5382

J. Med. Chem. 1998, 41, 5382—5392
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The relationship between various molecular descriptors and transport of drugs across the
intestinal epithelium was evaluated. The monolayer permeability (P.) of human intestinal
Caco-2 cells to a series of nine -receptor-blocking agents was investigated in vitro. The dynamic
polar molecular surface area (PSAg) of the compounds was calculated from all low-energy
conformations identified in molecular mechanics calculations in vacuum and in simulated
chloroform and water environments. For most of the investigated drugs, the effects of the
different environments on PSAy were small. The exception was H 216/44, which is a large
flexible compound containing several functional groups capable of hydrogen bonding
(PSAg chioroform = 70.8 A2 and PSAg water = 116.6 A2). The relationship between P, and PSA4 was
stronger than those between P, and the calculated octanol/water distribution coefficients (log
Dcaic) Or the experimentally determined immobilized liposome chromatography (ILC) retention.
P. values for two new practolol analogues and H 216/44 were predicted from the structure—
permeability relationships of a subset of the nine compounds and compared with experimental
values. The P. values of the two practolol analogues were predicted well from both PSA4
calculations and ILC retention studies. The P, value of H 216/44 was reasonably well-predicted
only from the PSA of conformations preferred in vacuum and in water. The other descriptors
overestimated the P, of H 216/44 100—500-fold.

Introduction

The use of combinatorial chemistry and high through-
put screening in the field of drug discovery has increased
the demand for biopharmaceutical screening methods,
e.g., for prediction of oral absorption. Caco-2 cell
monolayers have been successfully used to model pas-
sive drug absorption,'? but the model has not yet been
fully adapted for screening purposes. The octanol/buffer
distribution coefficient (log D) therefore remains a
common tool for estimating the extent of drug perme-
ation across epithelia, but with varying results.13-5
Some of the shortcomings of using log D in modeling
epithelial permeability have been attributed to the
ability of the solute to form intermolecular hydrogen
bonds in both water and octanol.® Therefore, the
hydrogen-bonding capacity of the molecule has been
introduced as an alternative predictor of passive drug
absorption.#”# In addition to the relatively weak rela-
tionship between epithelial permeability and log D, the
traditional methods of measuring log D are time-
consuming and require relatively large amounts of the
substance under investigation.

More efficient drug permeability screening methods
are needed; these should be either less time-consuming
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experimental methods or based on calculated molecular
properties. Chromatographic methods are attractive for
screening purposes, since they require only small
amounts of solute, and it is also possible to automate
the process. The use of stationary phases that mimic
the lipid bilayer of cell membranes is expected to result
in stronger relationships with epithelial permeability
than seen when conventional octadecylsilyl silica (ODS)
columns are used. One approach is to use stationary
phases consisting of covalently bound phosphatidyl
moieties (immobilized artificial membranes, 1AM).%10
Alternatively, immobilized liposome chromatography
(ILC), which also incorporates the bilayer structure of
the cell membranes, may offer some advantages.'?

Computational methods used to calculate various
physicochemical properties, such as log D, often account
for the three-dimensional shape of the molecule inad-
equately. Steric or conformational effects resulting from
the formation of intramolecular hydrogen bonds are not
taken fully into consideration with these methods. The
calculated molecular surface properties of a drug have
been shown to be related to many physicochemical
properties believed to be relevant to epithelial permea-
bility?~15 and uptake across the blood—brain barrier.16
Interestingly, such calculations could be extended to
include also the shape and flexibility of the molecule.l”

In a previous study, we investigated the relationship
between molecular surface properties and epithelial
permeability for a series of six S-receptor-blocking
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agents.’® These compounds were selected as model
compounds since their absorption after oral administra-
tion in humans and their lipophilicity displayed a wide
variability. Further, they have similar molecular weights
and pKj, values, which minimized the influence of these
parameters on the results. The surface properties were
found to vary with the molecular conformation. There-
fore, to account for the flexibility of the molecules,
dynamic averages of molecular surface properties were
calculated from all low-energy conformations identified
in conformational analyses. We found promising in-
verse linear relationships between the polar part of the
dynamic molecular surface area (PSAq) and the intes-
tinal epithelial permeability to the drugs in two in vitro
models. These relationships were stronger than those
between calculated log D values (log Dcaic) and perme-
ability.

Further studies, on 20 structurally diverse but con-
formationally rigid compounds, suggested that intesti-
nal drug absorption in humans after oral administration
could be predicted from PSA4.1° PSA4 was also shown
to be related to the hydrogen-bonding capacity of the
compounds. Other theoretical approaches have been
used to explore models based on a large number of
calculated structural properties using PLS methodol-
ogy?%2! or considerably simpler but still powerful clas-
sification systems.??2 In these studies the hydrogen-
bonding/polar component has generally been the dom-
inating factor in predicting epithelial permeability to
drugs.

In this paper we extend our evaluation of PSAy as a
predictor of passive epithelial permeability. The first
objective was to investigate whether the use of simu-
lated solvent environments instead of vacuum in the
Monte Carlo-based conformational searches would in-
fluence the calculated dynamic surface properties of
nine model drugs and subsequently improve the cor-
relations with epithelial permeability. The molecular
mechanics calculations were therefore performed in
simulated chloroform or water environments and com-
pared to the results from calculations in vacuum.

The second objective was to compare more closely the
two computational predictors PSAy and log Deae. The
descriptors were used in predictions of the permeability
of Caco-2 cell monolayers (P¢) to two synthesized ana-
logues of practolol (H 95/71 and H 244/45) from the
structure—permeability relationships of the previously
studied model drugs (in ref 18). H 95/71 and H 244/45
were designed to display similar polar surface area to
that of practolol but to differ in their distribution in
octanol/water. The predicted permeabilities were then
compared with experimental results. In addition, a
structurally different s-receptor antagonist (H 216/44)
previously shown to be an outlier in the relationship
between log D and cell monolayer permeability?® was
investigated.

The third objective was to compare the computational
PSA4 method with a new experimental chromatographic
screening method, using immobilized liposome chroma-
tography.!* In ILC, the stationary phase consists of
liposomes immobilized in porous gel beads. Retention
of solute on these columns is assumed to reflect an
interaction of the solute with a lipid bilayer.
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Scheme 1. Synthesis of H 95/71 and H 244/452
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H244/45 R=Et 4 R=Et
2 (a) Propionic anhydride or formic acid; (b) epichlorohydrin,
KOH; (c) 2-propylamine.
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Results and Discussion

Chemistry. Two practolol analogues, H 95/71 and
H 244/45, were synthesized using the synthetic pathway
described in Scheme 1. Treatment of 4-aminophenol
with formic acid or propionic anhydride afforded the
acylated derivatives 1 and 2, respectively. Alkylation
of 1 or 2 using epichlorohydrin in the presence of base
followed by an epoxide ring opening using isopropyl-
amine produced the target compounds.

Effects of Different Solvation Models Used in
Conformational Analyses. A. Conformational
Preferences. A large number of low-energy conforma-
tions (AEs =< 2.5 kcal/mol) were identified for all
compounds except H 216/44 in the Monte Carlo confor-
mational searches. In general, slightly fewer conform-
ers were identified in the simulated chloroform envi-
ronment compared to vacuum, and most compounds
proved to be most flexible in simulated water. (For
detailed information about the number of low-energy
conformations identified in each environment, see the
Supporting Information.) Surprisingly, only one low-
energy conformation resulted from an extensive confor-
mational search of H 216/44 in the water environment
(see Experimental Section), while 36 and 6 conforma-
tions were found within 2.5 kcal/mol of the global
minimum in the vacuum and chloroform environments,
respectively. H 216/44 has many rotatable bonds, and
the use of continuous solvent simulations dramatically
increased the amount of CPU time needed to obtain
reliable conformational information. However, all con-
formations obtained from the vacuum and chloroform
Monte Carlo searches which were within the search
window (7 kcal/mol) were energy-minimized in the
water environment to further validate the result. None
of these conformations were found to be within 2.5 kcal/
mol of the global minimum conformation identified in
the Monte Carlo searches of H 216/44 in simulated
water.

The conformational preferences of atenolol, practolol,
pindolol, metoprolol, oxprenolol, and alprenolol identi-
fied by the Monte Carlo search in vacuum corresponded
well with those obtained previously by a stepwise
conformational search strategy.’® The conformational
preferences of the 2-hydroxy-3-(isopropylamino)propoxy
substituent of H 95/71 and H 244/45 were similar to
those of practolol. Many conformations were stabilized
by intramolecular hydrogen bonds between both the
amine and alcohol, and the alcohol and ether function-
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Table 1. Structure of the S-Adrenoreceptor-Blocking Agents

Palm et al.

Ry "
Compound Ry Ry R; Ry pK, MW
hi§
A H2l644 N N(:LOH H B YN s 41
B.atenolol  CH(CHj), H H \Nf:: 962 266
C. H95/71  CH(CHj), H H “”"g 9.5 252
D.practolol ~ CH(CHy), H H ”*‘:,)( 950 266
E. H244/45  CH(CHj), H H “"“\g/\ 9.5 280
F. pindolol CH(CH;), N H 97a 248
G. metoprolol  CH(CHj3), H H NN 97a 267
H. oxprenolol CH(CH3);, . g~~~ H H 9.5a 265
I. alprenolol CH(CH3), ~ H H 96a 249

a From ref 46.

alities. However, amide bond conformations differed;
in H 95/71 a cis-amide conformation was preferred,
whereas trans-conformations were favored in practolol
and H 244/45.24

Only small differences in the conformational prefer-
ences of compounds B—1 (Table 1) could be observed
between results from conformational analyses per-
formed in vacuum and those performed in simulated
chloroform. However, low-energy conformations identi-
fied in simulated water showed marked differences in
the intramolecular hydrogen-bonding pattern from those
seen in the other solvation models. Fewer intramolecu-
lar hydrogen bonds were observed in water, indicating
an increased interaction of polar groups with the
solvent. Interestingly, a preference for conformations
stabilized by aliphatic—aromatic interactions was also
noted in water. The conformational preferences of H
216/44 clearly differed between vacuum and the two
solvents. With this molecule, folded conformations
stabilized by intramolecular hydrogen bonds were iden-
tified in vacuum and chloroform, whereas more stretched
conformations were preferred in water (Figure 1).2°

B. Dynamic Surface Properties. The low-energy
conformations identified for each compound varied in
their surface properties (see Figures 2 and 3 and
Supporting Information). The variations in polar sur-
face area (differences between the largest and smallest
PSA calculated for each compound) ranged from 11 to
47 A2 and corresponded to 6—54% of the dynamic
averages (Table 2).26 This was not a random variability
caused by poor precision in the surface area calculations
but was directly attributable to the influence of confor-
mation.2’” The dynamic averages of the polar surface
area resulting from conformational analyses in vacuum
(PSAd,vacuum), Simulated chloroform (PSAq chioroform), and
simulated water (PSAq.water) €ENVironments are presented
in Table 2.28 In general, the PSAq increased in the order
vacuum < chloroform < water as a result of changes in
intramolecular hydrogen-bonding patterns. Although
clear differences were observed in conformational pref-
erences using different simulated solvent environments,
the effect on the dynamic average of the molecular
surface properties was relatively small for all com-
pounds but H 216/44 (Table 2). The dynamic polar
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Figure 1. Global minimum conformations of H 216/44 found
in Monte Carlo-based conformational searches in (a) vacuum
and (b) simulated water environments. Polar areas are dis-
played in darker colors.
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Figure 2. Relationship between PSAgyacuum Of the nine
compounds and their Caco-2 cell monolayer permeability
coefficients. The insert shows the correlation between log P,
and PSAgvacuum. The dashed line shows the resulting linear
correlation when H 216/44 (open circle) is excluded from the
data set. Error bars represent SD of P. and range in
|:>SAd,va\cuum-

surface area of H 216/44 varied extensively with the
solvation model used: 88.7, 70.8, and 116.6 A2 in the
vacuum, chloroform, and water environments, respec-
tively. These results reflected the larger size and
flexibility of H 216/44. The molecule contains many
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Figure 3. Relationship between PSAqwater Of the nine com-
pounds and their Caco-2 cell monolayer permeability coef-
ficients. The insert shows the correlation between log P, and
PSAgwater- The dashed line shows the resulting linear correla-
tion when H 216/44 (open circle) is excluded from the data
set. Error bars represent SD of P and range in PSAgwater-

functional groups participating in inter- and intra-
molecular hydrogen bonds, and the PSA of H 216/44 is
therefore sensitive to conformational influences (Figure
1).

Relationships between Epithelial Permeability
and PSAy4. There was wide variability in the cell
monolayer permeability coefficients of the nine inves-
tigated compounds (0.104 x 107% to 242 x 1076 cm/s;
Table 2). The resulting relationship between epithelial
permeability and PSAgyacuum for the compounds is
shown in Figure 2. The insert shows the correlation
between log P, and PSAg.vacuum (2 = 0.907, g2 = 0.810,
n =9). If H 216/44 is excluded from the data set, the
correlation is slightly improved (r? = 0.968, g2 = 0.942,
n = 8; the dashed line in the Figure 2 insert), indicating
a stronger relationship for compounds that are more
similar structurally. For compounds B—1, the relation-
ships between P, and PSAgy resulting from the different
solvation models were not qualitatively different; they
appeared rather to be only slightly shifted along the
PSAy axis (Figures 2 and 3, Table 4). When H 216/44
was included in the data set, however, a weaker
relationship was obtained between PSAg chioroform and Pe
than between PSAgvacuum and Pc. In contrast, the
relationship between PSAgwater and P, was unaffected
by the inclusion of H 216/44 (Table 4, Figure 3).

PSA4 and log D¢aic in Predictions of Caco-2 Cell
Monolayer Permeability. As expected, the three
analogues, practolol, H 95/71, and H 244/45, displayed
comparable polar surface areas: PSAgyvacuum ranged
from 71.6 to 77.0 A2 (Table 2). The calculated octanol/
water distribution coefficients were similar for H 95/71
and practolol, but a higher lipophilicity, comparable to
that of pindolol and metoprolol, was predicted for
H 244/45 from these calculations. However, the meas-
ured log D values of the three analogues were of the
same magnitude (Table 2). Thus, in this case, the
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Table 2. Physicochemical Properties, Structural Descriptors, and Caco-2 Cell Monolayer Permeability Coefficients of the
[-Adrenoreceptor Antagonists
PSAd,vacuum PSAd,chIoroform PSAd,water SAd,vaouum |09 Ksb Pcc
compound (A2) (A2) (A?) (A2) log Dcarc log Diy ) (1076 cm/s)
A. H216/44 88.7 70.8 116.6 574.8 —0.61 —0.102 1.09 0.104 + 0.016
B. atenolol 90.9 91.6 92.6 370.4 —2.31 —2.042 0.37 1.02 +0.10
C. H95/71 77.0 7.7 7.7 347.8 —-1.34 —1.56 0.62 3.75+£0.34
D. practolol 73.4 74.3 74.1 372.3 —-1.35 —1.312 0.72 3.46 £ 0.53
E. H244/45 71.6 72.7 72.9 396.9 —0.82 —1.08 0.68 6.03 £0.26
F. pindolol 56.5 57.4 57.5 340.7 —0.63 —0.552 1.61 54.7 £ 0.6
G. metoprolol 53.2 53.9 53.9 395.4 -1.11 —0.422 1.15 91.9 £ 4.09
H. oxprenolol 46.7 49.1 49.6 373.4 —-0.41 0.082 1.63 119.6 + 6.7
1. alprenolol 37.1 38.6 39.1 365.4 0.40 0.852 2.44 242 + 144

a From ref 46. > n = 3; relative SD < 10%. ¢ n = 6—8. 9 From ref 18.

Table 3. Predicted Caco-2 Cell Monolayer Permeability Coefficients of the Two Practolol Analogues, H 95/71 and H 244/45, and H
216/44 from Relationships between Structural Descriptors and log P. Derived from Data of the Six Original Model Drugs?

predicted P, from linear model (10~
(predicted P¢/experimental P)

cm/s)

predicted P, from sigmoidal model (10~¢ cm/s)
(predicted P¢/experimental Pc)

H 95/71 H 244/45 H 216/44 H 95/71 H 244/45 H 216/44
experimental P 3.75 6.03 0.104 3.75 6.03 0.104
PSAd.vacuum® 4.39 7.87 1.23 2.40 4.56 1.09
1.2) (2.3) (12) (0.64) (0.76) (10)
PSAq chioroform® 4.41 7.67 9.54 2.42 4.35 5.74
(1.2) (1.3) (92) (0.65) (0.72) (55)
PSAq water® 4.66 7.93 0.065 2.39 4.16 0.74
(1.2) (1.3) (0.6) (0.64) (0.69) 7
log Deaic® 11.6 34.0 53.3 4.24 116 117
(3.1) (5.6) (512) (1.1) (29) (1125)
log Kf 4.61 5.40 15.8 1.70 2.52 66.6
1.2) (0.9) (152) (0.45) (0.42) (640)

a Original model drugs: atenolol, practolol, pindolol, metoprolol, oxprenolol, and alprenolol.8 ? log P = 4.274—0.047 x PSAqvacuum (r?
= 0.964, n = 6). ¢ log P; = 4.390—0.048 x PSAd chioroform (2 = 0.967, n = 6). 9 log P = 4.385—0.048 x PSAgwater (r> = 0.964, n = 6). ¢ log
P. = 2.283 4 0.912 x log Dcaic (r2 = 0.805, n = 6). flog P = —0.042 + 1.139 x log Ks (r2 = 0.808, n = 6).

Table 4. Resulting r?, g2, and RMSE Values from Fitting Linear or Sigmoidal Models to the Structure—log P, Data?

linear model sigmoidal modelP
descriptor r2 g? RMSE r2 g? RMSE
PSAq vacuum 0.968/0.907 0.942/0.810 0.17/0.36 0.993/0.926 0.966/0.722 0.09"s/0.38"s
PSAd chioroform 0.971/0.650 0.944/0.495 0.16/0.70 0.995/0.787 0.980/0.475 0.08"s/0.65"s
PSAq water 0.967/0.979 0.936/0.965 0.17/0.17 0.995/0.988 0.980/0.861 0.08"s/0.15"s
log Dcaic 0.725/0.269 0.613/<0 0.49/1.01 0.746/0.286 <0/<0 0.58Ms/1.18"s
log Ks 0.840/0.485 0.644/0.324 0.38/0.85 0.948/0.774 0.768/< 0 0.26"/0.67"s

a Data from regression analyses excluding/including H 216/44 in the data set are presented. P ns, not significantly improved fit compared

to linear model (p > 0.05, F-test for equality of variances).

fragmental method used to calculate log D exaggerated
the difference in lipophilicity between the analogues.
From the linear relationship between PSAy vacuum and
log P of the original model drugs (atenolol, practolol,
pindolol, metoprolol, oxprenolol, and alprenolol in ref
18), the cell monolayer permeability to H 95/71 and H
244/45 was predicted to be 4.39 x 1078 and 7.87 x 107
cm/s, respectively (Table 3). This was in good agree-
ment with the observed P, values of 3.75 x 107% and
6.03 x 107% cm/s, respectively (Table 2). The P. values
predicted from the PSAgchioroform and PSAgwater Of
H 95/71 and H 244/45 were similar (Table 3). How-
ever, when the corresponding relationship between log
Dcaic and log P. was used, epithelial permeabilities to
H 95/71 and H 244/45 were overestimated, with pre-
dicted P; values of 11.6 x 1076 and 34.0 x 1078 cm/s,
respectively (Table 3).

The cell monolayer permeability to H 216/44 was not
as well-predicted from the log P vs PSAq vacuum relation-
ship as those of H 95/71 and H 244/45. From PSAqvacuum
= 88.7 A? for H 216/44, a P, value of 1.23 x 1076 cm/s
was predicted (Table 3). This is about 12-fold higher
than the observed cell monolayer permeability (0.104

+ 0.016 x 107% cm/s). In contrast to H 95/71 and H
244/45, the P, value of H 216/44 predicted from the data
of the original model drugs was dependent on the
solvation environment of the conformational analysis.
Thus, the predicted P of H 216/44 from PSAq chioroform
was 9.54 x 1076 cm/s as compared to 0.065 x 1076 cm/s
from PSAgwater (Table 3). This clearly demonstrates the
influence of conformational preferences on the polar
surface properties of large, flexible molecules with
several functional groups that can participate in hydro-
gen bonding. However, further studies are needed
before it can be stated that the molecular surface
properties in a water environment better describe the
epithelial permeability.

log D¢aic Was inferior to PSAq (independent of solvation
treatment) as a descriptor of the epithelial transport of
H 216/44, predicting a P, of 53.3 x 1076 cm/s, or 500-
fold higher than that observed (Table 3). The relation-
ship between log Dcac and Caco-2 permeability is shown
in Figure 4. Inclusion of H 216/44 abolished the
correlation between log D¢aic and log P (from r2 = 0.725,
9> =0.613,n =81tor2 =0.269, g> < 0, n =9). This
result cannot be attributed to the theoretical approach
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Figure 4. Relationship between log D of the nine com-
pounds and their Caco-2 cell monolayer permeability coef-
ficients. The insert shows the correlation between log P, and
log Dcaie. The dashed line shows the resulting linear correlation
when H 216/44 (open circle) is excluded from the data set.
Error bars represent SD of Pe.

of calculating the distribution coefficient since the
measured log D value (log Dy,) of H 216/44 at pH 7.4 is
close to the calculated value. The log Dy, value of H
216/44 is similar to those of metoprolol and oxprenolol
(Table 2). However, these compounds permeate Caco-2
cell monolayers approximately 1000 times more easily
than H 216/44. This illustrates that single physico-
chemical predictors are often insufficient to describe the
structure—permeability relationship of a more hetero-
geneous set of compounds (see below).

The predictions of epithelial permeability cited above
have been made assuming a linear relationship between
the structural descriptors and log P.. The relationships
between the logarithm of the transport rate and struc-
tural descriptors such as lipophilicity are, however, often
reported to be sigmoidal®?® or, when very lipophilic
compounds are included, parabolic.3° In the sigmoidal
relationship, the lower plateau represents the paracel-
lular permeability, which is an aqueous pathway. In
the present study, no clear evidence of a lower plateau
was observed in the investigated permeability range.
The upper plateau is often attributed to the limiting
effect of the aqueous boundary layer on drug diffusion
in vitro.3! In this study, cell monolayer permeabilities
unbiased by the aqueous boundary layer were used, and
an upper plateau was therefore not evident. Fitting a
four-parameter sigmoidal model to the data did not
significantly improve any of the studied structure—
absorption relationships (Table 4). Similarly, no im-
provement was obtained in the prediction of monolayer
permeability to H 95/71, H 244/45, and H 216/44 from
relationships obtained with the original set of model
drugs!® (Table 3).

Apart from hydrogen bonding and lipophilicity, the
charge and the size of molecules can also influence their
transepithelial transport. These factors are not in-
cluded in the PSA4 parameter. log D, however, does
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account for the charge of the compounds. The unex-
pectedly low permeability of H 216/44 cannot be ex-
plained by charge, since this compound is predicted to
be charged to a lesser extent at pH 7.4 than the other
compounds (pKa 8.5 compared to pK, 9.5—9.7 for all
other compounds). Instead, the larger size of H 216/44
(MW 479 compared to MW 248-267; SAq 575 A?
compared to SAq 341—397 A?) could in part explain its
low epithelial transport.3? First, it has been proposed
that the permeability of a membrane to molecules is
directly proportional to the diffusion coefficient of the
molecules®® and subsequently to 1/(molecular volu-
me)".34 Second, assuming that molecular weight is
proportional to molecular volume, epithelial perme-
ability has been corrected for molecular size using
factors such as MW3,35 MW, 110 and MW24.36 Accord-
ingly, the larger size of H 216/44 compared to the other
compounds would account for a 1.3—2.5-fold size-de-
pendent reduction in P.. Thus, the molecular size of H
216/44 only provides a marginal contribution to the
1000-fold lower cell monolayer permeability to
H 216/44 compared to the other compounds of compa-
rable lipophilicity. Instead, it is more likely that the
hydrogen-bonding/polar properties of H 216/44 explain
most of its limited epithelial transport.

Immobilized Liposome Chromatography. The
relationship between specific capacity factor on ILC
columns (log Ks) and Caco-2 cell monolayer permeability
was not as strong as those between the PSAy descriptors
and P¢ (Figure 5). Practolol and the two analogues, H
95/71 and H 244/45, displayed comparable retention
properties on the ILC columns (Table 2). As for PSAy,
the predicted cell monolayer permeabilities of H 95/71
and H 244/45 (obtained from the correlation between
log Ks and log P of the original model drugs) were in
good agreement with the P, values determined experi-
mentally (Table 3). However, log Ks of H 216/44



5388 Journal of Medicinal Chemistry, 1998, Vol. 41, No. 27

predicted a P, value of 15.8 x 1076 cm/s, which is about
150-fold higher than that observed. When H 216/44 was
included in the data set, the relationship between log
P. and log Ks weakened significantly (from r2 = 0.840,
0?2 =0.644, n =8 to r2=0.485, g2 = 0.324, n = 9; Figure
5and Table 4). Similar results were obtained by fitting
a sigmoidal model to the data (Table 4). It is possible
that better relationships can be obtained after optimiza-
tion of the phospholipid composition of the immobilized
liposomes.*® The retention on membrane mimicking
chromatographic columns has previously been shown
to be closely correlated to log D.37 Also in this study,
log Ks was strongly correlated to experimentally deter-
mined log D values (log Dm, Table 2; r2 = 0.92).
However, the relationship between log Ks and log P, was
somewhat stronger than that between log D, and log
Pc when H 216/44 was included.

In contrast to PSAg, log Ks is expected to account for
the distribution of charged and uncharged species since
it is measured at the pH of the transport experiments.
However, the influence of charge on the retention on
membrane-like columns is unclear. It has been shown
that retention on 1AM columns decreases with ioniza-
tion of acidic groups but is not affected by the ionization
of basic groups.®® Further, distribution of ion pairs into
liposomes has been suggested to decrease the effects of
molecular charge on liposome partitioning.®

The ILC retention of a solute results from a combina-
tion of electrostatic interactions with the bilayer surface,
partitioning into the lipid bilayer and partitioning into
the interior of the immobilized liposomes. Although
electrostatic interactions are weak for small solutes at
physiological ionic strength,*® a large hydrogen-bonding
capacity will not necessarily prohibit an interaction with
the lipid bilayer surface and subsequent retention on
the ILC column. For example, peptides have been
shown to be able to remain solvated at the membrane
interface.*! Thus, retention on an ILC column will not
always reflect transport across a cell membrane. This
might explain the discrepancy between the retention on
ILC columns and cell monolayer permeability found in
this study, especially for H 216/44, and the stronger
relationships obtained with the PSAq4 descriptors.

Conclusions

The results of this study provide further support for
the hypothesis that molecular surface properties deter-
mine cell membrane permeability and, hence, epithelial
permeability to drug molecules. More specifically, the
molecular descriptor PSAq4, which is related to the
hydrogen-bonding capacity, was found to be a good
predictor of the intestinal epithelial permeability to an
analogous series of S-receptor-blocking agents. In gen-
eral, the influence on PSAy of using simulated solvent
environments in conformational analyses was small.
Good correlations between PSA4 and P, were established
in all environments (vacuum, water, and chloroform).
The exception was H 216/44 which is an outlier with
regard to molecular properties. H 216/44 is a larger and
more flexible molecule capable of forming several intra-
and intermolecular hydrogen bonds. The P, of H 216/
44 was excellently predicted by the PSA of the extended
conformation preferred in the simulated water environ-
ment. The PSA4 obtained in chloroform overestimated
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the P of H 216/44 92-fold. Including H 216/44 in the
data set weakened the correlation between PSAg chioroform
and P. dramatically. These results indicate that while
single molecular descriptors such as PSA4 may be good
predictors of epithelial permeability to series of drug
molecules with limited structural differences, they may
be insufficient for drugs of greater structural diversity.
However, in all cases, PSAq was a better predictor of
drug transport across the intestinal epithelium than
calculated log D values or experimentally determined
log Ks values obtained using immobilized liposome
chromatography. These results motivate further stud-
ies on how PSA4 and other molecular surface properties
determine membrane permeability for structurally dif-
ferent drugs.

Experimental Section

Synthesis of H 95/71. N-(4-Hydroxyphenyl)formamide
(1). 4-Aminophenol (49.1 g, 0.45 mol) was dissolved in formic
acid (337.5 mL). The solution was heated to reflux for 1 h
and was then allowed to cool to room temperature. The formic
acid was evaporated off. The residue was partitioned between
EtOAc (500 mL) and 2 M HCI (250 mL). The organic phase
was washed with 2 M HCI (250 mL), H,O (250 mL), and brine
(250 mL) and dried (MgSQO,). Evaporation of the volatiles gave
40 g (64.8%) of 1 as a solid. Mp: 138—139 °C. Compound 1
was used in the next step without further purification.

N-[4-(2,3-Epoxypropoxy)phenyl]formamide (3). KOH
(5.8 g, 90.7 mmol) was dissolved in H,O (150 mL), and
compound 1 (15 g, 90.7 mmol) was added. Epichlorohydrin
(8.81 g, 95.2 mmol) was thereafter added dropwise to the dark
solution. The mixture was stirred at room temperature for 6
h. EtOAc (300 mL) was added, and the phases were separated.
The organic phase was washed with H,O (200 mL) and brine
(100 mL). After drying (MgSQ,) the volatiles were evaporated
off. The residual brownish oil was purified by column chro-
matography on silica gel using heptane/EtOAc (3:2) as eluent
to afford 8.0 g (45.6%) of 3. Compound 3 was used in the next
step without further purification.

N-[4-(2-Hydroxy-3-(isopropylamino)propoxy)phenyl]-
formamide (H 95/71). Compound 3 (8.0 g, 41.4 mmol) and
2-propylamine (3.55 mL, 41.4 mmol) were dissolved in EtOH
(30 mL) in a sealed glass ampule. The mixture was stirred at
100 °C for 2 h and was then allowed to cool to room
temperature. The volatiles were evaporated off. The residue
was purified by column chromatography on silica gel using
CHCl,/MeOH/NHj3(aq) (10:1.5:0.15) as eluent to afford 2.9 g
(27.8%) of pure product. Mp: 121-122 °C. *H NMR (270
MHz) (CDCls3) (1:1 mixture of amide rotamers): 6 8.49 (brs,
0.5H), 8.34 (d, 0.5H, J = 1.7 Hz), 7.43 (d, 1H, J = 9.0 Hz),
7.01(d, 1H, 3 = 9.0 Hz), 6.91 (d, 1H, J = 8.8 Hz), 6.88 (d, 1H,
J=9.0Hz),4.12—4.01 (m, 1H), 3.96—3.98 (m, 2H), 2.96—-2.71
(m, 5H), 1.13 (dd, 6H, J = 6.37, 1.64 Hz). Anal. Calcd. for
Ci3H20N203: C, 61.8; H, 8.0; N, 11.2. Found: C, 61.6; H, 7.7;
N, 11.0.

Synthesis of H 244/45. N-(4-Hydroxyphenyl)propion-
amide (2). Propionic anhydride (33.1 g, 0.254 mol) was added
to a suspension of 4-aminophenol (21.8 g, 0.2 mol) in H,O (60
mL). A homogeneous solution was obtained after heating to
reflux for 10 min. A precipitate was formed when the solution
was allowed to cool to room temperature. The precipitate was
filtered off and washed with 4 x 75 mL of H,O. The white
solid was dried in vacuo over P,Os to obtain 29.8 g (90.2%) of
2. Compound 2 was used in the next step without further
purification.

N-[4-(2,3-Epoxypropoxy)phenyl]propionamide (4). KOH
(11.5 g, 0.18 mol) was dissolved in H,O (300 mL). Compound
2 (29.8 g, 0.18 mol) was added, and a clear solution was
obtained after a few minutes. Epichlorohydrin was added
dropwise. A white precipitate was observed after ca. 30 min.
The mixture was stirred overnight at room temperature. The
solid material was filtered off, washed with 4 x 100 mL H,0,
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and dried in vacuo over P,Os to obtain 38.2 g (95.9%) of 4.
Compound 4 was used in the next step without further
purification.

N-[4-(2-Hydroxy-3-(isopropylamino)propoxy)phenyl]-
propionamide (H 244/45). Compound 4 (15.0 g, 67.8 mmol)
and 2-propylamine (5.8 mL, 67.8 mmol) were dissolved in
EtOH (40 mL) in a sealed glass ampule. The mixture was
stirred at 100 °C for 2 h and was then allowed to cool to room
temperature. The volatiles were evaporated off. Dry diethyl
ether (300 mL) was added to the residue to obtain a white
solid which was filtered off. Purification by column chroma-
tography on silica gel using CH,Cl,/MeOH/NHj;(aq) (10:1:0.1)
as eluent afforded 9.5 g (50.0%) of pure product. Mp: 135—
138 °C. H NMR (270 MHz) (CDCls): ¢ 7.39 (d, 2H, J = 8.9
Hz, H2', H2"), 7.11 (br s, 1H, amide NH), 6.86 (d, 2H, J = 8.9
Hz, H3', H3"), 4.02 (m, 1H, H2), 3.95 (app d, 2H, H1), 2.91
(dd, 1H, J = 3.66, —11.96 Hz, H3a), 2.87 (hept, 1H, J = 6.35
Hz, NCH), 2.74 (dd, 1H, J = 7.90, —11.96 Hz, H3b), 2.54 (br
s, 2H, NH, OH), 2.37 (q, 2H, J = 7.57 Hz, CH3CH,), 1.24 (t,
3H, J = 7.57 Hz, CHsCHy), 1.12 (d, 6H, J = 6.35, CHCH).
Anal. Calcd. for C;5H24N205-0.1H,0: C, 63.8; H, 8.6; N, 9.9.
Found: C, 63.8; H, 8.5; N, 9.8.

Calculation of Molecular Surface Properties. A. Con-
formational Analysis. Conformational analyses of all nine
p-receptor-blocking agents (see Table 1) were performed by
molecular mechanics calculations, using the MM2 force field
as implemented in the MacroModel program (v 4.5).4> Sys-
tematic pseudo-Monte Carlo conformational search procedures
were used for each compound in vacuum, simulated chloro-
form, and simulated water environments.

Two to four 5000-step conformational searches were carried
out in each environment. Starting structures with two dif-
ferent configurations of the amino group and when appropriate
cis- and trans-conformations of amide groups were used. The
energy window was set to 7 kcal/mol. Energy minimizations
were made using the truncated Newton algorithm, a maximum
of 3000 iterations, and a convergence criterion of 0.01 kJ/A-
mol. The conformational analysis of H 216/44 in vacuum was
performed using 100 000 steps in order to account for the
extensive conformational freedom of this molecule. Since the
calculations took considerably longer in simulated chloroform
and water environments than in vacuum, it was not possible
to analyze the conformational space of H 216/44 as exhaus-
tively in these environments. Six different starting conforma-
tions were used in 5000-step searches in simulated chloroform.
A similar procedure was used for calculations in simulated
water, but because the calculations were even slower in this
environment, nine different starting conformations and 1000
steps were used.

For all compounds, an additional energy minimization with
a lower convergence criterion (0.001 kJ/A-mol) was performed
on the resulting conformations from all searches. The con-
formations of each compound were then combined, and dupli-
cate conformers were removed. Only the (S)-enantiomers were
considered, since enantiomers have identical surface proper-
ties.

B. Dynamic Surface Area Calculations. The van der
Waals' surface areas of all low-energy conformations (AEs <
2.5 kcal/mol) of the nine investigated compounds were calcu-
lated using an in-house program. The analytical algorithm
was developed to reduce the effect of spatial orientation found
in numerical calculations and to increase speed and precision
in the surface area calculations. The program calculates the
free surface area of each atom bounded by the arcs of the
overlapping atoms using the Gauss—Bonnet theorem.*® The
molecular surface area was divided into a polar fraction
(nitrogen atoms, oxygen atoms, and hydrogen atoms attached
to these heteroatoms) and a nonpolar fraction. The dynamic
averages of the surface properties were then calculated from
all low-energy conformations according to a Boltzmann dis-
tribution at 37 °C.1718

C. Calculation of Octanol/Water Distribution Coef-
ficients. The logarithms of the octanol/water partition coef-
ficients (log P) for the nine investigated compounds were
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calculated according to the method by Hansch and co-workers*
using CLOGP v 4.42 (Daylight C.1.S. Inc., Irvine, CA). The
distribution coefficients at pH 7.4 (log D) were computed from
the CLOGP values and experimentally determined pK, val-
UeS.45'46

D. pKa, and Octanol/Water Distribution Coefficient
Measurements. The octanol/water partition coefficients of
H 95/71 and H 244/45 were determined experimentally using
a titrimetric method. For all other compounds experimentally
determined values of log D (log D) were taken from litera-
ture.*® The apparatus, a Sirius PC101 pK, and log P analyzer
(Sirius Analytical Instruments Ltd., Forest Row, England),
was equipped with an Orion Ross semimicro combination pH
electrode (model 8103SC, ATI Orion, Boston, MA). The
titration vessel was a closed system containing an electrode,
a stirrer, a temperature probe, a precision dispenser, and a
tube for introduction of nitrogen gas. Separate titrations were
performed to estimate pK, in water and the apparent pK, in
the presence of n-octanol (pKy') in a two-phase system of water
and n-octanol. The difference between pK, and pKj' is related
to log P.#” Weighed samples of H 95/71 and H 244/45 (1-2
mg), and 1.0 mL of n-octanol in the pK,' titrations, were added
to a vial before it was placed into the temperature-controlled
vessel (25 °C). Water adjusted for ionic strength (0.15 M KCI;
10—15 mL) was added, and the solutions were acidified with
0.5 M HCI to a pH of 2. The mixture was stirred until all of
the sample was dissolved. Titrations were performed under
a nitrogen blanket with 0.5 M KOH as titrant up to pH 11. To
obtain the equilibrium constants, nonlinear regression analysis
of the difference curves*” was performed on the data sets using
the pK, LOGP software (v 4.0; Sirius Analytical Instruments).

Drug Transport Studies. A. Cell Culture. Caco-2 cells
were obtained from American Type Culture Collection (Rock-
ville, MD). The cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM), containing 10% heat-inactivated
fetal calf serum (FCS) and 1% nonessential amino acids, in
an atmosphere of 90% air and 10% CO; as described else-
where;*8 5 x 10° cells (passage number 93—105) were seeded
on polycarbonate filter inserts (Transwell Costar, Badhoeve-
dorp, The Netherlands; mean pore size 0.45 um, diameter 12
mm) and cultivated in DMEM supplemented with 10% FCS,
1% nonessential amino acids, penicillin (100 units/mL), and
streptomycin (100 xg/mL).2® All tissue culture media were
obtained from Gibco through Laboratorie Design AB, Lidingo,
Sweden. The cells were allowed to grow and differentiate for
22—32 days before the monolayers were used in drug transport
experiments.

B. Drug Transport Experiments. In general, drugs
were dissolved in Hanks’ balanced salt solution containing 25
mM Hepes buffer (HBSS; pH 7.4) to a final concentration of
1-2 mM. In addition, H 216/44 was used also at 5 mM in
order to saturate active transport processes (see below). The
drug solutions (pH 7.4) were added to the donor side of the
monolayers, and HBSS without drug was added to the receiver
side. The monolayers were incubated at 37 °C in a humidified
atmosphere. At regular time intervals (4—40 min depending
on transport rate) samples were withdrawn from the receiving
chamber and frozen (=20 °C) pending HPLC analysis. A
calibrated plate shaker was used to agitate the monolayers,
and transport experiments were carried out at both low- and
high-stirring rates.3® The integrity of the monolayers was
routinely checked by determination of their permeability to
the hydrophilic marker [**C] mannitol.*® The baseline appar-
ent permeability of mannitol was 0.12 4+ 0.04 x 10 ¢ cm/s (n
= 67). No significant effect on integrity was observed at the
drug concentrations and stirring rates used, compared to
control experiments. The transport rates were also deter-
mined in both apical-to-basolateral (a—b) and basolateral-to-
apical (b—a) directions in order to detect any significant active
transport of the compounds.

In general, the P, ratio (b—a)/(a—b) was in the vicinity of 1,
indicating that the prevailing transport mechanism was
passive diffusion. However, a (b—a)/(a—b) ratio of approxi-
mately 30 was observed for H 216/44 at 1 mM,° which was
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Figure 6. Transport of H 216/44 across Caco-2 cell monolay-
ers in the apical-to-basolateral and basolateral-to-apical direc-
tions in the absence or presence of the P-glycoprotein substrate
verapamil (0.5 mM). Error bars represent SD of P..

taken as an indication of a significant active secretory com-
ponent.5152 To obtain a better estimate of the passive absorp-
tion component, Caco-2 permeability to H 216/44 was also
measured at a higher drug concentration (5 mM), with or
without addition of 0.5 mM verapamil, an inhibitor of P-
glycoprotein-mediated secretion®? (Figure 6). Increasing the
concentration of H 216/44 to 5 mM without verapamil did not
reduce the (b—a)/(a—b) ratio.® However, after addition of
verapamil, the (b—a)/(a—b) ratio decreased from 32 to 2.5,
which was comparable to that of practolol. Consequently, the
apical-to-basolateral Caco-2 cell monolayer permeability coef-
ficient of H 216/44 measured at 5 mM in the presence of 0.5
mM verapamil apically was used in the analysis of structure—
absorption relationships.

C. Analytical Methods. The samples from the drug
transport studies were analyzed using a reversed-phase HPLC
system. The system consisted of a Perkin-Elmer isocratic LC
pump 250, a Perkin-Elmer advanced LC sample processor ISS-
200, and a Spectra Physics UV100 detector. The integration
software Chromatography Station for Windows was used in
the analysis of H 216/44. For all other compounds a Spectra
Physics SP4270 integrator was used. A Hichrom Partisil
ODS3 (100 x 4.6 mm) was used as analytical column and a
Hichrom Partisil ODS3 (10 x 3.2 mm) was used as guard
column, both with a mean particle size of 5 um, for all
compounds but H 216/44. The analytical column used in the
analysis of H 216/44 was a Beckman Ultrasphere ODS (250
x 4.6 mm) with a particle size of 5 um. The mobile phase was
composed of phosphate buffer (pH 3.0; 60 mM KH,PO,4, 8 mM
Hs;PO,) and acetonitrile; 10—30% acetonitrile was used to
obtain retention times of 3—12 min at flow rates of 0.5-1.0
mL/min. Injection volumes were 10 to 200 uL. Samples
containing [**C]mannitol were counted in a liquid scintillation
spectrometer (Tricarb 1900 CA, Packard Instruments).

D. Permeability Coefficients. All rate constants were
obtained under “sink” conditions (i.e., the concentration of the
drug on the receiver side never exceeded 10% of the concentra-
tion of the drug on the donor side), and the mass balance was
checked at the end of all transport experiments. The observed
mass balance was in general >95% and never <85%. The
apparent permeability coefficient (Papp, cm/s) was calculated
from:

Papp = (K*VR)/(A-60) )
where K is the slope obtained by linear regression of cumula-
tive fraction absorbed as a function of time (min), Vr is the
volume in the receiver chamber (mL), and A is the area of the

membrane (cm?). The fraction absorbed was defined as the
ratio between the concentration on the receiver side at the end

Palm et al.

of an interval and the concentration on the donor side at the
beginning of that interval. The cell monolayer permeability
(P¢), unbiased by the aqueous boundary layer, was calculated
from the relationship between P,,, determined at the different
stirring rates (V) and V, as described previously:3!

VIP,,, = UK + (1P, + 1/P)-V )

where Ps is the calculated permeability coefficient of the filter
support and K is a constant.

Immobilized Liposome Chromatography. A. Prepa-
ration and Immobilization of Liposomes. Superdex 200
(preparative grade) and a glass column (HR 5/5) were bought
from Pharmacia Biotech (Uppsala, Sweden) and phosphati-
dylcholine (PC; hens’ egg, 95% purity) was obtained from
Avanti Polar Lipids (Alabaster, AL). Chemicals were of
analytical grade. The procedures for liposome immobilization
and drug retention analysis were essentially as described
earlier.’* In brief, liposomes (1.5 mL, 150 umol of phospho-
lipid), prepared by rehydration of a PC film in 150 mM NacCl,
1 mM NaEDTA, and 10 mM Tris-HCI, pH 7.4, were mixed
with dried Superdex 200 gel beads (110 mg) and were
immobilized by gel bead swelling followed by freezing and
thawing to effect liposome fusion.>*% The material was packed
in the 5-mm (i.d.) glass column to a 1.0-mL gel bed. Phos-
phorus analysis showed 47.6 umol of phospholipid before
packing and 43.9 umol after the runs.®® The average value
was used in eq 3 below.

B. Chromatographic Procedure. The mobile phase
consisted of 150 mM NaCl in 10 mM sodium phosphate buffer,
pH 7.4. Aliquots of the nine investigated drugs in the eluent
(10-50 uL, 0.1 mg/mL) were analyzed at 0.80 £ 0.02 mL/min
at 23 °C with detection at 220 nm.

C. Specific Capacity Factor (Ks). The capacity factor,
Ks, for a drug was calculated using

Ks= (Ve = Vo)J/A ©)

where Vg is the retention volume of the drug which was read
at the peak maximum, Vq is the retention volume of the
reference substance (K.Cr,07), and A is the amount of im-
mobilized phospholipid (see above). The units were chosen to
obtain Kg in M2,

D. Statistical Analysis. Values are given as mean =+ one
standard deviation (SD). Unpaired Student’s t-test or ANOVA,
when appropriate, was used to determine statistical differences
between mean values. Variances were compared using Schef-
fe's F-test. P < 0.05 was considered as significant. The
coefficient of determination (r?), the (leave-one-out) cross-
validated r? (g?), and the root-mean-square error (RMSE) were
used as measures of goodness-of-fit in regression analyses. The
sum of squared residuals was minimized in nonlinear regres-
sion analyses to fit the four-parameter sigmoidal equation:

Yeale = (ymax - ymin)/(l + (X/XSO)V) * Ymin (4)

to the data, where x is the structural property (PSAg, log D,
or log Ks), Xso is the value of X at Ymin + (Ymax — Ymin)/2, and y
is a slope factor. When the permeability data were not
logarithmically transformed, a weighting scheme of 1/ycac2 was
used in the regression analyses.
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