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Abstract: Drug permeability is often a limiting step in drug action, requiring chemical optimization
of a drug candidate to improve this property. Such optimization is typically performed in the context
of a congeneric series, where substituents are varied to optimize the target property. Motivated by
this need the present work examines the influence of chemical substituents on passive permeability
(log Ppass) across parallel artificial membranes (PAMPA) undertaken for three congeneric series of
compounds; benzoic acids, pyridines and quinolines. PAMPA showed pyridine and quinoline to have
high permeability and chemical substituents to typically reduce the permeability. On the contrary,
benzoic acid showed poor permeability and chemical substituents typically increased the permeability.
To quantitate these effects with respect to physical properties, models were built to explain and
predict the permeability of these classes of compounds based on computed molecular descriptors.
Models for the benzoic acid series in the ionized state indicated the solvent accessible surface area,
cavity dispersion and the free energy of solvation in hexane as well as in water to dominate
permeability. However, when the acid group is treated as neutral, the free energy of solvation in
water, the fraction polar surface area, the polar surface area and difference in the free energy of
solvation between hexane and water were important; these terms, among others, were also important
for the neutral pyridine—quinoline series. Considering that the permeability of the benzoic acid series
is about 2 orders of magnitude lower than the pyridines and quinolines and that a shift of
approximately two pH units in the pK, of the acid group of benzoic acid will allow for the neutral
species of the molecule to dominate under experimental conditions (pH = 6.5), these results suggest
that the additional energy barrier associated with permeation of the benzoic acid series is associated
with the need to protonate the acidic group, thereby forming the neutral species which may then
cross the hydrophobic region of the membrane.

Keywords: PAMPA,; oral absorption; bioavailability; permeability; quantum mechanics; QSAR;
multiple regression; substituent effects

Introduction bioavailability of a drug candidate is affected by a number

Poor bioavailability reduces the potential of a drug
candidate being suitable for further development. Oral

of processes such as formulation, stability in gastrointestinal
tract, aqueous solubility, passive permeability (Ppas), and
interactions with various influx and efflux transporters present

* Corresponding authors. Mailing address: Department of Phar- in gastrointestinal tract,’ among others. Hence, it is extremely
maceutical Sciences, School of Pharmacy, University of difficult to determine the contribution of each of these
Maryland, 20 Penn Street, Baltimore, Maryland 21201. Tel individual processes on oral bioavailability; however, Py,
(A.D.M.): 410-706-7442. Fax (A.D.M.): 410-706-5017. E- plays a major role in determining oral bioavailability for most
mail: jpolli@rx.umaryland.edu, amackere @rx.umaryland.edu.

" The views expressed in this paper are those of the author and ¥ Current address: U.S. Food and Drug Administration, Center
do not necessarily represent the policy of the Food and Drug for Drug Evaluation and Research, Office of Generic Drugs,
Administration. 7520 Standish Place, Rockville, MD 20855.

818 MOLECULAR PHARMACEUTICS VOL. 5, NO. 5, 818-828 10.1021/mp800035h CCC: $40.75 [J 2008 American Chemical Society

Published on Web 08/19/2008



Influence of Chemical Substituents on log P,.s across PAMPA

articles

COOH

=4 =4
X X
N

N

Figure 1. Structure of (left to right) benzoic acid,
pyridine and quinoline.

drug-like molecules.”™* Therefore, additional efforts to
develop approaches to rationally predict and optimize drug
permeability are warranted.

Computational techniques can be used as a useful tool to
rationally predict the appropriate chemical features to
enhance oral absorption by increasing Pp.ss of novel drug
candidates.” '® A common approach is to study a series of
structurally similar drug-like molecules (i.e., a congeneric
series) to determine the effect of various chemical groups
on the permeability.®'! In this approach a congeneric series
of pharmaceutically relevant compounds typically are studied
and a computational model is designed to explain the effect
of various chemical substituents on the absorption and/or
permeability of the parent compound by analyzing the
relevant molecular descriptors.” The computational model
is then used to predict suitable chemical features that enhance
the permeability for that class of compounds. Benzoic acid,
pyridine and quinoline (Figure 1) are very common molecular
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scaffolds found in many pharmaceutical compounds.'?~ !

Yet there is a lack of knowledge to explain the effect of
various chemical substituents on the permeability of these
molecular scaffolds.” This omission motivated the present
study to elucidate the various substituent effects on conge-
neric series of benzoic acids, pyridines and quinolines.
Models were developed based on experimental data obtained
with parallel artificial membranes (PAMPA) along with
theoretical data from both empirical and quantum mechanical
computational methods.

Methods

Permeability Measurements. (a) Artificial Membrane
Preparation and Flux Across PAMPA. Artificial membranes
were prepared daily prior to each experiment. Parallel
artificial membranes were created as described elsewhere.'
Briefly, a 96-well microtiter plate (Dynex N4500411, Chan-
tilly, VA) served as the receiving chamber, and a 96-well
microfiltration plate (Millipore/Immobilon MAIPN4510,
Billerica, MA) served as the donor chamber. Artificial
membrane solution (AMS) consisted of 5% (w/v) of crude
egg lecithin based phosphatidyl choline (approximately 60%)
(Sigma P5394, St. Louis, MO) dissolved in n-dodecane.
Transport solution (pH = 6.5) consisted of 50 mM sodium
phosphate with 3% dimethyl sulfoxide (DMSO) (v/v) and
was used to fill each receiver compartment (385 uL/well).
The microfiltration plate was placed directly on top of the
microtiter plate. Each of the test filters was impregnated with
5 uL of AMS; reference filters without lipid were impreg-
nated with 5 4L of n-dodecane. Bilayer formation in the filter
pore channels was promoted by lipid contact with water
interface from receiver compartment.'® Transport studies
were initiated by adding 350 uL of 500 uM donor solution
to each of the top wells. Donor solution was transport buffer
with dissolved pyridine, quinoline, or benzoic acid analogues.

Transport of each pyridine, quinoline, and benzoic acid
across PAMPA membranes was performed using n = 6.
Transport was allowed to occur for a total of 6 h. At 6 h,
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Figure 2. Different configuration of benzoic acid based on the orientation of carboxyl group with respect to the

substituent (Rz, Rs or Ra).

the two plates were separated and donor and receiver samples
were sampled for subsequent analysis. In parallel studies,
the permeabilities of reference compounds '*C-mannitol and
*H-metoprolol were measured (n = 6) within each 96 well
plate. '*C-Mannitol served to assess membrane integrity, and
*H-metoprolol served as a reference for moderately high
permeability. '*C-Mannitol and *H-metoprolol assessed plate-
to-plate variation across a broad permeability range.

(b) Analytical. Pyridine, quinoline, and benzoic acid
samples were analyzed by high-pressure liquid chromatog-
raphy (HPLC) using a Hitachi L-7000 HPLC module, Hitachi
L-7200 auto sampler, and Hitachi L-7400 UV detector.
Chromatograms were collected and integrated using Hitachi
D7000 Chromatography Data Station Software (version 3.1).
Briefly, 100 uL injections were made onto a reverse phase C18
column (Suppelco Discovery Column 37170-01, Bellefonte,
PA) at a 1.1 mL/min flow rate. Mobile phase for the benzoic
acid series consisted of 70:30 10 mM potassium phosphate
buffer (pH = 2.5):acetonitrile. Mobile phase for the pyridine
and quinoline series was 65:35 10 mM potassium phosphate
buffer (pH = 7.0):acetonitrile. The wavelength of absorption
used for the benzoic acid, pyridine, and quinoline series was
240 nm, 254 nm, and 254 nm, respectively.

!4C-Mannitol and *H-metoprolol were quantified by adding
300 uL of sample to 3 mL of scintillation cocktail (Econosafe
RPI111174, Mount Prospect, IL). The samples were sub-
jected to liquid scintillation counting using a Beckman LS-
5801 Scintillation Counter at 1 min scans per sample.

Permeability data was calculated using

VdC
_ T dr
AC,

r

P (1
where V; is the volume of the receiver compartment, dC, is
the change in concentration of the receiver compartment, dt
is the change in time, A is the area of the filter membrane
corrected for porosity, and Cq is the change in concentration
of the donor compartment.

Computational Methods. Congeneric series of benzoic
acids, pyridines and quinolines were modeled by varying the
chemical substituent at 2-, 3- and 4-positions on the aromatic
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ring structures (Figure 2). These compounds were built using
the program CHARMM'’ with the all-atom CHARMM
general force field (CGenFF, A.D.M., work in progress).

Each molecule was subjected to 1000 steps of steepest
descent (SD) and 500 steps of Newton—Raphson (NRAP)
energy minimization in the gas phase to a gradient of 10™*
kcal/mol A. CHARMM-minimized structures were then
subjected to quantum mechanical (QM) geometry optimiza-
tion in the gas phase at the RIMP2/6-31G* level. QM
calculations were performed with the ab initio package
Q-CHEM.'"® QM optimized structures were then used to
calculate a variety of molecular descriptors for model
development. The free energy of solvation of the compounds
in water (AG-wat) and n-hexane (AG-hex) were calculated
using the semiempirical quantum chemical program AM-
SOL6.8 by invoking the AM1-SM5.42R continuum solvent
model," as this model was developed to avoid the need for
further geometry optimization in the presence of the solvent
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PA, 2007.
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term. The free energy of solvation of each compound in a
solvent medium was calculated by taking the difference
between the heat of formation plus solvation energy of the
solvated system in its relaxed electronic state and that for
the gas-phase system. Free energy of transfer from water to
n-hexane (AG-h/w = AG-hex — AG-wat) was also calcu-
lated. The same program was also used to evaluate the free
energy for creating a solute cavity inside the solvent
combined with solute—solvent dispersion interactions (CDS)
in water, and n-hexane. Solvent accessible surface area
(SASA), polar surface area (PSA) and fractional polar surface
are (fPSA) were calculated using the Lee and Richards
method?® as implemented in CHARMM. The radius of the
solvent molecule was taken as 1.4 A, which approximates
the radius of a water molecule.”' PSA for each compound
was calculated by adding the contribution of polar atoms
(N, O, F, Cl, Br and hydrogen atoms covalently attached to
any of these atoms). For calculation of PSA halogens were
included as they could potentially take part in polar interac-
tion with other polar atoms.”*”?* fPSA was calculated by
taking the ratio of accessible solvent area formed by the polar
atoms to the total solvent accessible area. Other descriptors
including molecular weight (MW), octanol/water partition
coefficient (logP(o/w)), hydrogen bond acceptor (H_acc) and
hydrogen bond donor (H_don) were calculated using the
MOE program.? Octanol/water distribution coefficient (log-
D(o/w)) was estimated at experimental pH (6.5) using the
following equations, as discussed by Scherrer and Howard.?®
log D

acid

_ 1
=logP+ log(1 n 1OpH_pKa)

log D,,..=log P+ log(

base

1
1+ 10PK*“PH) @

pK, values for the compounds were taken from Scifinder
Scholar database.?’” Calculated results for the above descrip-
tors for all species studied are presented in Tables S1 to S3
of the Supporting Information.
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estimation of static accessibility. J. Mol. Biol. 1971, 55 (3), 379—
400.
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(48), 16789-94.

(23) Berski, S.; Ciunik, Z.; Drabent, K.; Latajka, Z.; Panek, J. Dominant
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Model Development. Single variable linear regression
analysis was employed between the log Py, and individual
molecular descriptors for each series of congeneric molecules
separately. Pearson correlation coefficient (%) and p-values
were obtained for each parameter to estimate the significance
of that descriptor on Pp,. Microsoft Excel 2002 was used
for regression analysis. The congeneric series of pyridines
and quinolines were combined together to form a single
group while benzoic series was analyzed alone; efforts to
group the three series of compounds and perform correlation
analysis were unsuccessful as judged by individual 7* values
of 0.42 or less. Next the molecular descriptors with % >
0.01 were subjected to multivariable regression analysis
separately. First, molecular descriptors from each series were
taken in all possible combinations of groups of two and all
groups were subjected to multivariable regression analysis.
No combination of descriptors having internal correlation
greater than 0.8 was considered for multivariable regression
analysis as determined from the correlation matrix of the
descriptors. The correlation matrices for different series of
congeners are presented in Tables S4 to S6 of the Supporting
Information. Groups of descriptors having > greater than
0.6 and p-values <0.05 of the independent variables and
intercept values were retained for further analysis. The same
method was applied increasing the number of descriptors in
combinations until all p-values of a particular number of
descriptors in combination became greater than 0.05. This
method was applied on both series of compounds separately
and each of the selected group of descriptors formed
candidate model for the respective congeneric series.

Multivariable 7* values of a number of candidate models
were significantly high requiring additional criteria for model
selection. In order to rank these candidate models AIC
(Akaike Information Criterion) analysis®® was applied. AIC
with a second order correction for small sample size is given
by

AICc=n1n%+2k+% 3)
where n = sample size, k = number of variable including
the intercept, and RSS = residual sum of squares.

For larger sample sizes the last term of the eq 2 vanishes
to yield the original AIC equation. The model having the
smallest AIC value among all the candidate models is
designated as the best model for the given data. The AIC
weight factor (W) is used to measure the probability of the
model having the smallest AIC value to be the best in
the entire candidate model set. W; is calculated using the
following equation:

—A/2
W = NeXp(—') @)
Z exp(—A,/2)
=1

where N = number of candidate models and A; = AIC; —
min(AIC).

(28) Akaike, H. Likeliood of a Model and Information Criteria. J.
Econom. 1981, 16, 3—14.
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The robustness of the predictive power of these two models
was tested by leave-one-out cross validation analysis. In this
method one of the observations was kept as validation data
with the rest of the data used to form the training set. The
permeability of the test compound was then predicted using
the model based on the training set compounds. This
procedure was repeated for all other compounds until each
of them served once as a test compound. The predictive
power of the model was then assessed by calculating the
cross-validated 7% or Q° using the following equation:

2
. Z (ypred - yobs)

&)
z (yobs - ymean)2

=1

Results and Discussion

The goal of the present study was the development of
models to quantitatively relate experimental passive perme-
ability to calculated molecular descriptors for drug-like
molecules. Such models would allow for a better understand-
ing of rate limiting steps to passive diffusion for the series
of compounds studied as well as have the potential to be
used a predictive models. For the study three series of
compounds based on the benzoic acids, pyridines and
quinolines were selected. There were fifteen different chemi-
cal groups used to form the congeneric series of benzoic
acid, e.g., —Cl, —Br, —F, —OH, —NH,, —COCH;, —CHj,
—CH,CH3, —OCH,CH3, —CH,CH,CH3, —OCH,CH,CHjs,
—CH,CH,CH,CH3;, —OCH,CH,CH,CH3; —CH,CH(CHz3),
and —H. The series of pyridine was made of ten different
chemical substituents including —COOH, —NH,, —F, —Cl,
—Br, —CH;, —CH,CH3;, —COCH3;, —OCH3;, —CHO and
—H. Only three substituents (—CHO, —Br and —H) were
used for the quinolines. The monosubstituted congeneric
series of the parent compounds were obtained by placing
the substituting groups at 2-, 3- or 4-position on the aromatic
ring.

Passive permeability of the congeneric compounds was
measured across parallel artificial membrane to study the
effect of the presence as well as the location of chemical
substituent on their cellular permeability. The experimental
values of Py, of the compounds are listed in Tables 1, 2
and 3 for the benzoic acids, pyridines and quinolines,
respectively. Unsubstituted benzoic acid showed poor bilayer
permeability (24.5 x 107® cm/s) as opposed to pyridine
(1880 x 10™® cm/s) and quinoline (2080 x 10™® cm/s). Most
of the chemical substituents had enhancing effect on Py,
of the benzoic acid while the similar substituents had the
opposite effect in most of the cases for pyridine and
quinoline.

Experimental Results for the Benzoic Acid Series. All
bulky alkyl and alkoxy groups (e.g., —OCH,CH3, —CH,CH,-
CH3;, —OCH,CH,CH3, —CH,CH,CH,CH3, —OCH,CH,CH,-
CH; —CH,CH(CHs;),) enhanced the permeability of the
benzoic acid significantly. In case of smaller alkyl groups
(e.g., —CHs) the substitution location played the major role;
2- and 3-positions had very small reducing and enhancing

822 MOLECULAR PHARMACEUTICS VOL. 5, NO. 5

Table 1. Benzoic Acid Derivatives and Their Mean
Permeability Values

substituent P (x1078) cm/s +SEM (x1079)

2-OH 1.95 0.43
2-COCHg3 3.99 1.18
2-Br 4.96 1.36
3-F 5.55 0.18
3-COCHj3 8.24 0.36
2-NH> 14.6 0.1
2-F 16.8 6.7
2-CH3 16.9 0.7
3-Cl 18.2 0.8
H 24.5 0.7
4-COCHg3 28.5 0.7
4-F 31.8 0.6
4-Cl 36.3 1.2
3-CH3 49.4 1.1
3-Br 59.8 3.3
4-Br 60.0 2.9
4-CHs 64.2 3.4
4-OCH2CH3 68.6 71
2-OCH2CH3 107 6
4-CH.CH3 218 5
4-OCH,CH>CH3 264 11
4-CH.CH2CH3 652 24
4-OCH>CH>CH>CH3 793 9
4-tert-CH,CHCH3CH3 865 28
4-CH,CH>CH2CH3 1120 70

effects, respectively, on permeability while the 4-position
showed a significant increasing effect. All the halogen
substituents decreased the permeability of benzoic acid except
for 4-F, 4-Cl, 3-Br and 4-Br. Polar groups like —NO,, —NH;
and —OH reduced the permeability. Acetyl substitution
reduced the permeability at the 2- and 3-positions while at
the 4-position it had negligible effect.

Experimental Results for the Pyridine—Quinoline
Series. Except for the 2- and 3-CHO substitutions all other
substituents had a reducing effect on permeability for the
quinoline compounds. 2-Br, 4-CHj; and 4-CH,CHj; were the
only substituents leading to an increase in permeability for
the pyridine compounds. Alternatively, the amino and acid
substituents, which are expected to be charged at the
experimental pH of 6.5, led to the largest decrease in
permeability. Notably, these compounds had permeabilities
similar to those observed in the benzoic acid series, indicating
the impact of charge on membrane crossing.

Computational Model. Logarithms of the permeability
values were used for model development since according to
the Arrhenius transition state model barrier crossing has a
logarithmic relationship with respect to the rate constant of
the chemical process.”” No compound having zero or
nonmeasurable Pp, was included as mathematically the
logarithm of zero approximates to negative infinity. Various
molecular descriptors were correlated individually and in

(29) IUPAC Compendium of Chemical Terminology, 2nd ed.; 1997.



Influence of Chemical Substituents on log P,.s across PAMPA

articles

Table 2. Pyridine Derivatives and Their Mean Permeability
Values

substituent P (x1078) cm/s +SEM (x1078)
4-COO~ 27.5 0.4
4-NH3™ 37.8 51
3-NH3™ 128 4
3-COO0™ 135 3
2-NH3* 248 14
2-OCH3 558 17
2-F 949 33
3-F 1000 40
3-Cl 1210 20
2-CH.CH3 1220 20
3-CH>CH3 1450 70
2-Cl 1490 40
4-CHO 1490 30
3-Br 1500 30
2-CHj3 1510 110
2-COCH3 1520 140
3-COCH3 1540 90
4-COCHs3 1560 10
4-OCH3 1560 60
3-CHO 1610 130
3-CHj3 1620 130
2-CHO 1790 160
2-COOH 1790 160
3-OCH3 1800 130
H 1880 50
2-Br 1940 20
4-CHjs 2190 40
4-CH,CHs 2210 60

Table 3. Quinoline Derivatives and Their Mean
Permeability Values

substituents P (x1078) cm/s +SEM (x1078)
4-CHO 1550 130
3-Br 1630 50
H 2080 90
3-CHO 2490 230
2-CHO 2630 340

selected groups with the membrane permeability (log Ppass).
These physicochemical descriptors were chosen to elucidate
explicit solvent—solute interactions as it may be anticipated
that such terms contribute to the rate limiting step for cellular
permeability of drugs. The calculations were performed on
two separate groups of compounds: one consisted of the
congeners of pyridines and quinolines, and the other one had
the benzoic acid congeners.

The ionization state of the compounds was determined
based on the experimental pH (6.5). The carboxyl group of
benzoic acid (pK, ~ 4.19)*° would typically be ionized at
pH 6.5. Accordingly, initial model development was based

(30) CRC Handbook of Chemistry and Physics, 84th ed.; CRC Press:
Boca Raton, 2003—2004.

Table 4. Results from Single Variable Linear Regression
of Molecular Descriptors for the Congeneric Series of
Benzoic Acids with the Acid Group Assumed To Be lonized

molecular linear coeff of the coeff of the

10) AG-h/w  0.18 —0.163 (+£0.072) 6.94 (+2.34
1)H_don  0.13 —1.00 (+0.53) 1.74 (£0.15
12) AG-wat  0.01 (

descriptor IS indep variable intercept
(1) logD(o/w)  0.79 0.862 (+0.094) 2.05 (+0.08)
(2) logP(o/w) 0.69 1.10 (+0.15) —0.480 (+0.310)
(3) SASA 0.60 0.0140 (£0.0024) —3.35 (+0.86)
(4) CDS-hex 0.55 —0.665 (+0.126) —1.09 (+0.53)
(5) fPSA 0.49 —2.40 (+0.51) 2.70 (£0.25)
(6) PSA 0.42 —0.00730 (+0.00180) 2.75 (+0.29)
(7) MW 0.38 0.0243 (+0.0065) —1.99 (+0.99)
(8) AG-hex 0.33 —0.374 (+0.112) —11.2 (£3.9)
(9) CDS-wat 0.15 0.399 (+0.194) 1.02 (+0.34
(
(1
(

—_- = =

0.0271 (+£0.0630) 3.47 (+4.21

on the ionized species. In addition, model development for
the benzoic acids was also performed with using the neutral
state. At the experimental pH the amine group on pyridine
is partially protonated as its pK, ranges from 7 to 9 depending
on the position on pyridine. Experimental data show that
amine substitution reduces Pp,s of pyridine indicating the
probable polar character of the amine substituted compounds
(Table 2). In order to identify the correct ionization state
both protonated and neutral amines were studied, and
protonated amino substituents showed better correlation with
the log Py, for pyridine congeners. Hence, protonated amine
substituents were selected for the final pyridine series. 2-NH,
was the only amine substitution in the benzoic acid series
having nonzero permeability, and it is only 0.4% ionized
(pK. ~ 4.9) at the experimental pH. Congeneric series of
pyridines contained three —COOH substituents at the 2-, 3-
and 4-positions, and the pK, value of them ranges from 0.14
to 2.2. At the experimental pH these —COOH groups will
be ionized. The reducing effect on permeability of 3- and
4-COOH reflects the anionic state of the substituents. On
the contrary 2-COOH had very minimal effect on the
permeability of the parent pyridine compound, indicating that
at the 2-position carboxylate group may retain its neutral
form. Based on these assumptions deprotonated carboxylate
groups were used for 3- and 4-substitutions while neutral
—COOH was used for the substitution at the 2-position.
Quinoline series did not include any carboxylate substitution.

Four different configurations of protonated benzoic acid
were studied to account for the asymmetry of the substituted
benzene ring due to the various substituents on the ring as
well as for the E and Z configurations of the proton on the
acid group. Figure 2 shows the four initial protonated
structures of the benzoic acid, and R;, R, and Rj3 represent
the substituents at the 2-, 3- and 4-positions, respectively.
Substituents were placed at the assigned positions for each
of the four protonated configurations of benzoic acid to form
four sets of benzoic acid congeneric series. Each structure
was then energy minimized, and the free energy of solvation
was calculated for each of them. Out of the four different
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Table 5. Calculation of Modified Akaike Information Criterion (AlCc) and Weight Factor (W) for Various Combinations of
Molecular Descriptors for the Congeneric Series of Benzoic Acids with the Acid Group Assumed To Be lonized?

descriptor combination ~ multivariable (g F

W K A B

logD(o/w), H_don 0.83 0.78 55.07

—52.48

0.99 209 (+£0.08) 0.825(+0.086) —0.610 (+0.242)

2 A, B and C represent the coefficients of the independent variables (molecular descriptors), and K denotes the intercept term.

configurations for each benzoic acid congener the configu-
ration with the most favorable free energy of aqueous
solvation was selected for further study.

Initial model development for the benzoic acid series
initially assumed the acid group to be in its ionized state.
Linear correlation analysis showed the highest correlation
to occur with SASA followed by the cavity dispersion term
in hexane and polar solvent accessible area terms being the
next best predictors (Table 4). Multivariable regression was
then performed yielding seven different combinations of
descriptors with 7* values greater than 0.6 and p-values less
than 0.05 (data not shown). Of these the AIC. showed only
one to be important with 99% probability of being the best
model, respectively. The top two models included the logD-
(o/w), H_don, SASA, CDS-hex and CDS-wat (Table 5). In
the first model, the coefficients of logD(o/w) and H_don are
positive and negative respectively, indicating increase in polar
character disfavors permeability. For the second model the
coefficients of the SASA term are positive, indicating
increased solvent accessible surface to increase permeability;
the coefficient with CDS-hex was negative indicating that
the decreases in this term lead to increased permeability;
and the positive coefficient of CDS-wat indicated that
increase in this term enhances permeability. In both models
there is a tendency for terms that favor nonpolar solvation
to increase permeability while those that favor aqueous
solubility tend to lower permeability. These trends suggested
that partitioning of the benzoic acids into the nonpolar region
of the lipid bilayer is impacting the permeability. As the
charge on the acidic group would be highly unfavorable, this
results suggested that the neutral state of the benzoic acids
may be more relevant for passive diffusion across mem-
branes. Accordingly, model development was also performed
with the neutral forms of the benzoic acids.

Ranking of the individual descriptors for the neutral
benzoic acid series are shown in Table 6 along with the
corresponding coefficients. The highest correlation occurs
with logD(o/w), followed by the logP(o/w), AG-hex, SASA
and the CDS-hex. The molecular descriptors were then
combined in groups of two and more for multivariable
regression analysis. The neutral benzoic acid series yielded
eight different combinations of descriptors having r* greater
than 0.6 and p-values less than 0.05 (data not shown). Among
them two models were identified by AICc analysis to be
important with 65% and 35% probability of being the best
model, respectively. Both of the top two models included
logD(o/w) with positive coefficients. First model also
consisted of AG-h/w with a negative coefficient. The positive
coefficients of logD(o/w) indicated the greater the polar
character the lower the permeability; consistent with this is
the negative coefficients of AG-h/w. As AG-h/w is defined
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Table 6. Results from Single Variable Linear Regression
of Molecular Descriptors for the Congeneric Series of
Benzoic Acids with the Acid Group Assumed To Be Neutral

molecular linear coeff of the coeff of the

descriptor s indep variable intercept
(1) logD(o/w)  0.79 0.862 (+0.094) 2.05 (+0.08)
(2) logP(o/w)  0.69 1.10 (£0.15) —0.480 (+0.310)
(8) AG-h/w 0.67 —0.325 (+0.047) 2.59 (+0.16)
(4) SASA 0.60 0.0142 (£0.0024) —3.45(+0.87)
(5) CDS-hex 0.57 —0.667 (£0.121) —0.998 (+0.493)
(6) AG-wat 0.41 0.251 (4+0.063) 4.59 (+0.74
(7) MW 0.38 0.0243 (+£0.0065) —2.01 (£0.99
(8) fPSA 0.36 —4.05(+1.13) 3.10 (£0.42
(9) CDS-wat 0.24 0.500 (+0.188)

(10) PSA 0.21
(11) AG-hex ~ 0.17
(12) H_don  0.13

—0.387 (£0.180) —1.73 (+1.59

)
)
)
1.50 (+0.15)
)
)
—1.00 (+0.53) 3.74 (£1.12)

(

(

(
—0.0110 (£0.0044)  3.04 (+£0.57

(

(

as the difference between AG-hex and AG-wat [(AG-hex)
— (AG-wat)], the tendency of a molecule to partition into
aqueous solution versus hexane (i.e., AG-h/w is positive)
leads to a decrease in permeability. The second model also
contains H_don. Negative coefficient of H_don was consis-
tent with other terms as it suggested that increased polar
character would inhibit permeability.

For the pyridine—quinoline series the correlation coef-
ficients for the individual descriptor are shown in Table 8.
Three terms show high correlation AG-h/w, AG-wat, and
AG-hex. Multiple regression analysis for the combined series
of pyridines and quinolines yielded fifteen candidate models
(data not shown). Final models were again selected based
on the AICc¢ indicators, with 34%, 34%, 13% and 12%
probability of being the best model, respectively (Table 9).
AG-h/w, AG-wat, and AG-hex occurred at last once in each
of the models, with other terms being the CDS-wat, SASA
and MW. Coefficients with AG-wat and CDS-wat are all
positive, indicating that as the free energy of solvation in
aqueous solution becomes more favorable, the permeability
is decreased. The negative coefficient with AG-h/w indicates
that favorable aqueous to lipid transfer leads to improved
permeability. The only term not directly indicating increased
aqueous solvation to lower permeability is the positive
coefficient with AG-hex. It may be interpreted as too much
lipid solubility can trap the molecule inside the bilayer

(31) Walter, A.; Gutknecht, J. Permeability of small nonelectrolytes
through lipid bilayer membranes. J. Membr. Biol. 1986, 90 (3),
207-17.

(32) Feller, S. E.; Venable, R. M.; Pastor, R. W. Computer Simulation
of a DPPC Phospholipid Bilayer: Structural Changes as a Function
of Molecular Surface Area. Langmuir 1997, 13 (24), 6555-6561.
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Table 7. Calculation of Modified Akaike Information Criterion (AICc) and Weight Factor (W) for Top Two Combinations of
Molecular Descriptors for the Congeneric Series of Benzoic Acids with the Acid Group Assumed To Be Neutral®

descriptor combination multivariable r? ? F AlCc W, K A B
logD(o/w), AG-h/w 0.84 079 5839 5371 026 2.34(+0.13)  0.602 (+0.124)  —0.141 (+0.051)
logD(o/w), H_don 0.83 0.78 55.07 —52.48 0.14  3.31(£0.50) 0.825(+0.086)  —0.610 (+0.242)

2 A, Band C represent the coefficients of the independent variables (molecular descriptors), and K denotes the intercept term.

Table 8. Results from Single Variable Linear Regression
of Molecular Descriptors for the Congeneric Series of
Pyridines and Quinolines

molecular linear coeff of the coeff of the

descriptor independent variable intercept
(1) AG-h/w 0.78 —0.0485 (+0.0047) 3.20 (+0.05)
(2) AG-wat 0.74 0.0272 (+£0.0029) 3.34 (+0.06)
(8) AG-hex 0.65 0.0588 (+0.0077) 3.49 (+0.08)
(4) logD(o/w) 0.42 0.180 (40.038) 2.93 (+£0.07)
(5) CDS-wat 0.25 0.276 (+0.087) 2.94 (+0.08)
(6) logP(o/w)  0.24 0.380 (£0.122) 2.64 (£0.14)
(7) fPSA 0.16  —1.56 (+0.65) 3.41 (+£0.19)
(8) PSA 0.12 —0.00486 (+0.00235)  3.37 (+0.20)
(9) SASA 0.11 0.00571 (+0.00290) 1.29 (+0.88)
(10) CDS-hex  0.05 —0.115 (+0.088) 2.64 (+0.29)
(11) H_acc 0.03 0.209 (+0.212) 2.75 (£0.27)
(12) MW 0.02 0.00383 (+0.00430) 2.58 (+0.48)

preventing it from entering the intracellular medium. Thus
a balance between polar and nonpolar character should be
maintained so that the molecules can enter as well as leave
the lipid layer. In the second model MW appeared with a
positive coefficient suggesting that bulkier molecules would
be favorable for permeability. To further verify the quality
of the selected models for all three systems, Q2 values for
all the candidate models were calculated. The values are
included in Tables 5, 7 and 9 for the ionized benzoic acid,
the neutral benzoic acids and the pyridine—quinoline series.
In all the selected models for benzoic acid series with neutral
acid group and pyridine—quinoline series, significantly high
Q? (>0.7) are obtained indicating the high predictive power
and the robustness of the models. Figure 3 shows the relation
between experimental and predicted values of log Ppss as
obtained from the best models for the benzoic acids with a
neutral acid group and the pyridine—quinoline series,
respectively.

Mechanism of Permeability in PAMPA Using the
Developed Models. The process of solute transport across
lipid bilayer via passive diffusion is characterized by random
movement of solute molecules, typically along a concentra-
tion gradient. In this process the solute molecules cross the
bilayer from the extracellular region to the intracellular
region. This process can be divided into the following
steps:s‘31 (1) diffusion of the solute molecules across the
aqueous boundary layer (ABL); (2) desolvation from the
aqueous medium; (3) insertion of the desolvated solute
molecules into the lipid layer, i.e., solute partitioning from
aqueous to the hydrophobic lipid environment; (4) diffusion
across the lipid bilayer toward the intracellular side of the

bilayer; and (5) solute partitioning from the membrane bilayer
into intracellular aqueous medium.

The rate of passive diffusion or Pp.s may be limited by
any of the above steps depending on the nature of the solute
molecule crossing the bilayer. For example, step 2 could be
the limiting step for a hydrophilic molecule. A lipophilic
molecule should have greater ease to enter the hydrophobic
region of the bilayer compared to a hydrophilic molecule;
however, it cannot be too lipophilic as it will have a high
probability of being trapped inside the lipid bilayer due to
high affinity for the lipid interior and an unfavorable
lipid—water partitioning energy (e.g., AG-h/w). Various
physicochemical molecular descriptors were considered in
this study to explain the process of passive permeation of
monosubstituted benzoic acids, pyridines and quinolines. AG-
wat is the solvation free energy of a solute molecule in water,
and an unfavorable value of AG-wat may indicate easier
desolvation from the aqueous medium (step 2). Alternatively,
a favorable value of AG-hex and a negative value of AG-
h/w may indicate favorable partitioning from aqueous to the
hydrophobic lipid phase (step 3).

Based on the physical properties that contribute to the final
models for the three series of compounds suggestions as to
the rate limiting steps can be made. To facilitate this analysis
the linear 7 values and coefficients from the linear regression
in Tables 4, 6 and 9 are combined in Table 10. The ordering
of the physical properties in the table is based on the 7* values
for the ionized benzoic acid series. LogD(o/w) and logP-
(o/w) were the top two descriptors occurring in both acidic
and neutral benzoic acids. The positive coefficients of these
terms suggested that greater hydrophobicity favored perme-
ability. The coefficient with SASA is positive for all three
congeneric series, with high correlation occurring with both
the neutral and acidic benzoic acid series. The higher
correlation of SASA in the benzoic acids is due to the larger
hydrophobic moieties that are not present in the pyridine—
quinoline series, leading to some significant changes in
SASA. However, correlation between SASA and CDS-hex
for the acidic and neutral series yielded correlation coef-
ficients of —0.7 and —0.74, respectively (Table S4 and Table
S5). Thus, it appears that the SASA contribution is actually
related to hydrophobicity of the larger functional groups.

Of the remaining physical properties there is a trend where
terms that may be related to aqueous solvation have
coefficients that indicate increased aqueous solubility to
decrease permeability. Examples include the positive coef-
ficients with CDS-wat and AG-wat. These results indicate
that the role of desolvation is contributing to the rate limiting
step to permeability, corresponding to steps 2 and 3 in the
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Table 9. Calculation of Modified Akaike Information Criterion (AlCc) and Weight Factor (W) for Various Combinations of
Molecular Descriptors for the Congeneric Series of Pyridines and Quinolines®

descriptor multivariable

combination P @? F AlCc W, K A B c
AG-wat, CDS-wat, SASA 0.86 0.73 58.13 —102.01 0.34 2.28 (+0.38) 0.0250 (+0.0023) 0.141 (+0.041) 0.00333 (+0.00125)
AG-wat, CDS-wat, MW 0.85 0.73 56.74 —101.32 0.24 2.79 (£0.20) 0.0259 (+0.0024) 0.137 (+0.043) 0.00457 (+0.00181)
AG-h/w, CDS-wat 0.84 0.72 76.582 —100.04 0.13 3.15(+£0.04) —0.0443 (+0.0043) 0.142 (+0.043) N/A
AG-hex, CDS-wat, SASA 0.85 0.72 53.974 —99.92 0.12 2.07 (£0.39) 0.0552 (+0.0054) 0.165 (+0.042) 0.00454 (+0.00129)

2 A, B, C and D represent the coefficients of the independent variables (molecular descriptors), and K denotes the intercept term.

Table 10. Linear Correlation Coefficients and Regression Coefficients of the Molecular Descriptors for Two Types of
Benzoic Acid Series (Acid Group Assumed To Be lonized and Neutral) and Pyridine—Quinoline Series®

benzoic acid
ionized neutral pyridine—quinoline

linear coeff linear coeff linear coeff
(1) logD(o/w) 0.79 0.862 (+0.094) 0.79 0.862 (+0.094) 0.42 0.180 (+0.038)
(2) logP(o/w) 0.69 1.10 (£0.15) 0.69 1.10 (£0.15) 0.24 0.380 (+0.122)
(3) SASA 0.60 0.0140 (+0.0024) 0.60 0.0142 (+£0.0024) 0.11 0.00571 (+£0.00290)
(4) CDS-hex 0.55 —0.665 (+0.126) 0.57 —0.667 (+£0.121) 0.05 —0.115 (+0.088)
(5) fPSA 0.49 —2.40 (+0.51) 0.36 —4.05 (£1.13) 0.16 —1.56 (+0.65)
(6) PSA 0.42 —0.00730 (£+0.00180) 0.21 —0.0110 (+0.0044) 0.12 —0.00486 (+0.00235)
(7) MW 0.38 0.0243 (4+0.0065) 0.38 0.0243 (+0.0065) 0.02 0.00383 (+0.00430)
(8) AG-hex 0.33 —0.374 (£0.112) 0.17 —0.387 (+0.180) 0.65 0.0588 (+0.0077)
(9) CDS-wat 0.15 0.399 (+0.194) 0.24 0.500 (+0.188) 0.25 0.276 (+0.087)
(10) AG-h/w 0.18 —0.163 (+£0.072) 0.67 —0.325 (+£0.047) 0.78 —0.0485 (+0.0047)
(11) H_don/H_acc 0.13 —1.00 (+0.53) 0.13 —1.00 (+0.53) 0.03 0.209 (+0.212)
(12) AG-wat 0.01 0.0271 (+0.0630) 0.41 0.251 (+0.063) 0.74 0.0272 (+£0.0029)

@ Molecular descriptors are ranked in the descending order of r? for the benzoic acid series with the acid group assumed to be ionized.
(These values are also listed in Tables 4, 6 and 8. They are listed here to facilitate comparison.)

S LR N B e S L B e e e solvation in hexane favors permeability. Interestingly, the

3 [ =088 35'_ =086 ] AG-h/w term does not make a significant contribution to the

| | ionized benzoic acid series, though it does make a contribu-

4257 ] i sk J tion to both the neutral benzoic acid and pyridine—quinoline
E" 2 4 E’ : . series based on both the linear regression and multiple
T 0 T 51 ] regression analyses. While speculative, these similarities
% 15 | i é 2'_ _ along with the higher correlation coefficient for the neutral
£ 1 1 £ 7 i versus the ionized benzoic acid series suggest that similar
0.5' ] 15k i physical events are dictating the rate limiting step for the

: . neutral benzoic acids and the pyridine—quinoline series.

T T s s e Ry y Based on the scenario presented above this would involve

Experimental logPlmss Experimental logPWm

Figure 3. Experimental and predicted values of 10g Ppass
for the congeneric series of (A) benzoic acid (with neutral
acid group) and (B) pyridine—quinoline as obtained from
the respective best model.

scenario presented above. Consistent with this is the ionized
benzoic acid series, where the dominant terms are the PSA,
CDS-hex and AG-hex (Table 5). The coefficients of PSA,
CDS-hex and AG-hex are all negative, such that increased
polar surface area disfavors permeability while increased

(33) Chen, L. J.; MacKerell, A. D. Computation of the influence of
chemical substitution on the pKa of pyridine using semiempirical
and ab initio methods. Theor. Chem. Acc. 2000, 103, 483-494.

(34) Hamilton, J. A. Fatty acid transport: difficult or easy. J. Lipid
Res. 1998, 39 (3), 467-81.
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steps 2 (desolvation from aqueous solution) and 3 (insertion
into the hydrophobic core of the lipid bilayer). The present
data certainly does not allow for these two contributions to
be separated and, indeed, the aqueous desolvation and
membrane insertion may occur simultaneously.

With the benzoic acids, both the ionized and neutral states
were used for model development. The higher * values for
both linear and multiple regression for the neutral series
indicate this to be the more appropriate ionization state for
modeling permeability and that the neutral state is that which
is involved in the rate limiting step to membrane permeation.
Notably, when the neutral species is used, many of the
physical descriptors that have predictive abilities are common
to the pyridine—quinoline series, suggesting that the barrier
to permeation is similar. Why then are the permeabilities of
the benzoic acids approximately 2 orders of magnitude lower
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Figure 4. Schematic diagram of the steps associated
with permeation across a lipid barrier of benzoic acid.
The steps as shown are (1) diffusion across the aqueous
boundary layer, (2) aqueous desolvation, (3) insertion
into the hydrophobic interior of the lipid bilayer, (3')
protonation of the acid group, (4) diffusion across lipid
layer and (5) partitioning out of the lipid bilayer into the
aqueous medium. Arrows represent the individual steps
in the model, and their magnitude is not representative
of the energetic contribution of each step to membrane
permeation. The diagram is overlaid on an image of
DPPC in water obtained from a molecular dynamics
simulation performed by Feller and co-workers.®?

than that of pyridine and quinoline (Table 1, 2 and 3)? From
the Arrhenius equation it can be shown that the change in
free energy associated with a two-order change in the
magnitude of the permeability is approximately 2.7 kcal/
mol. What is causing the barrier to be higher by 2.7 kcal/
mol in the benzoic acid series? The pK, of unsubstituted
benzoic acid is 4.2, which is significantly lower than the pH
at which the experiments were performed, 6.5. Thus, for a
significant population of the neutral species of benzoic acid
to be achieved there would have to be a pK, shift of a least
2 units. The amount of energy required for such a shift may
be determined from the following equation, as discussed in
detail by Chen and MacKerell.*

1

ApK, = 2.3RTAAG (6)
where AAG = change in the change in Gibbs free energy.
As may be seen the amount of energy required to shift the
pK. by two units is also 2.7 kcal/mol, due to the natural log
relationship of the changes in equilibrium to energy based
on the van’t Hoff equation. Similar observations have been
reported by other research groups explaining the process of
permeation of ionizable species through lipid bilayer via
passive diffusion.®*~3°

(35) Kessel, A.; Musafia, B.; Ben-Tal, N. Continuum solvent model
studies of the interactions of an anticonvulsant drug with a lipid
bilayer. Biophys. J. 2001, 80 (6), 2536-45.

A schematic energy diagram of bilayer permeation by the
benzoic acids is presented in Figure 4. In aqueous solution,
the acid group is ionized, consistent with the pK, of 4.19.%
Upon reaching the aqueous—Ilipid interface and moving into
the membrane (steps 2 and 3 above) the ionization state
changes to the neutral form, requiring additional energy,
thereby leading to a larger barrier and concomitantly lower
permeabilities. This step is indicated as step 3' in Figure 4.
Consistent with this hypothesis is the experimental data
showing that polar substituents that lower the pK, of
substituted benzoic acid, causing a decrease in the percent
of the neutral species as pH 6.5, lead to decreased perme-
ability; on the contrary, nonpolar substituents that increase
the pK, of the acid moiety enhance the permeability.’” For
example, polar substituents like 2-OH and 2-Br decreased
the pK, of benzoic acid (pK, = 4.19)*° to 3.01 and 2.9,%"-*°
respectively and in turn, reduced the permeability of benzoic
acid from 24.5 x 107% cm/s to 1.95 x 10™® cm/s and 4.96
x 1078 cm/s, respectively (see Table 1). On the other hand,
nonpolar substituents like 4-CH,CH; and 4-CH,CH,CHj;
increased the permeability to 218 x 10™® cm/s and 652 x
1078 respectively (see Table 1) consistent with increased pK,
values of 4.35 and 4.37,%" respectively. Further supporting
this hypothesis are the permeabilities of the charged pyridine
analogs, which have permeabilities approaching 2 orders of
magnitude below that of many of the neutral compounds.
Thus, it is suggested that the generally decreased permeability
of the benzoic acids as compared to the pyridines and
quinolines is associated with the need for the acidic group
to be protonated, a process that requires energy therefore
effectively raising the barrier to permeation. This process is
suggested to also contribute to the decreased permeability
of the charged pyridine analogs.

Conclusion

Developed models relating computed physical properties
to permeability for the two sets of congeneric series indicated
the importance of a proper balance in the polar and nonpolar
character of a molecule to be able to possess a high passive
permeability. The various steps associated with the process
of passive diffusion were greatly reflected in the selected
models. Since a molecule needs to pass through an aqueous
layer as well as the hydrophobic interior of a lipid layer at
different stages of the process, it is evident that either
absolute polar or absolute nonpolar nature would hinder its
permeability. Instead an appropriate equilibrium of these two
opposing characters would help the molecule to efficiently
diffuse from the extracellular region to intracellular region
through the lipid bilayer. The process of passive permeability
also depends on the effective pK, of the ionizable chemical

(36) Ulander, J.; Haymet, A. D. Permeation across hydrated DPPC
lipid bilayers: simulation of the titrable amphiphilic drug valproic
acid. Biophys. J. 2003, 85 (6), 3475-84.

(37) Hollingsworth, C. A.; Seybold, P. G.; Hadad, C. M. Substituent
effects on the electronic structure and pKa of benzoic acid. Int.
J. Quantum Chem. 2002, 90 (4—5), 1396-1403.
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moieties present in the molecules. The congeneric series of
benzoic acid presented an interesting example of the
importance of pK, for this process, where the present data
suggested a model where in order to cross the bilayer
membrane the pK, of the acid moiety of the benzoic acids
must shift to obtain a significant population of the neutral
species at pH 6.5. This process requires additional energy
input, leading to the decreased permeation rates for the
benzoic acids as well as for pyridines with charged chemical
substituents.
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