, respectively.

areas are situated opposite to P in the second principal
component. This might indicate that the hydrophobic
effect of these properties is somewhat balanced by the
size increase which is associated with them, especially
because an sp3-hybridized carbon is located in the same
guadrant as P; (Figure 9). Although the explanatory
power and internal predictivity of this partitioned total
surface area (PTSA) model are excellent (R? = 0.95, Q2
= 0.86), its predictivity in the external test set is
impaired by its failure to account for the permeability
of cimetidine (Figure 10). We note that sp- and sp?-
hybridized nitrogens, which are abundant in cimetidine,
were removed after variable selection of the training set
(Figure 9). Thus, these atom types are accounted for
only by PSA and %PSA in the model, which does not
seem to be sufficient in the case of cimetidine.

In conclusion, the PTSA model provides a much
stronger correlation with intestinal drug permeability
than PSA. This also indicates that the PTSA model can
accommodate data sets of a larger structural diversity
than the PSA model. However, further studies including
more compounds are probably required before PTSA can
be advanced as a global model for the prediction of
intestinal drug permeability.

3. Fragmental Methods. Electrotopological state
indices calculated by the Molconn-Z program,'” ClogP,
and CMR have previously been correlated to intestinal
membrane permeability.’® These rapidly calculated
fragmental descriptors are related to hydrogen bonding,
lipophilicity, and size, respectively. In the present
investigation, a PLS methodology was used to build
models of log P, in terms of these fragmental descriptors
(Table 4, models 4a and 4b). Only three of the original
nine*® descriptors remained after variable selection of
the one-component PLS model. These were the sum of
electrotopological state indices related to hydrogen bond
donors, the number of hydrogen bond donors, and the
sum of electrotopological state indices related to nitro-
gen atoms (given in the order of importance for the
prediction). Surprisingly, descriptors associated with
hydrogen bonding oxygens and lipophilicity were ex-
cluded from the model by the variable selection process.
Despite this, the RMSE for the external test set was
only 0.86 log P. unit. We conclude that a predictive
model for the prediction of intestinal membrane perme-
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ability could be constructed from rapidly calculated
fragmental descriptors.

4. Quantum Mechanics. Molecular descriptors de-
rived from quantum mechanics calculations have previ-
ously been correlated to in vitro”*® and in vivo550
intestinal membrane permeability with some success.
In this study, quantum mechanics derived descriptors
calculated by the program MolSurf3! were used to build
PLS models of log P. (Table 4, model 5). After variable
selection, the one-component PLS model contained three
descriptors of the original 25. These were (in the order
of importance for the prediction) the number of hydro-
gen bond donors, the polarity, and the number of
nitrogen atoms. These descriptors are similar to those
remaining after variable selection of the fragmental
methods (see above). Apparently, both models account
for hydrogen bonding oxygen atoms by giving the
attached hydrogen atoms high importance, whereas the
hydrogen bonding nitrogen atoms are accounted for by
a separate descriptor. Given the large number of hy-
droxyl groups in the oligosaccharides raffinose and
lactulose, the hydrogen bond count was probably as-
signed a too important role in this particular model at
the expense of descriptors related to lipophilicity and
size. Therefore, a modified model (5c, Table 4) based on
all compounds except for raffinose and lactulose was
generated. Given the unusual structures of the oligosac-
charides as compared with drug-like molecules, this
exclusion would probably not affect the general ap-
plicability of the derived model in a drug discovery
setting. The resulting model contained one principal
component, which was made up from the number of
hydrogen bond donors, the polarity, the strength of
hydrogen bond accepting oxygen atoms, the hexane-
water partitioning coefficient and the number of nitro-
gen atoms. Thus, we verified our theory that the absence
of oxygen atoms in the model was probably due to the
presence of the oligosaccharides. We also confirmed that
variable selection of the fragmental descriptors after
exclusion of the oligosaccharides resulted in a model
comprising (in the order of importance for the predic-
tion) the number of hydrogen bond donors, the sum of
electrotopological state indices related to hydrogen
atoms, ClogP and the sum of electrotopological state
indices related to oxygens and nitrogens, respectively.

In conclusion, these results indicate that it is possible
to speed up calculations of molecular surface areas by
performing geometry optimizations without simulated
solvent and by considering single conformations only
without a significant loss of accuracy in the predictions.
In contrast, simple counting of hydrogen bond acceptors
and donors results in loss of valuable information,
especially when surface areas of individual atoms are
considered. Models based on PTSA and fragmental
descriptors can be used for rapid predictions of intestinal
membrane permeability with an accuracy comparable
to those obtained with descriptors derived by computa-
tionally demanding quantum mechanics calculations.
However, the model based on PTSA has the advantage
over the fragmental methods in terms of interpretability
(Table 6). For example, information about which par-
ticular atoms that are detrimental or beneficial to
membrane permeability to a given molecule is readily
derived from the former model.
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Conclusions

In conclusion, our results indicate that experimental
and computational methods for the prediction of intes-
tinal drug permeability may be applied in a highly
simplified manner without compromising the accuracy
of the predictions (Table 6). Deconvolution of the
composite descriptor PSA indicated a major contribution
of the number of hydrogen bonding atoms rather than
the hydrogen bond strengths. Interestingly, despite the
strong correlation between PSA and hydrogen bond
count, the latter descriptor was inferior to PSA in terms
of predicting P.. We also demonstrated that partitioning
of the total molecular surface area beyond the level of
PSA and NPSA resulted in quite an accurate description
of intestinal membrane permeability. This improved
model, which we name the partitioned total surface area
model (PTSA), has an accuracy comparable to that of
computationally demanding quantum mechanics calcu-
lations and is therefore adaptable to the virtual screen-
ing format.
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