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The utilization of the carrier protein PEPT1 for the absorption of peptidomimetic drug molecules
is a promising strategy for oral drug administration and increasing bioavailability. In the
absence of structural information on the binding mode of substrates to PEPT1, a computational
study was conducted to explore the structural requirements for substrates and to derive a
predictive model that may be used for the design of novel orally active drugs. A comparative
molecular field analysis (CoMFA) and a comparative molecular similarity indices analysis
(CoMSIA) were performed on a series of 79 dipeptide-type substrates for which affinity data
had been collected in a single test system under the same conditions. These studies produced
models with conventional r2 and cross-validated coefficient (q2) values of 0.901 and 0.642 for
CoMFA and 0.913 and 0.776 for CoMSIA. The models were validated by an external test set
of 19 dipeptides and dipeptide derivatives. CoMSIA contour maps were used to identify the
recognition elements that are relevant for the binding of PEPT1 substrates. The 3D QSAR
models provide an insight in the interactions between substrates and PEPT1 on the molecular
level and allow the prediction of affinity constants of new compounds.

Introduction

The oral bioavailability of drugs is often limited due
to the barrier formed by the intestinal epithelium. A
promising strategy to overcome this barrier for drug
delivery lies in the utilization of existing transport
systems located in the intestinal cell membranes. The
PEPT1 protein expressed in the apical brush border
membrane of the small intestine mediates the transport
of di- and tripeptides from the intestinal lumen driven
by a transmembrane proton gradient.1-3 Given the
theoretically >8000 endogenous di- and tripeptides, it
is not surprising that the substrate specificity of PEPT1
is very broad, although the affinities of structurally
diverse peptides may differ by some orders of magni-
tude. In addition, it is well-known that also certain
drugs such as â-lactam antibiotics, angiotensin-convert-
ing enzyme (ACE) inhibitors, valacyclovir, and bestatin
are recognized by PEPT1.4-8 These findings make the
PEPT1 pathway attractive for the design of orally active
drugs either by adaptation of the drug’s structure to the
requirements of the transporter or by conjugation of a
drug with a small and rigid substrate of PEPT1. Both
strategies require a detailed knowledge of the binding
site geometry or at least of the pharmacophoric pattern
of substrates.

Due to its membrane-spanning character, the three-
dimensional structure of PEPT1 is hitherto unknown
and will not be available soon. Hence, the main source
of information about structure-affinity/transport rela-

tionships is extensive binding and transport assays
using a variety of structurally diverse compounds fol-
lowed in some cases by computational investigations.9-14

The only other available data come from experiments
with chimeric mammalian peptide transporters or site-
directed mutagenesis studies.15,16 Since the current
knowledge about the substrate specificity of PEPT1 is
based on data collected from different cells, from dif-
ferent species and organs, it is, however, difficult to
condense the results in a single model. The presence of
a free N-terminal R-amino group and a peptide bond
seem to be essential for substrate recognition, although
the peptide bond may be replaced by a ketomethylene
group.17 At the C-terminus, derivatization of the free
carboxyl group is less tolerated by the carrier than its
replacement by hydrophobic groups. With regard to the
stereochemistry of substrates, the carrier protein seems
to be entirely specific for a trans arrangement of the
peptide bond, and dipeptides consisting of two L-amino
acids show in general the highest affinities, although
also dipeptides with one D-amino acid, especially the DL-
isomers, are often recognized by PEPT1.18,19 A distance
of 5.0-6.3 Å between the N- and C-terminus has been
suggested as a further recognition element.11 Consider-
ing not only the nutritional importance of PEPT1 but
also its pharmacological relevance for the oral bioavail-
ability of drugs, structural information about substrate-
protein interactions are highly relevant for a rational
design of orally active peptide mimetics. Therefore, we
performed a computational study to explore the struc-
tural requirements for substrates and to derive a
predictive model that may be used for the design of
novel orally active drugs.

Here, we report the results of conformational analysis,
pharmacophore identification, and three-dimensional

* To whom correspondence should be addressed. Tel: +49-345-
5524862. Fax: +49-345-5527011. E-mail: thondorf@biochemtech.uni-
halle.de.

† Institute of Biochemistry, Department of Biochemistry/Biotech-
nology.

‡ Biozentrum.

5725J. Med. Chem. 2003, 46, 5725-5734

10.1021/jm030976x CCC: $25.00 © 2003 American Chemical Society
Published on Web 11/14/2003



quantitative structure-activity relationship (3D QSAR)
studies using the comparative molecular field analysis
(CoMFA) and the more recently introduced comparative
molecular similarity indices analysis (CoMSIA) on a
variety of structurally diverse dipeptides and dipeptide
derivatives that exhibit a broad range of binding affini-
ties for PEPT1.20,21

Results and Discussion
Conformational Analysis and Molecular Align-

ment. Since the substrates of PEPT1 are in general very
flexible compounds that may exist in numerous local
energy minima, it is a priori not clear whether the
ligand interacts with the receptor in its global minimum
structure or another similarly low energy conformation.
Thus, a systematic conformational search and subse-
quent energy minimization was performed to identify
the relevant conformers of each substrate from which
individual conformational databases were generated.
The number of conformers in these databases was
regulated by considering only those in an energy range
of 5 kcal mol-1 above that of the lowest energy con-
former found and by filtering the dataset for unique
minima using a rms deviation of 0.3 Å as identity
criterion to eliminate redundant conformers. Depending
on the number of rotatable bonds present in the
molecule, the conformational databases contained be-
tween two (30) and 227 (65) conformers.

3D QSAR analyses require a suitable alignment of
conformers based on a template conformation. This
pharmacophore model or bioactive conformation is
defined by a specific geometric arrangement of phar-
macophoric features, such as hydrogen-bond donor and
acceptor sites and aromatic and aliphatic ring centroids,
which represent an image of the macromolecular bind-
ing site. The derivation of the pharmacophore model of
PEPT1 substrates was done using the DISCO module
implemented in the Sybyl program package, which
compares the intramolecular distances between features
across all active compounds. The reference for the
DISCO run should possess, for efficiency, few conform-
ers. This is realized in the relatively high affinity
substrate Ala-ψ[CS-N]-Pro (30, Ki ) 0.33 mM), for
which only two conformers were found to exist with a
trans arrangement of the peptide bond. However, since
Ala-ψ[CS-N]-Pro is not a natural substrate of PEPT1
and its flexibility is restricted by the pyrrolidine ring,
we decided to choose the simplest natural, chiral

substrate of PEPT1, L-Ala-L-Ala (14, Ki ) 0.12 mM) as
the reference compound. For 14, six unique conformers
were obtained from the systematic search. Comparison
of these six conformers with those of 30 revealed that
only a single spatial arrangement is shared by both
compounds (characterized by ψ1 ) 165°, ω1 ) 178°, φ2

) -65°, dN‚‚‚C ) 5.3 Å). In the subsequent DISCO run
with the reference conformer of 14 we considered (1)
site hydrogen-bond-acceptors of the protonated basic
nitrogen atom, (2) site hydrogen-bond-acceptors of the
nitrogen atom of the peptide bond, (3) site hydrogen-
bond-donors to the carbonyl oxygen and the deproto-
nated carboxylic group, (4) hydrogen-bond-donor atoms
and (5) hydrogen-bond-acceptor atoms as pharmacoph-
oric features (Figure 1). The DISCO models were
required to match between three and 12 features.

To derive a pharmacophore model we used DISCO in
a somewhat different way as initially described.22,23 Due
to the high structural diversity of the molecules, the
model was built up stepwise by comparing each con-
former database separately to the reference conformer
of 14. Then, the classical procedure was followed: (i)
combining conformer databases to create a molecular
spreadsheet, (ii) assigning features to the rows auto-
matically, (iii) moving features to the conformers, (iv)
scanning the reference compound 14, (v) admitting 3-12
points of feature requirements, (vi) computing the
model, and (vii) examination and analysis of the results
spreadsheet. The best matches were combined in a
conformational database providing the source for sub-
sequent 3D QSAR analyses. However, not all DISCO
runs yielded a model suitable for these analyses.
Therefore, for compounds 15, 19, 29, 44, 61, 73, and 74,
a manual alignment by fitting of the peptide backbone
onto the template was performed. For the conformers
with defined backbone torsion angles and N‚‚‚C dis-
tances (exceptions are, for example, compounds 25, 32,
33, 35, 36, and 42, Table 1), the following geometrical
data characterize the model: ψ1 ) 165° to 142°, ω1 ≈
180°, φ2 ) -57° to -98° and dN‚‚‚C ) 5.2-5.6 Å (Figure
1). From the pharmacophore generation a very simple
three-point recognition model can be derived comprising
a single hydrogen-bond-donor atom (D), one hydrogen-
bond-acceptor atom (A), and an area of high electron
densitiy (e-) as shown in Figure 1 (cf., Table 1). A second
hydrogen-bond-donor, such as the peptide nitrogen
atom, does not seem to be essential (which is in

Figure 1. The 3D structure of 14 and the three-point recognition model for PEPT1 (D ) Donor, A ) Acceptor and e- ) high
electron density).
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Table 1. Biological Data and Results of the Conformational Search and of the DISCO Analysis for the Compounds Used in the
Training Set
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accordance with the high affinity of 4, 5, 11, 15, 19, 21,
23, 26, 37 and 38).

CoMFA and CoMSIA Studies. Starting from the
structural alignment of all conformers that is depicted
in Figure 2, a comprehensive CoMFA and CoMSIA
analysis was initiated. A training set comprising 79
dipeptide-type substrates of PEPT1 allowed the deriva-
tion of 3D QSAR models of statistical significance (Table
3). They provide a satisfying prediction of binding
affinities for PEPT1. Fitted predictions versus measured
binding affinities are plotted in Figure 3. In general,

CoMSIA results yield slightly better correlations with
regard to higher q2 values, whereas the numbers of PLS
components is equal. Models were evaluated for a 2 Å
grid spacing. For CoMSIA, an additional lattice using
an 1 Å grid spacing was evaluated to illustrate physi-
cochemical features in smoother contour maps.

As the predictive ability of our models can be over-
estimated, an external validation was performed on a
test set comprising 19 dipeptide-type substrates (Table
2). Plots of the predictive versus measured affinity
constants are shown in Figure 4. The predicted sub-

Table 1. (Continued)

a Affinity constant. b Number of conformers of the systematic search using an energy cutoff of 5 kcal mol-1. c Energy difference between
the selected conformer and the lowest energy conformer found by the systematic search. d Distance between donor (D) and acceptor (A).
e Distance between donor (D) and regions of high electron density (e-), where e- is defined as the centroid of the two C-terminal carboxyl
oxygen atoms or the aromatic moiety of aryl amides. f Number of features for a DISCO run. g Measure for the deviation of the distance
between the features in the ligand and in the reference compound 14. h Reference compound. i Manual fitting. j Root mean square measured
along the backbone. k Root mean square measured along the backbone without the ammonium nitrogen atom. l Not available. m Root
mean square measured along the backbone without the C-terminal carbon atom.
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strate affinities for the test set are in almost all cases
in reasonable agreement with the experimental values,
which supports the predictive ability of the statistical
models generated by both 3D QSAR methods. In CoM-
SIA, one outlier, 88 (Pro-Leu), was observed. This is
probably due to the anomalous gradual decrease of
measured affinity constants compared to physicochem-
ical properties of molecules of the Pro-Xaa series.
Affinity constants for Pro-Xaa dipeptides range from
0.47 mM for Pro-Leu up to 22 mM for Pro-Gly. While

Pro-Xaa dipeptides bearing hydrophobic side chains
show reasonable affinities (e.g., 47, 86, 88, and Pro-Pro,
0.61 mM), substrates carrying charged and hydrophilic
amino acids in the second position yield lower affinities
(e.g., Pro-Lys, 3.2 mM; Pro-Asp, 9.8 mM; Pro-Ser, 14
mM; and Pro-Glu, 20 mM).10 It seems that this huge
variance of affinity constants is difficult to fit into our
3D QSAR models.

Graphical Interpretation of the Results. Klebe
has recently pointed out that fields used in CoMFA
imply some inherent deficits arising from Lennard-
Jones and Coulomb potentials.24 Due to these problems,
CoMFA maps are often not contiguously connected and

Table 2. Biological Data and Results of the Conformational Search and of the DISCO Analysis for the Compounds Used in the Test
Set

a Affinity constant. b Number of conformers of the systematic search using an energy cutoff of 5 kcal mol-1. c Energy difference between
the selected conformer and the lowest energy conformer found by the systematic search. d Distance between donor (D) and acceptor (A).
e Distance between donor (D) and regions of high electron density (e-), where e- is defined as centroid of the two C-terminal carboxyl
oxygen atoms or the aromatic moiety of aryl amides. f Number of features for a DISCO run. g Measure for the deviation of the distance
between the features in the ligand and in the reference compound 14. h Aromatic moiety is situated at the opposite site. i Not available.
j Manual fitting. k Root mean square measured along the backbone.

Figure 2. Structural alignment of the training set (hydrogen
atoms bonded to carbon atoms have been omitted for clarity).

Table 3. Summary of CoMFA and CoMSIA Results

CoMFA CoMSIA

q2 0.642 0.776
spress 0.580 0.459
r2 0.901 0.913
S 0.305 0.285
F 168 195
components 4 4
fraction

steric 11.7
electrostatic 22.9
lipophilic 24.5
donor 24.2
acceptor 16.7
grid spacing (Å) 2 2
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are accordingly difficult to describe. For this reason, we
will restrict the graphical interpretation of the models
to CoMSIA field contributions to different physicochem-
ical properties. However, it should be mentioned that
the CoMFA model derived for the training set produced
similar features for steric and electrostatic map proper-
ties compared to CoMSIA.

In Figure 5, the steric field properties are shown as
contour maps. Green regions (denoted as S1 and S2)
correspond to areas where bulky group substitution is
likely to enhance the affinity, while yellow contours
(labeled as S3-S5) indicate regions where steric bulk
is detrimental to binding affinity. The green contours
imply the presence of two large cavities in the receptor
binding site that accommodate the side chains of dipep-
tides. This finding is in agreement with our previous
observation that bulky side chains of dipeptides (e.g.,
1-3, 7-12, Table 1) increase affinity. In Figure 5a, this
is demonstrated for two high-affinity substrates, i.e., 2
(gray) and 12 (purple), which fill those regions with their
aromatic side chains.

Disfavored steric field contributions in the region S3
may hold for the moderate to low affinities of Pro-Xaa
dipeptides (47, 72, 73) and of ortho-substituted alanyl
aryl amides (39, 51, 53, 64, 70). As shown exemplarily

for 47 and 64 in Figure 5b, a portion of the pyrrolidine
ring and the ortho-substituents lie in this region (marked
by circles). A second smaller disfavored region (labeled
as S4) is mainly occupied by the side chains or the
N-terminal amino group of DL- and DD-dipeptides, as
demonstrated in Figure 5b for D-Ala-Ala 48. The third
disfavored area marked with S5 is occupied by the side
chains of D-configured C-terminal amino acids (54, 69,
76, 79), which show diminished binding affinity as
compared to their L-analogues.

The contribution maps of electrostatic fields are
depicted in Figure 6. They indicate regions where
positive charges are favorable (or negative unfavorable,
E1, blue) and where negative charges are favorable (or
positive unfavorable, E2, red). The blue contour, E1, is
related to the protonated amino group present in all
natural dipeptides at physiological pH, while the red
contour, E2, corresponds to the area where increased
electron density results in a higher affinity.

Replacement of the N-terminal ammonium group by
amide groups as in 60, 75, and 78 or its misplaced
orientation for â-Ala-Ala 55 (Figure 6) or â-Ala-â-Ala
77 results in a notable to dramatic fall off in affinity.
This indicates that a positively charged residue in this
region is important for the PEPT1 affinity.

Figure 3. Predicted versus measured affinity constants for the 79 dipeptides and dipeptide derivatives of the training set. The
predicted values were obtained by PLS analyses using CoMFA and CoMSIA with 2 Å grid spacing. Dashed lines denote deviations
of one logarithmic unit.

Figure 4. Predicted versus measured affinity constants for the test set of 19 compounds obtained by PLS analyses using CoMFA
and CoMSIA with 2 Å grid spacing. Dashed lines denote deviations of one logarithmic unit.
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The comparison of alanyl pipecolinic acid 4 and alanyl
piperidide 68, differing in their affinities by a factor of
215, illustrates the tremendous effect of a missing
negative charge at the C-terminus. Interestingly, alanyl
aryl amides show also reasonable affinities (25, 27, 32,
33, 35, 36, 39, 42, and 51-53). Here, the presence of
the aromatic moiety increases the electron density in
this region, which leads to appreciable affinities.

On the basis of electrostatic contour maps, it is
possible to explain why only cyclic dipeptides carrying
positively charged side chains (like lysine or ornithine)
still show an appreciable affinity to PEPT1.25 The
positively charged amino group of the side chain coin-
cides with the position of the N-terminal ammonium
group of linear dipeptides. Moreover, one of the carbonyl
oxygens of the diketopiperazine ring is situated in the
same region where one oxygen atom of the carboxyl
group at the C-terminus is placed.

The maps for hydrophobic field contributions are
shown in Figure 7a-c. Lipophilic favorable regions are
colored in orange (Figure 7a, labeled as L1 and L2), and

hydrophilic favorable regions are colored in cyan (Figure
7b, marked as L3 and L4). The main hydrophilic
contributions arise from the two polar regions at both
tips of the molecule, which is in agreement with the
electrostatic fields (Figure 7b,c). The lipophilic area L1
in part coincides with the sterically favored region S2,
thus suggesting that a lipophilic bulky side chain at the
C-terminal end is advantageous for the binding affinity.
Interestingly, there is no hydrophobic field contribution
at the N-terminal amino acid, which indicates that both
hydrophobic and hydrophilic side chains are comparably
tolerated in this position.

In particular, lipophilic areas L1 and L2 enclose parts
of the aromatic moieties of alanyl aryl amides, mainly
their substituents such as phenyl, methyl, or chloride
groups. This might explain why alanyl aryl amides
carrying lipophilic meta and para substituents show
noteworthy affinities (see Figure 7a, 25 and 33), while
their analogues carrying hydrophilic para substituents
such as the carboxyl group in 66 possess lower affinities
(Figure 7b,c). In contrast, ortho substitution by hydro-
phobic residues is unfavorable for affinity (e.g., 70),
whereas hydrophilic ortho substitution is advantageous
(39, 51).

In Figure 8, contribution maps of hydrogen-bond-
donor fields are shown. Cyan areas belong to regions
(denoted with D1-D3) where donor groups enhance
binding affinity. In the case of the compounds under
study, these regions are occupied by the hydrogen atoms
of the N-terminal ammonium group or the ε-ammonium
groups of diketopiperazines (vide supra) as shown
exemplarily for compound 18 in Figure 8a. Replacement
of one ammonium hydrogen by a methyl group is
tolerated by PEPT1 (46). Contours colored in purple and
labeled as D4-D6 denote regions where hydrogen
donors should not be present. Its occupancy by the imine
hydrogens of Pro-Xaa dipeptides (47, 72, 73), amide
hydrogens (60, 75, 78), or the ammonium groups of DL-
and DD-isomers (44, 56, 63, 76, 79) generally results in
low affinity. This is shown for compounds 73 and 78 in
parts a and b of Figure 8, respectively.

In Figure 9, the contour maps of hydrogen-bond-
acceptor fields are shown exemplarily for 14 and 54. The
region colored in magenta (labeled as A1) denotes the
presence of hydrogen-bond-donors at the receptor site,
while the region colored in red (marked for one example
by A2) denotes that acceptor groups in the substrates
have no counterparts in the receptor site. The acceptor
fields A1 and A2 may explain the different affinity of
LL-, LD-, and DD-isomers.19,26 The C-terminal carboxylic
group of LD- and DD-isomers is placed in the region A2,
while the favorable region A1 is occupied by the carboxyl
group of LL- and DL-dipeptides, which is necessarily
closely related to the contour field of high electron
density (E2 in Figure 6).

To proof the predictive power of our 3D QSAR model,
we tried to predict affinities of substrates that were
neither included in the training nor in the test set (Table
4). Compounds were first predicted and afterward
measured in our laboratory. Deviations of affinities were
not higher than (0.57 logarithmic units. The highest
deviation was observed for the dipeptide 100, which
bears valine at the N-terminal and the less hydrophobic
amino acid alanine at the C-terminal position, while

Figure 5. CoMSIA stdev*coeff contour plots for steric proper-
ties. Green isopleths indicate regions where bulky groups
enhance affinity. Yellow isopleths are regions that should be
kept unoccupied. (a) The high-affinity substrates 2 (gray) and
12 (purple) and (b) the low-affinity substrates 47 (orange), 48
(green) and 64 (purple) are displayed for demonstration
purposes. Circles in S3 denote substituents pointing into this
disfavored area.

Figure 6. CoMSIA stdev*coeff contour plots for electrostatic
properties. The blue contour denotes a region where positively
charged groups enhance affinity, whereas the red contour
indicates a region where negative charges increase affinity.
The comparison of 14 (magenta) and 55 (gray) demonstrates
the differences in the position of the positively charged
N-terminus that may hold for the difference in binding affinity
by a factor of 40.
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predictions of hydrophobic, valine-containing dipeptides
as 101 and 102 yield better correlations. The deviation
might be explained by some special peculiarities of the
natural system, e.g., hydrophobicity, that receive much
greater influence as in silico methods can propose.

In general, using CoMSIA contour maps the affinity
differences of substrates of PEPT1 can be reasonably

explained. However, we are not able to explain all
binding differences.

Finally, it should be pointed out that the CoMSIA
method correlates and compares only similarities of
molecules to each other and no absolute values. In this
respect, one has to be aware that all the features derived
from the QSAR studies are only a mirror of the
structural variation of the data set.

Figure 7. CoMSIA stdev*coeff contour plots showing lipophilic and hydrophilic properties. The orange contours (L1 and L2)
indicate regions where lipophilic groups enhance affinity, whereas cyan contours (L3 and L4) indicate regions where hydrophilic
groups increase affinity. (a) 25 (green) and 33 (orange), (b) 51 (purple) and 70 (green), (c) 14 (magenta) and 66 (green). In parts
a and b, the fields of lipophilic and hydrophilic properties were separated for clarity.

Figure 8. CoMSIA stdev*coeff contour plots for hydrogen-
bond-donor fields. Cyan isopleths (D1-D3) enclose regions
where hydrogen-bond-donor groups should be directed toward
acceptors at the receptor site, while purple areas (D4-D6)
indicate regions where donor groups decrease affinity. (a) 18
(cyan) and 73 (purple). (b) 78. Hydrogen atoms directed toward
disfavored regions are colored in purple.

Figure 9. CoMSIA stdev*coeff contour plots for the hydrogen-
bond-acceptor properties. The magenta isopleth marks the
region favored by acceptor groups, while the red isopleths
denote areas in which acceptor groups have no counterparts
at the receptor site. Compounds 14 (magenta) and 54 (green)
have been chosen to illustrate where differences in the position
of the carboxyl group in the substrate affect the binding
affinity.

Table 4. Predicted and Measured Affinity Constants of
Substrates Not Included in the Training or the Test Set

a Affinity constant predicted by CoMSIA using a 2 Å grid space.
b Measured affinity constant. c Residuals are given as deviations
from the measured value (log 1/Ki meas - log 1/Ki pred).
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Conclusions
In the present study, it has been demonstrated that

3D QSAR models are useful tools to explain different
affinities of dipeptides and their derivatives to the
intestinal peptide transporter PEPT1. Both methods,
CoMFA and CoMSIA, yield similar results. By combin-
ing the five CoMSIA contour maps, i.e., steric, electro-
static, hydrophobic/hydrophilic, hydrogen-bond-donor,
and hydrogen-bond-acceptor, we have identified six
recognition elements that are favorable for binding to
PEPT1: (i) the presence of bulky side chains, (ii) a
positively charged N-terminus and a region of high
electron density at the C-terminus, which are com-
mensurate with (iii) two hydrophilic regions, (iv) a
preferred hydrophobic region at the C-terminal part, (v)
a hydrogen-bond-donor region at the N-terminus, and
(vi) a hydrogen-bond-acceptor region crucial for dif-
ferentiation between LL-, DL-, LD-, and DD-isomers. The
present 3D QSAR models allow the prediction of Ki-
values of new compounds.

Methods
Data Sets. For the computational investigations we selected

a training set of 79 diverse dipeptides and dipeptide deriva-
tives covering a range of Ki values from 0.02 to 100 mM (Table
1) whose affinity constants for PEPT1 were measured in our
laboratory. The validation of the model was carried out using
a test set of 19 compounds (Table 2), again tested in our
laboratory for their affinity toward PEPT1.

Biological Data. The biological data were obtained using
the intestinal Caco-2 cell line expressing PEPT1. Caco-2 cells
were obtained from the German Collection of Microorganisms
and Cell Cultures and cultured as described previously.27,28

Uptake of [14C]Gly-Sar (specific radioactivity 53 mCi mmol-1,
Amersham International, UK) was measured on the 6th to 7th
day after cells reached confluence.27,28 The uptake buffer (1
mL) contained 25 mM Mes/Tris (pH 6.0), 140 mM NaCl, 5.4
mM KCl, 1.8 mM CaCl2, 0.8 mM MgSO4, 5 mM glucose, 10
µM [14C]Gly-Sar, and increasing concentrations (0-31.6 mM)
of unlabeled substrates (Sigma-Aldrich Chemie, Bachem, or
synthesized according to standard procedures in peptide
chemistry29). Results are given as the mean (n ) 4). Nonlinear
regression analysis, calculation of inhibition constants (Ki)
from IC50 values, and statistical analysis were carried out as
described earlier.27,28

Conformational Search and Molecular Alignment. All
molecular modeling studies were performed using the Sybyl
program package30 running on a SGI Octane2 R12000 work-
station.

The starting structures were built with charged C- and
N-termini as well as trans peptide bonds. Partial atomic
charges were calculated according to the Gasteiger-Marsili
method and energies were computed with the standard Tripos
force field using a dielectric constant of ε ) 80 for the scaling
of electrostatic interactions to mimic the aqueous environ-
ment.31,32 The structures were submitted to a systematic search
in which all rotatable bonds were allowed to vary in 30° steps.
The energy cutoff was set to 10 kcal mol-1 above the lowest
energy structure. The outcome of the conformational search
was filtered with a search algorithm for local minima in
torsional space.33 The remaining structures were subsequently
minimized using the Powell minimizer until the rms (root-
mean-square) gradient was less than 10-3 kcal mol-1 Å-1.
Structures that converged to the same minimum were omitted
on the basis of their energies and by a rms fitting procedure
in which all non-hydrogen atoms were superimposed using 0.3
Å as similarity cutoff. The remaining conformers were stored
in conformational databases.

The derivation of the pharmacophore model was performed
with the DISCO23 module of Sybyl using 14 as reference
structure (see the Results and Discussion), with a maximum

tolerance up to 0.5 Å, and requiring the models to have 3-12
matched features. In cases where more than a single conformer
fitted to the specific distances, the lower energy conformer was
chosen. The set of superimposed structures was stored in a
molecule database for subsequent 3D QSAR analyses.

3D QSAR Analyses. All CoMFA calculations were per-
formed using the Advanced CoMFA module implemented in
Sybyl. Steric and electrostatic fields were calculated using
Lennard-Jones and Coulomb potentials with a dielectric
constant ε ) 1/r and a nonbonded cutoff value of 30 kcal mol-1.
Hydrogen-bonding fields were created by assigning energies
equal to the steric cutoff energy to lattice points that are close
to H-bond-accepting or -donating atoms.34 Indicator fields were
used to convert continuous data to discrete results.35 A sp3

carbon atom was used as a probe atom with a charge of +1.
In CoMSIA analyses five physicochemical properties (steric,

electrostatic, hydrophobic, and hydrogen-bond donor and ac-
ceptor) were examined, using a sp3 carbon atom with an 1 Å
radius and a charge, hydrophobicity, and hydrogen-bond
property of +1. A Gaussian-type distance dependence was
considered between the grid point q and each atom i of the
molecule. The value of the attenuation factor R was set to 0.3,
as described by Böhm et al.36 For both methods, lattices with
a grid spacing of 1 and 2 Å and equal box dimensions with a
sufficiently large margin (>4 Å) were considered.

PLS analyses were performed by following the standard
implementation in Sybyl. The descriptors were scaled to each
other by the standard scaling option. The statistical signifi-
cance of the 3D QSAR models was checked using the cross-
validation procedure “leave-one-out” (LOO) and the enhanced
version of PLS, the SAMPLS method.37 The optimum number
of components was determined by selecting the smallest
standard error of prediction and the highest q2 value. Subse-
quently, this value was used in the final PLS run without
cross-validation to estimate r2. The minimum σ value (column
filter) for CoMSIA was set by considering about 10% of the
variables in the PLS analyses (usually between 1.5 and 2).
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(36) Böhm, M.; Stürzebecher, J.; Klebe, G. Three-dimensional quan-
titative structure-activity relationship analyses using compara-
tive molecular field analysis and comparative molecular simi-
larity indices analysis to elucidate selectivity differences of
inhibitors binding to trypsin, thrombin, and factor Xa. J. Med.
Chem. 1999, 42, 458-477.

(37) Bush, B. L.; Nachbar, R. B., Jr. Sample-distance partial least
squares: PLS optimized for many variables, with application
to CoMFA. J. Comput.-Aided Mol. Des. 1993, 7, 587-619.

JM030976X

5734 Journal of Medicinal Chemistry, 2003, Vol. 46, No. 26 Gebauer et al.


