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Purpose. To develop a theoretical method for prediction of transcellular
permeability to peptides.

Methods. The dynamic molecular surface properties of 19 oligopeptide
derivatives, divided into three homologous series were calculated. The
dynamic molecular surface properties were compared with commonly
used experimental predictors of membrane permeability such as parti-
tion coefficients. Relationships between the dynamic molecular surface
properties and intestinal epithelial permeability, as determined in Caco-
2 cell monolayers, were used to develop a model for prediction of the
transmembrane permeability to the oligopeptide derivatives.

Results. A theoretical model was derived which takes both the polar
and non-polar part of the dynamic molecular surface area of the investi-
gated molecule into consideration. The model provided a strong rela-
tionship with transepithelial permeability for the oligopeptide
derivatives. The predictability of transepithelial permeability from this
mode! was comparable to that from the best experimental descriptor.
Conclusions. To our knowledge, this is the first example of a theoretical
model that gives a satisfactory relationship between calculated molecu-
lar properties and epithelial permeability to peptides by accounting for
both the hydrogen bonding capacity and the hydrophobicity of the
investigated molecule. This model may be used to differentiate poorly
absorbed oligopeptide drugs at an early stage of the drug discovery
process.

KEY WORDS: molecular surface area; hydrogen bonding; lipophilic-
ity; intestinal drug transport; Caco-2 cells.

INTRODUCTION

The poor biopharmaceutical characteristics of pharmaco-
logically active peptides and peptide derivatives constitute a
major reason for their low success rates in clinical development
(1). Apart from their metabolic instability, peptides generally
also display severely limited transport across tissue barriers
such as the intestinal epithelium (2,3). The reasons for this
limited transport remain poorly understood. The development
of methodologies that can increase our understanding of the
molecular properties influencing transcellular transport and also
predict epithelial permeability to peptide derivatives is therefore
of profound importance.

Experimentally and theoretically determined molecular
properties such as lipophilicity, hydrogen bonding potential
and molecular size are commonly used as rough predictors of
membrane permeability to peptides as well as conventional
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drugs (2,4). The correlations between these descriptors and
membrane permeability are of an acceptable standard only for
series of homologous compounds and are frequently impaired
when structural diversity is introduced (5-8). In general, molec-
ular properties related to hydrogen bonding capacity have pro-
vided the best correlations with the membrane permeability
to peptide derivatives (9,10). Some complex combinations of
molecular descriptors have been used to improve these correla-
tions but there is no real consensus with regard to the method
of choice (7).

The explosive development of computer technology has
generated new methods for the calculation of molecular descrip-
tors. Such theoretically derived descriptors are particularly
attractive in predictions of membrane permeability since they
may be used to differentiate poorly absorbed peptides at an
early stage of the drug discovery process (4). The contribution
of various calculated molecular descriptors to the permeability
of intestinal epithelial cell membranes to drug molecules has
recently been investigated using multivariate analysis (e.g.,
11,12). While these methods may generate acceptable correla-
tions with membrane permeability, they do not generally con-
sider the three-dimensional shape and the conformational
flexibility of the molecule.

Recently, we developed a theoretical method for the predic-
tion of drug absorption, based on the determination of the
dynamic surface properties of drug molecules (13,14). This
method has the advantage of accounting for the shape and
flexibility of the drug molecule (13). The dynamic polar surface
area (PSA,), which is related to the molecular hydrogen bonding
capacity, was found to provide an excellent relationship with
intestinal epithelial permeability to a homologous series of
drugs in vitro (13) and surprisingly also with the proportion of
an oral dose absorbed after administration of structurally diverse
drugs to humans (14). However, these results were obtained
using conventional drugs with limited flexibility. It therefore
remains to be established whether molecular surface properties
such as the dynamic polar surface area are also applicable as
predictors of membrane permeability to more flexible molecules
such as peptides and peptide derivatives.

In this study, we examine the dynamic molecular surface
properties of 19 oligopeptide derivatives, divided into three
homologous series. The dynamic molecular surface properties
were compared with commonly used experimental predictors
of membrane permeability such as octanol-water, heptane-eth-
ylene glycol and heptane-octanol partitioning (9,15). Relation-
ships between the dynamic molecular surface properties and
intestinal epithelial permeability, as determined in Caco-2 cell
monolayers (15), were used to develop a model for prediction
of intestinal permeability to the oligopeptide derivatives. Two
series of dipeptide derivatives, each containing six compounds
with the same number of hydrogen bonding groups and hydro-
gen bonding moieties (AcHN-X-phenethylamide and AcHN-
X-D-Phe-NHMe, respectively), were used for model develop-
ment. A structurally different third series of D-Phe oligomers
was used to test the derived model.

METHODS
Oligopeptides

3To whom correspondence should be addressed. (e-mail: Nineteen oligopeptide derivatives were investigated (Fig.
per.artursson@ galenik.uu.se) 1). Epithelial permeability data and partition coefficients of the
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Fig. 1. Structures of peptide derivatives investigated in this study.
The AcHN-X-phenethylamide and AcHN-X-D-Phe-NHMe dipeptide
derivatives (A) were used to develop the model. The structurally differ-
ent D-Phe-oligomers (B) were used to test the model.

AcHN-X-phenethylamide and AcHN-X-p-Phe-NHMe deriva-
tives were obtained from Dr. Jay Goodwin, Pharmacia &
Upjohn Inc., Kalamazoo (15) and data on the b-Phe oligomers
were obtained from (9) and (15).

Cell Culture and Transport Experiments

Caco-2 cell monolayer permeabilities for the 19 peptide
derivatives were determined by others (15). Since the experi-
mental methodology is slightly different from previous publica-
tions (9), a brief description of the methodology is given: Caco-
2 cells were cultured on Transwell polycarbonate filters (24
mm diameter; pore size 0.4 m; Costar). Both the apical and
the basolateral solutions contained 300 pM verapamil to inhibit
P-glycoprotein-mediated efflux (16). Effective Caco-2 cell
monolayer permeabilities were calculated using the following
equation:

ac v
d[ A - Co

Papp = 4))
where dC/dt is the increase in concentration in the receiver
compartment over time, V the volume of the receiver compart-
ment, A the filter area and C, the peptide concentration in the
donor solution.

Partition Coefficients

Octanol-water (logP,,), heptane-water (logP,,), isooc-
tane-water and heptane-ethylene glycol (logPy,.,) partition coef-
ficients were obtained from the literature (9,15). AlogP for the
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AcHN-X-phenethylamide and AcHN-X-p-Phe-NHMe dipep-
tide derivatives was obtained from the difference between the
logarithms of the octanol-water and the heptane-water partition
coefficients. AlogP for the pD-Phe oligomers was determined
from the difference between the logarithms of the octanol-water
and the isooctane-water partition coefficients. It has been shown
(17) that solute partitioning in the heptane-water and the octane-
water systems is sufficiently similar to be directly comparable.

Maximum Number of Hydrogen Bonds

The maximum number of hydrogen bonds that each com-
pound can form (Ht) was calculated by assuming that every
hydrogen atom that can participate in hydrogen bonding will
contribute +1 to the number of hydrogen bond donors (Hd).
Similarly, the method assumes contributions to hydrogen bond
acceptors (Ha) of +1 for nitrogen atoms and +2 for oxygen
atoms. Ht is the sum of Ha and Hd (14).

Conformational Analysis

The conformational analysis was initiated with a 1000-
step Monte Carlo conformational search (18) using the AMBER
force field in MacroModel v5.0 (19) on Silicon Graphics Indy
and O2 workstations. The global minima from these calculations
were then used as starting points for subsequent 5000- (Ac-p-
phe-NH,) or 10,000-step (all others) Monte Carlo searches. By
using this procedure, it was assumed that the entire conforma-
tional space of low energy conformations (AEg = 2.5 kcal/mol)
would be covered. The low energy conformations obtained from
the two searches were then pooled and duplicates were removed.
An additional conformational analysis was undertaken by a
3000- to 20,000-step Monte Carlo search in a simulated water
environment using the global minima from the analyses without
solvent as starting geometries.

Surface Area Calculations

An in-house computer program (MAREA)* was used to
calculate the surface area of each conformer as described pre-
viously (14). The program calculates the free surface area of
each atom as well as the molecular volume (V). The atomic
van der Waals radii used were the following: sp? carbons 1.94
A, sp* carbon 1.90 A, oxygen 1.74 A, nitrogen 1.82 A, electro-
neutral hydrogen 1.50 A, hydrogen bonded to oxygen 1.10
A and hydrogen bonded to nitrogen 1.125 A (obtained from
PCMODEL v4.0 see 20).

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

4 The program MAREA is available upon request from the authors.
The program is provided free of charge for academic users. The
surface areas calculated by this program differ slightly from those
obtained from calculations in PCMODEL v4.0 reported elsewhere
(13). This is due to: i. PCMODEL uses a grid-based numerical aigo-
rithm for surface area calculations, and ii. the definition of polar
surface area in PCMODEL also includes carbonyl carbon atoms.
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The dynamic surface area (SA,) is a statistical average
obtained by weighting the surface area of each low energy
conformation (AE, = 2.5 kcal/mol) by its probability of exis-
tence according to a Boltzmann distribution (13,21). The
dynamic polar surface area (PSA,), dynamic non-polar surface
area (NPSA,), percentage of the total dynamic surface area that
is polar (%PSA,) and dynamic volume (V,) were determined
in the same manner.

Data Analysis

Multiple sigmoidal and linear regression was performed
using Microsoft EXCELS5.0 for Macintosh. A linear combina-
tion of PSA; and NPSA, (k;, X PSA; — k, X NPSA,) was
used to describe Caco-2 cell monolayer permeability by the
sigmoidal relationship

— Papp,max
P k, - PSA; + k, - NPSA,
1+
Surfacesgq,

P

2

where k, and k, are the weights assigned to the dynamic polar
and dynamic non-polar surface areas, respectively. Pop max 1S
the plateau value of the function, Surfacesys, 1s the value of k;
X PSA4 — ko X NPSA, at half P, max and vy is a slope factor.

The equation was fitted to the permeability data by min-
imizing the sum of squared residuals. The coefficient k; was
kept constant at 1 since it is the relationship rather than the
absolute numbers of k, and k, that is important. In order to
assure that the global minima were found, the iterative proce-
dure was repeated with different starting points. The sigmoidal
model was chosen since it has been shown that the permeability

Table I. Epithelial Permeability, Structural, and Physico-Chemical
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levels out at high and tow transport rates. The higher plateau
is reached as factors other than membrane transport (i.e., the
unstirred water layer) become rate limiting for the permeation
process (22). The lower plateau of the sigmoidal curve is associ-
ated with paracellular transport of the molecule through the
epithelial cell monolayer. The fit of the model was calculated
as R?, the coefficient of determination, which is the sum of
squared residuals from the regression divided by the total sum
of squared residuals in the data set. The predictability of the
model was assessed by the leave-one-out cross-validated R2.
The strength of linear relationships was assessed by the correla-
tion coefficient, r.

RESULTS

Peptide Derivatives

The dependence of intestinal epithelial Caco-2 cell perme-
ability (P,,) on the molecular surface properties was studied
using the 19 oligopeptide derivatives detailed in Table I (15).
Twelve of these were distributed into two homologous series,
each containing six dipeptide derivatives (derivatives of AcCHN-
X-phenethylamide and AcHN-X-D-Phe-NHMe, respectively;
Fig. 1A). The dipeptide derivatives within each of these series
were designed to have the same number of potential hydrogen
bonds. In addition, all twelve dipeptide derivatives contained
the same type of hydrogen bonding moieties. These twelve
peptide derivatives were used for development of a theoretical
model for prediction of membrane permeability.

A third set of seven D-Phe oligomers (Fig. 1B) was used
to assess the applicability of the derived model to a structurally
different set of peptides (9). This set differed from those used

Properties of the Oligopeptide Derivatives Investigated in this Study

NPSA#  PSAfS V4 NPSAE PSAS V¢
log P,,.° vacuum vacuum vacuum  water  water water

Compound* (cm/s)  (AD) (A?) (A% (A (A) (A% Ha® Hd* Ht logP,.” AlogP? logPue,"
AcHN-D-ala-p-phe-NHMe —4.60 2574 539 3009  266.5 588 3039 6 2 8 076 4.29 —4.40
AcHN-p-cha-p-phe-NHMe —4.26 3654 520 4164  365.1 563 4190 o6 2 8 313 403 —3.41
AcHN-gly-p-phe-NHMe —4.65 2333 575 2778 2450 617 2801 6 2 8 048 421 —5.00
AcHN-D-leu-p-phe-NHMe —-432 3214 52.1 367.3 3205 565 3686 6 2 8 203 417 —3.69
AcHN-D-phe,-NHMe —4.26 3410 50.7 39277 3468 567 3942 6 2 8 232 432 —3.70
AcHN-p-val-p-phe-NHMe —4.45 300.1 50.8 3445  304.5 546 3465 6 2 8 1.59 423 =3.77
AcHN-p-ala-phenethylamide  —6.60  291.5 77.8 3599 2962 875 3628 9 3 12 006 6.20 —5.83
AcHN-p-cha-phenethylamide —5.05  402.1 75.0 47677 4045 850 4787 9 3 12 240 581 —5.03
AcHN-gly-phenethylamide -6.85 2732 846 3372 2753 909 3404 9 3 12 -030 6.00 —6.17
AcHN-D-leu-phenethylamide  —5.82  358.2 75.1 4264 3598 852 4296 9 3 12 1.24 585 —5.43
AcHN-D-phe-phenethylamide  —5.55 377.2 75.8 4508 3850 852 4540 9 3 12 144 559 -5.34
AcHN-p-val-phenethylamide ~ —6.05 3355 744 402.7  338.1 835 4055 9 3 12 066 5.99 =5.79
Ac-D-phe-NH, —-5.10 2021 69.6 2517 1994 756 2526 6 3 9 005 497 —5.46
Ac-D-phe,-NH, —-570 3337 880 4236 3407 973 4265 9 4 13 .19 648 —6.52
Ac-p-phe;-NH, —5.64 4439 108.0 5992  455.1 1169 6038 12 S5 17 230 7.32 -7.10
Ac-p-phe,-(NMe-p-phe)-NH, —5.17 4929 932 6232 4732 1094 6216 12 4 16 263 683 —6.28
Ac-D-phe-(NMe-D-phe),-NH, —4.92 4927 943 6458 4850 1034 6449 12 3 15 253 563 -5.14
Ac-(NMe-D-phe);-NH, —4.58 5107 878 6657 5100 920 6715 12 2 14 292 459 —4.20
Ac-(NMe-p-phe);-NHMe —449 5525 740 6922 5545 784 6%44 12 1 13 324 393 —2.86

“ See Fig. | for compound structures.
» Data were obtained from (15).

¢ Structural descriptors were determined as described in the Methods section.
4 Data were obtained from (15) except for those pertaining to the D-Phe oligomers which were obtained from (9).
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for model development both in molecular size and in the number
of potential hydrogen bonds in each compound. The variability
in hydrogen bond number was achieved by increasing the chain
length and by methylation of amide nitrogen atoms. The varia-
tion in size within the series of D-Phe oligomers is greater than
that in the two series used for model development (Table I).
All 19 oligopeptide derivatives are uncharged at the pH (7.4)
used for the permeability studies.

Use of a Simulated Water Environment in the
Conformational Analyses

Conformational searches performed without solvent
resulted in folded conformations (Table I) often stabilized by
intramolecular hydrogen bonds. In contrast, conformational
searches performed in simulated water produced elongated con-
formers with larger PSA which allowed stronger interactions
between polar functional groups and the surrounding solvent.
In spite of this, relationships between the surface properties of
the compounds and P,,;,, and those between the surface proper-
ties and the physico-chemical properties of the compounds were
similar irrespective of the solvent environment used in the
conformational searches. The correlations between molecular
surface properties calculated from conformational searches in
both water and without solvent were also strong (r* was not
less than 0.95 for any surface property). Therefore, in the fol-
lowing only surface properties calculated from conformational
searches in simulated water are presented unless otherwise
stated.

Model Development

The PSA4 values of the six AcHN-X-phenethylamide
derivatives were significantly different from those of the six
less permeable AcCHN-X-D-Phe-NHMe derivatives. However,
the ranking of the dipeptide derivatives within each series
according to their P,,, values was poorly described by PSA4
(Fig. 2A). A similar pattern was observed when AlogP was
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plotted against P, (Fig. 2B). Both PSA4 and AlogP displayed
little variability within each of the two series of dipeptide
derivatives.

In contrast, the calculated NPSA, gave a rank order which
correlated with P, within each of the ACHN-X-phenethylam-
ide and AcHN-X-pD-Phe-NHMe derivative series. However,
NPSA, failed to predict the differences in P,,, between the
series (Fig. 3A). The size descriptors SA; and V4 as well as
%PS A4 gave similar relationships to those provided by NPSA,
when plotted against P,p, (data not shown). Experimentally
determined logP,,, gave a rank order correlation with Py,
within the series, comparable to that obtained with NPSA (Fig.
3B). A strong correlation was observed between NPSA, and
logP,, within each series of dipeptide derivatives (> = 0.96
and 0.98, respectively). The corresponding correlation coeffi-
cients for conformers generated by conformational searches
without solvent were 0.97 and 0.98, respectively.

Thus, none of the investigated single molecular surface
properties correlated well with P, for all twelve peptide deriva-
tives used for model development. Apparently, NPSA,
describes the variability in P,,, within each series while PSA,
accounts for the variability in P,,, between the series. A linear
combination of PSA; and NPSA, was therefore investigated.
PSA, — 0.09 X NPSA, (k; = 0.09 was obtained by minimizing
the sum of squared residuals in eq. 2) was found to have a
strong sigmoidal relationship with P,,, (Fig. 4A; R? = 0.96).
The predictability of the derived model was also high; the leave-
one-out cross-validated R*> was 0.91. A similar but inverted
sigmoidal relationship was obtained between logPy, and Py,
(Fig. 4B; R? = 0.93). An excellent correlation was also obtained
between logPye, and PSA; — 0.09 X NPSA, (r* = 0.96). PSA,
— 0.09 X NPSA, also correlated with AlogP and to some extent
with logP,, (Table II). The combination of surface properties
best describing P,,,, for conformations generated by conforma-
tional searches without solvent was PSA; — 0.06 X NPSA,
(R? = 0.96).
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Fig. 2. Relationship between Caco-2 cell monolayer permeability (P,,,) to and hydrogen bonding proper-
ties of two series of dipeptide derivatives. It was possible to discriminate between the two series (AcHN-
X-phenethylamide ((J) and AcHN-X-D-Phe-NHMe (A) dipeptide derivatives) using dynamic polar surface
area (PSA,), but this parameter resulted in weak relationships with permeability within each of the series
(A). Similarly, it was possible to discriminate between the two series using AlogP, but not to rank
permeability within each series (B). Calculation of PSA,; was based on conformational searches in

simulated water.
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Fig. 3. Relationship between Caco-2 cell monolayer permeability (P,,,) to and lipophilicity of two
series comprising AcHN-X-phenethylamide ((J) and AcHN-X-D-Phe-NHMe (A) dipeptide derivatives,

respectively. A rank order correlation exists between dynamic non-polar surface area (NPSA,) and P,
within each series, but NPSA, failed to account for inter-series variability in P,,, (A). A similar pattern

app

was observed when correlating permeability with logP,., the logarithm of the octanol-water partition
coefficient (B). Calculation of NPSA, was based on conformational searches in simulated water.

A series of structurally different D-Phe oligomers (Fig.
1B) was used to test the applicability of the derived expression
PSA,; — 0.09 X NPSA,. In general, PSA; — 0.09 X NPSA,
underestimated the P,,, of most of the D-Phe oligomers,
resulting in a decrease in R? to 0.88 (Fig. 4A). However, the
combination of surface properties gave a stronger rank order
correlation with P,,, for the D-Phe oligomers than any of the
surface properties alone. The experimentally determined
descriptor logPy., also displayed a weaker relationship with
P.p as the D-Phe oligomers were introduced (R? = 0.81).
However, logPy., gave a slightly stronger rank order correlation
with P, for the D-Phe oligomers than PSA; — 0.09 X NPSA,
(Fig. 4B). A strong correlation between PSA,; — 0.09 X NPSA,
and logPy,., was obtained also after inclusion of the p-Phe

Papp (CTV/8X106)
[5)
(=]

0 $ AA.“_L. 4

20 40 60 80
PSA4-0.09xXNPSA, (A2)

oligomers (r> = 0.90). The relationship between PSA; — 0.06
X NPSA, and P,,, for conformers generated by conformational
searches without solvent also became slightly weaker as the D-
Phe oligomers were introduced (R? = 0.84).

DISCUSSION

In this study, the relationship between experimentally and
theoretically determined molecular properties and epithelial
permeability was investigated. A theoretical model was derived
which takes both the polar and non-polar parts of the dynamic
surface area of the investigated molecule into consideration.
The predictability of epithelial permeability from this model is
comparable to that from the best experimental descriptor, logPyeg.

B
(=]

8

N
(=)

-7 -6 -5 -4 -3
logP (heptane/ethylene glycol)

Fig. 4. Sigmoidal relationship between Caco-2 cell monolayer permeability (P,;) to and a linear combina-
tion of polar and non-polar surface area of two series of dipeptide derivatives, derived as described in
the methods section (A). Calculations of the surface properties of the AcHN-X-phenethylamide ((I) and
AcHN-X-D-Phe-NHMe (A) dipeptide derivatives used were based on conformational searches in simulated
water. A comparable relationship between heptane-ethylene partitioning of and intestinal permeability to
the dipeptide derivatives was obtained (B). The inserts show the corresponding relationships when the
model was tested on the D-Phe-oligomers (X), a series of structurally different compounds.
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Table II. Correlation Matrix (r) for the Structural and Physico-Chemical Descriptors of the Twelve Dipeptide Derivatives Used for Model
Development

NPSA* PSA® BPSA Ve logP” f0gPu.” AlogP? logPy.,”
PSA* 0.254 i
JoPSA —0.441 0.754 1
A\ 0.984 0.417 —-0.279 1
logP,." 0.681 —0.505 —0918 0.551 1
logPuu” 0.282 —-0.836 —-0.954 0.115 0.888 1
AlOgP" 0.261 0.981 0.723 0.425 —-0.504 ~-0.845 1
108P e’ 0.111 ~0.918 ~0.923 ~0.056 0.778 0.958 ~0.894 1
PSA; — 0.09 X NPSA —0.041 0.956 0913 0.132 ~0.729 —0.949 0.934 —0.982

Note: Molecular surface properties calculated from the geometries of the compounds generated by conformational searches in a simulated water

environment are shown.

¢ Determinations of dynamic non-polar surface area (NPSA,), polar surface area (PSA,) per cent polar surface area (%PSA,), and volume (V)

are described in the Methods section.

? Data for octanol-water (logP,,), heptane-water (logP,,,), and heptane-ethylene glycol (logPy.,) partition coefficients were obtained from
(15), as were the difference between the octanol-water and heptane-water partition coefficients (AlogP).

To our knowledge, this is the first example of a theoretical
model that gives a satisfactory relationship between calculated
molecular properties and epithelial permeability to peptides
by accounting for both the hydrogen bonding capacity and
the hydrophobicity.

Molecular descriptors mainly associated with hydrogen
bonding, e.g., PSA; (14) and AlogP (23) accounted for the
difference in permeability seen between the two series (AcHN-
X-phenethylamide and AcHN-X-D-Phe-NHMe derivatives).
This is consistent with previous studies, where the polar surface
area was shown to be an important descriptor of membrane
transport for classes of compounds other than peptides
(11,13,14). However, the dipeptide derivatives used for model
development in the present paper were designed to display littie
intraseries variability in hydrogen bonding capacity, as indicated
by the small variability in PSA, and AlogP within each series.
This is most apparent when considering Ht, which was identical
within each respective series (Table I).

Instead, the introduction of non-polar side chains of various
sizes resulted in variability in the lipophilicity and size of the
molecules within each series. We found that the intraseries
variability in P,,, could be accounted for by molecular descrip-
tors related to size and lipophilicity such as NPSA, and logP,,
(Fig. 3). Thus, either the hydrogen bonding capacity or
lipophilicity/size of compounds, depending on their structure,
can predict their transport across cell membranes. We therefore
tested the hypothesis that a combination of the descriptors would
adequately describe the epithelial permeability to the two series
of dipeptide derivatives.

A linear combination of PSA; and NPSA, resulted in
a strong sigmoidal relationship with P,,, for the AcHN-X-
phenethylamide and AcHN-X-p-Phe-NHMe derivatives (Fig.
4A). The use of conformers generated by conformational
searches without solvent did not aftect the strength of the rela-
tionship between surface properties and P,,,. However, the
relative weight of NPSA, to PSA, decreased slightly when the
solvent was removed in the conformational analyses. This is
not surprising since PSA, is smaller for conformers generated
in vacuum. The decrease in weight of NPSA, is therefore also
an indication of the ability of the dipeptide derivatives to inter-
nalize their polar groups when the possibility of interacting

with the surrounding water vanishes, i.e. their ability to act as
molecular chameleons (24).

LogP/e,. which correlated strongly with PSA; — 0.09 X
NPSA,, also displayed an excellent sigmoidal relationship with
P.op (Fig. 4B). Apparently, logP,., better describes the relative
contributions of hydrogen bonding/polarity and hydrophobicity/
solute size to P,p, than logP,,,, and AlogP. This is in agreement
with previous studies, where logPy,., displayed stronger correla-
tions with intestinal permeability coefficients than AlogP and
logP,., (10). An examination of the solvatochromic parameters
(25) describing the partition coefficients logP,, logPy., and
AlogP reveals that the size of the solute is roughly twice as
important for octanol-water partitioning than for heptane-ethyl-
ene glycol partitioning whereas for AlogP, the effect of size is
negligible (Table III) (23,26).

This is analogous with the molecular surface properties
calculated in this study if NPSA, and logP,,, are considered
to be measures of hydrophobicity, which indeed appears to be
true within each of the two series of dipeptide derivatives. PSA4
and AlogP describe the interactions of the compounds with the
surrounding solvent mainly by hydrogen bonding (Table III)
(23). In this context, PSAy — 0.09 X NPSA, and logPy,
describe a situation between these extremes by giving proper
weight to both hydrophobic and hydrogen bonding interactions.

How can the sirong relationship between P,,, and logPy,
observed in the present study be explained? According to studies
on the incorporation of lipophilic oligopeptide derivatives into
phospholipid membrane vesicles, hydrophobic interactions con-
stitute the major driving force of solute accommodation into
the region of polar phospholipid head groups (27 and references
therein). In contrast, transfer of these compounds into the inte-
rior of the phospholipid bilayer depends mainly on energetically
unfavorable interactions between the bilayer and the polar parts
of the oligopeptide derivatives (i.e., NH and C=0) and to a
lesser extent on hydrophobicity (27).

This is supported by recent advances in molecular dynam-
ics simulations which suggest that solute partitioning into the
dense apolar region of the membrane interior is the main barrier
in the transport process (28). These results imply that membrane
partitioning of oligopeptide derivatives is a two-step process.
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Table III. Summary of Solvatochromic Parameters Describing the Partitioning Systems?

Equation

logP,,, = 5.83(x0.53)V/100 — 0.74 (x0.31)7* — 3.51 (+0.38)p — 0.15(*0.23)a + constant
AlogP = —0.12(+0.30)m* — 1.96(=0.42)B — 3.40(x£0.25)a + constant
logPpw = 2.79(x£0.26)V/100 — 1.53(0.38)7* — 1.69(*=0.29)B — 4.41(*£0.20)a + constant

Note: Values in parenthesis represent the 95% confidence interval of the regression coefficients.

@ The equations for logP,,, and AlogP obtained from (23) were derived from regression analysis of 103 and 75 solutes, respectively. The
equation for logPy,, was derived from 20 solutes and obtained from (26). V is the volume, * is the dipolarity/polarizability, B is the hydrogen
bond acceptor basicity and «a is the hydrogen bond donor acidity of the solute. The volume of the solute is roughly twice as important for
octanol-water partitioning than for heptane-ethylene glycol partitioning whereas for AlogP, the effect of size is negligible.

Lipophilicity is the main determinant for transport of the pep-
tides into the polar head group region of the lipid bilayer and
hydrogen bonding/polarity is detrimental for the transport into
the non-polar interior of the membrane (3). The latter step
may be described by PSA, or AlogP while the former may be
represented by NPSA, or logP,,. Thus, depending on which
of these two steps is rate determining for the overall membrane
permeability, either PSA4/ AlogP or NPSA/logP,,, may be the
better descriptor of drug permeation.

In the present study, both of these situations prevail. Thus,
the difference in P,,, values between the two series of dipeptide
derivatives is mainly the result of the energetically costly pro-
cess of transferring an additional amide group from the polar
region of the phospholipid head groups to the membrane interior
and is therefore best described by PSA, or AlogP. Within each
series however, permeation of the molecules across the intesti-
nal membrane is mainly dependent on the hydrophobically
driven process of transferring the molecule from the water phase
into the polar region of the membrane-water interface and is
therefore best described by NPSA /logP,x.

Since logPy, takes both of these effects into account (see
above), this descriptor provides a strong relationship with P,y
for both series of dipeptide derivatives. It has previously been
suggested that the good results obtained with logPy,, are related
to the fact that heptane mimics the non-polar interior of the
cell membrane while ethylene glycol mimics the glycerol ester
region of the membrane-water interface (26). The results in
this study clearly indicate that the heptane-ethylene glycol parti-
tioning system, at least partly, also describes hydrophobic inter-
actions. Given the strong correlation between a combination of
surface areas and logPy.,, we speculate that this is also the
case for PSA3; — 0.09 X NPSA,.

Although the derived model PSA; — 0.09 X NPSA; was
tested by a leave-one-out cross-validation procedure it cannot
be excluded that the model is less predictive of Py, in other
data sets, e.g., the series of D-Phe oligomers. In this data set,
a systematic underestimation of P,,, was observed. Despite
a thorough analysis of the physico-chemical and calculated
molecular descriptors, no explanation for this behavior was
found. Nevertheless, the result obtained from this theoretical
model is comparable to that of the best experimental descriptor,
lOgPh/eg-

The applicability of the model was also evaluated using
an unrelated data set from a previous study (14). In that study,
an excellent sigmoidal relationship (R? = 0.94) was observed
between PSA, of conformers generated by conformational
searches without solvent and the absorbed fraction after oral
administration to humans for a set of 20 structurally diverse

drugs. When PSA, was substituted for PSA; — 0.06 X NPSA,
in that data set R? increased to 0.96. This result indicates that
a combination of polar and non-polar surface area may be
generally applicable for prediction of drug transport. It is
important to note that NPSA,; may be strongly correlated to
volume (e.g., Table II). Since the diffusion coefficient in the
cell membrane decreases steeply as solute size is increased
(29), the coefficients in k; X PSA; — k, X NPSA, found
in this study will be altered if the model is extrapolated to
substantially larger compounds. However, by using NPSA,
rather than volume or SA, as cavity descriptor, this problem
will most likely be less pronounced.

Since peptides and peptide derivatives may be substrates
for active transporters, the present model was developed using
peptide derivatives containing D-amino acids with C-terminal
modifications. Transport by the oligopeptide carrier is negligi-
ble for such derivatives (30). Further, any influence of efflux
by P-glycoprotein was inhibited by verapamil (see methods
section, 16). Active transport was avoided since the goal in
drug development is to select candidates that do not rely on
active transport and avoid efflux systems in order to obtain
good oral absorption.

In conclusion, a theoretical model useful for the prediction
of epithelial permeability to peptide derivatives has been devel-
oped. The method appears also to be promising for other types
of compounds and further studies are presently underway to
investigate its generality. If this method continues to hold when
a larger number of oligopeptides and peptide mimetics have
been investigated, it can be used to differentiate poorly absorbed
oligopeptides at an early stage of the drug discovery process.
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