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Purpose. The aim of this study was to develop a three-dimensional quantitative structureYactivity

relationship (QSAR) model for binding of tripeptides and tripeptidomimetics to hPEPT1 based on a

series of 25 diverse tripeptides.

Methods. VolSurf descriptors were generated and correlated with binding affinities by multivariate data

analysis. The affinities for hPEPT1 of the tripeptides and tripeptidomimetics were determined

experimentally by use of Caco-2 cell monolayers.

Results. The Ki-values of the 25 tripeptides and tripeptidomimetics ranged from 0.15 to 25 mM and the

structural diversity of the compounds was described by VolSurf descriptors. A QSAR model that

correlated the VolSurf descriptors of the tripeptides with their experimental binding affinity for hPEPT1

was established.

Conclusion. Structural information on tripeptide properties influencing the binding to hPEPT1 was

extracted from the QSAR model. This information may contribute to the drug design process of

tripeptides and tripeptidomimetics where hPEPT1 is targeted as an absorptive transporter for

improvement of intestinal absorption. To our knowledge, this is the first time a correlation between

VolSurf descriptors and binding affinities for hPEPT1 has been reported.
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INTRODUCTION

The human intestinal di-/tripeptide transporter hPEPT1
has been proposed as a potential target for increasing
intestinal absorption of di- and tripeptidomimetic drug
candidates (1,2). This strategy is based on studies showing
that tripeptidomimetics (e.g., "-lactams) (3,4) and dipep-
tidomimetics (e.g., ACE inhibitors) (5Y7) have affinity for
hPEPT1 and are translocated across the enterocytic apical
membrane by this transporter. hPEPT1 seems to be the sole

intestinal transporter for mediating intestinal absorption of
dipeptides and tripeptides (1). Furthermore, the 20 naturally
occurring amino acids found in proteins transform into 8000
possible tripeptide substrates for hPEPT1, which emphasizes
the broad substrate specificity of this transporter.

Rational drug design, in which hPEPT1 may be utilized
as an absorptive transporter for di- and tripeptidomimetics,
requires detailed knowledge about the structure and function
of the transport protein as well as the structural elements of
importance for substrate binding. Considering the limited
number of crystal structures available for membrane pro-
teins, systematic ligand-based investigations on structural
requirements for binding and transport still represent the
most important way to gather structural information, which
may subsequently be used in drug design of substrates.

Improvement of pharmacokinetic properties has become
an integrated part of the drug design process; therefore, the
need for in silico models correlating molecular structures
with pharmacokinetic properties has increased. Several
computer-derived models on structural requirements for
ligand binding to hPEPT1 have been proposed over the
years (8Y12). A comprehensive three-dimensional quantita-
tive structureYactivity relationship (3D-QSAR) model for
dipeptides/-mimetics was published by Gebauer et al. (10).
The pharmacophore was described by the distance between
three important molecular features using the dipeptidomi-
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metic Ala=[CS-N]-Pro (thioamide as peptide bond isostere)
as reference compound. Gebauer et al. used comparative
molecular similarity indices analysis (CoMSIA) performed
on 79 dipeptides/-mimetics, which resulted in a predictive
model from which molecular features important for binding
of dipeptides/-mimetics to hPEPT1 could be extracted (10).
The features were a hydrogen bond donor site located
around the protonated N-terminus, a hydrogen bond accep-
tor site located around the carbonyl group in the first residue,
and an area of high electron density around the deprotonated
C-terminus. The identified features were similar to findings
in other structural investigations of hPEPT1 substrates (8,13).
Based on a series of "-lactam antibiotics, Våbenø et al. (14)
identified the bioactive conformation of dipeptides/-mimetics
recognized by hPEPT1, which was described by three
backbone torsion angles (=1~165-, 51~180-, and 82~280-)
(cf. Fig. 1). These angles were in good agreement with the
findings of Gebauer et al. (10). Furthermore, a correlation
was obtained between hPEPT1 binding affinities and the
conformational energy penalty paid by the dipeptides/-
mimetics when adopting the bioactive conformation.

Although the studies by Gebauer et al. (10) and Våbenø
et al. (14) were extensive, none of the models included
tripeptides. Because the region expected to be occupied by
the third residue of tripeptides is not represented in these
models, it is difficult to extract explicit information about
structural requirements for binding of tripeptides/-mimetics
to hPEPT1. Consequently, it is not possible to achieve
reliable affinity predictions for tripeptides/-mimetics from
these models. Thus, there is an apparent need for new
computational models that include such compounds. During
the preparation of our manuscript, an extension of the
dipeptide model by Gebauer et al. was published (9). An
approach similar to the one used in their dipeptide model was
applied on a data set containing dipeptides/-mimetics,
tripeptides, and "-lactams, and two pharmacophore models
were developed to embrace all "-lactams. Moreover, a 3D-
QSAR model based on CoMSIA was established (9).

The aim of the present study was to investigate the
affinity for hPEPT1 of a series of diverse tripeptides and
subsequently investigate the structureYaffinity relationships
for tripeptide binding to hPEPT1. Our strategy was to
calculate molecular descriptors representing structural prop-
erties of the tripeptides relevant for binding to hPEPT1.
Subsequently, a correlation between molecular descriptors
and binding affinities for hPEPT1 was obtained by multivar-
iate data analysis.

MATERIALS AND METHODS

Materials

H-Ala-Ala-Pro-OH (AAP) (purity > 99%), H-Gly-Phe-
Phe-OH (GFF) (purity > 99%), H-Gly-Val-Phe-OH (GVF),
H-Ser-Ser-Ser-OH (SSS) (purity > 99%), H-Gly-Gly-Leu-OH
(GGL) (purity > 99%), H-Ala-Ala-Ala-OH (AAA) (purity >
98%), H-Ser-Gly-Gly-OH (SGG) (purity > 99%), H-Gly-Phe-
Gly-OH (GFG) (purity > 98%), H-Gly-Sar-Sar-OH
(G<G<G), H-Gly-Gly-Gly-OH (GGG) (purity > 99%), H-
Gly-Gly-Sar-OH (GG<G) (purity > 99%), H-Arg-Gly-Asp-
OH (RGD) (purity > 98%) (pKa1 = 2.1, pKa2 = 3.9, pKa3 =
9.0, pKa4 = 12.5) H-Arg-Lys-Asp-OH (RKD) (purity > 98%)
(pKa1 = 2.1, pKa2 = 3.9, pKa3 = 9.0, pKa4 = 10.0, pKa5 = 12.5),
H-Lys-Trp-Lys-OH (KWK) (pKa1 = 2.2, pKa2 = 9.0, pKa3/
pKa4 = 10.0) (purity > 99%), and H-Gly-Ala-Asp-OH
(GAD) (pKa1 = 2.1, pKa2 = 3.9, pKa3 = 9.6) were purchased
from BaChem (Weil am Rhein, Germany). The purity of GVF,
GAD, and G<G<G was not available from BaChem. The
custom syntheses of H-Asp-Arg-Glu-OH (DRE) (pKa1 = 2.2,
pKa2 = 3.9, pKa3 = 4.2, pKa4 = 9.8, pKa5 = 12.5), H-Glu-Glu-
Gly-OH (EEG) (pKa1 = 2.3, pKa2/pKa3 = 4.2, pKa4 = 9.7),
and H-Asn-Phe-Trp-OH (NFW) as trifluoroacetic acid (TFA)
salts were performed by SynPep (Dublin, CA, USA) with
HPLC purity > 98%. H-Gly-Glu-Trp-OH (GEW) (pKa1 = 2.4,
pKa2 = 4.2, pKa3 = 9.6) was custom synthesized as TFA salt
by NeoMPS (Strasbourg, France) with HPLC purity > 99%.

Caco-2 cells were obtained from the American Type
Culture Collection (Manassas, VA, USA). Cell culture media
and Hanks balanced salt solution (HBSS) were obtained
from Life Technologies (Høje Taastrup, Denmark). All
HPLC solvents were of analytical grade, and chemicals used
in buffer preparations were of laboratory grade. Other
commercially available chemicals used were from Sigma (St.
Louis, MO, USA). Fmoc-protected amino acids, coupling
reagents, and solid supports for the synthesis were also
purchased from Sigma. [14C]Gly-Sar with a specific activity
of 49.94 mCi/mmol was from New England Nuclear (Boston,
MA, USA). H-Lys-Z[NO2]-Pro-OH was kindly donated by
Professor Klaus Neubert, Department of Biochemistry,
Martin-Luther-Universität, Halle-Wittenberg, Germany.

Apparatus

The HPLC system for quantitative analyses was a Merck
Hitachi LaChrom Elite consisting of an HTA pump (L-2130),
a column oven (L-2300), and an autosampler (L-2300) with
integrated cooling unit equipped with a Diode Array Detector
(L-2450). The system was operated from the software Merck
EZChrom Elite v3.1.3. All compounds were eluted on a
Waters Spherisorb S5OdS2 reverse-phase column (5 2m,
250 � 4.6 mm). Radioactivity was counted on a Tri-Carb
2110TR Liquid Scintillation Analyzer from Packard (Perkin-
Elmer Life and Analytical Sciences, Boston, MA, USA). The
transepithelial electrical resistance (TEER) of Caco-2 cell
monolayers was measured in a tissue-resistance measurement
chamber (Endohm) with a voltohmmeter (EVOM) from
World Precision Instruments (Sarasota, FL, USA). The
monolayers used had TEERs in the range of 500Y700 4

Fig. 1. The general structure of tripeptides. =1, 51, 82, =2, 52, and 83

define the torsions of the tripeptide backbone. R1, R2, and R3 are

side chains of naturally occurring amino acids in the first, second, and

third residue, respectively. X1 and X2 are NH or N(CH3).
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cmj2. The shaking plate used for cell culture experiments
was a Swip KS 10 Digi from Edmund Bühler (Hechingen,
Germany).

The reverse-phase preparative HPLC system used for
purification of crude tripeptides consisted of a Gilson 215
liquid handler and a Gilson 322 pump. The system was
equipped with a Gilson 155 UV detector and controlled via
the Unipoint software. The freeze-dryer was a Christ Alpha
2-4 LSC. 1H and 13C NMR characterization of the
synthesized tripeptides was performed on an Oxford 300/75-
MHz apparatus and data were recorded on Mercury Plus
Varian or Gemini 2000 Varian. Further characterization and
purity determinations of the tripeptides were performed
using a liquid chromatography/mass spectrometry (LC/MS)
system consisting of a Waters 2795 alliance separation
module with a Waters 2996 photodiode array detector
operated from the MassLynx Spectrometry software.

Tripeptide Synthesis and Purification

Solid-phase peptide synthesis was applied for the
synthesis of H-D-Phe-Ala-Ser-OH (D-FAS), H-D-Phe-Ser-
Ala-OH (D-FSA), H-D-Val-Ala-Ser-OH (D-VAS), H-D-Val-
Ser-Ala-OH (D-VSA), H-D-Tyr-Ala-Ser-OH (D-YAS), and
H-D-Tyr-Ser-Ala-OH (D-YSA). The synthesis was performed
by standard solid-phase techniques using the 9-fluorenyl-
methoxycarbonyl (Fmoc) protocol with O-(benzotriazol-1-
yl)-N,N,N¶,N¶-tetramethyluronium BF4

j (TBTU) salt as the
coupling reagent and 2-chlorotrityl chloride resin as the solid
support (15). The coupling method was based on three
equivalents of Fmoc-Xaa-OH/TBTU/diisopropylethylamine
(1:0.96:1.33) in N,N-dimethylformamide (DMF) for 2 h.
Deprotection from Fmoc was performed with 20%
piperidine in DMF and the amide bond formation was
verified by the Kaiser test (16). The final step with
concomitant deprotection from the tert-butyl side-chain
protection group at serine and peptide cleavage from the
resin was performed using a mixture of TFA/dichlorometh-
ane/H2O/triisopropylsilane (14:4:1:1).

The tripeptides were purified by reverse-phase prepar-
ative HPLC applying a gradient elution of 20Y90% acetoni-
trile with 0.1% TFA in water, and then freeze-dried.
Characterization and purity determination was performed
by 1H and 13C NMR and LC/MS. The LC/MS purity was
99% for D-FAS, 94% for D-FSA, 90% for D-VAS, 90% for D-
VSA, 82% for D-YAS, and 80% for D-YSA.

Biological Investigations

Affinity Measurements

Affinity of tripeptides for hPEPT1 was measured as
concentration-dependent inhibition of the apical uptake of
[14C]Gly-Sar (20 2M) in Caco-2 cell monolayers using a
proton gradient across the monolayer with an extracellular
pH of 6.0 (apical) and pH 7.4 (basolateral), as described by
Nielsen et al. (17). In brief, Caco-2 cells were equilibrated for
15 min with 0.5 mL buffer (pH 6.0, 10 mM MES and 0.05%
BSA) on the apical side and 1 mL buffer (pH 7.4, 10 mM

HEPES and 0.05% BSA) on the basolateral side. After 15
min, buffers were removed and solutions of 20 2M (0.5 2Ci)
[14C]Gly-Sar and varying concentrations of tripeptides (0Y10
mM) in buffer (pH 6.0) was added to the apical side and
buffer (pH 7.4) was added to the basolateral side of
monolayers. After 5 min, the uptake of [14C]Gly-Sar was
terminated by removal of solutions and washing of cells with
ice-cold HBSS buffer. The filter supports were cut out and
the amount of [14C]Gly-Sar was measured by liquid
scintillation spectrometry. Experiments with Caco-2 cell
monolayers were performed using at least three separate
monolayers. The aqueous solubility of GFF, GVF, NFW,
and GEW was increased by addition of 3% N,N-
dimethylacetamide, which was shown to have no influence
on the uptake of [14C]Gly-Sar (data not shown).

Stability on Caco-2 Cells

In affinity studies, tripeptides were applied to the apical
side of the Caco-2 cells; hence the tripeptides were exposed
to brush border membrane-associated enzymes. The stability
of the tripeptides was therefore investigated on the apical
side of Caco-2 cell monolayers. To limit transcellular
transport, an excess of a high-affinity hPEPT1 substrate or
inhibitor was added apically during the stability study.
Addition of %-aminolevulinic acid (25 mM, Ki = 1.5 mM) or
Lys-Z[NO2]-Pro (0.1, 1.5, or 2.0 mM, Ki = 0.01 mM) (18)
resulted in 80Y99% inhibition of tripeptide uptake depending
on the Ki-value of the tripeptide. The stability experiment
was initiated by adding 0.5 ml of 0.5 mM tripeptide and 25
mM %-aminolevulinic acid in buffer (pH 6.0) to the apical
side and 1 mL buffer (pH 7.4) to the basolateral side of the
Caco-2 cell monolayers. In the cases of SSS, SGG, and GAD,
2.0, 1.5 and 0.1 mM Lys-Z[NO2]-Pro, respectively, were used
to avoid interference of chromatographic peaks of %-amino-
levulinic acid and these tripeptides. Apical samples (20 2l)
were taken at different time points (0Y60 min), transferred to
vials on ice, and analyzed on HPLC-UV. All the developed
HPLC methods had a flow rate at 1 mL/min and an
autosampler temperature at 4-C. The organic part of the
mobile phases consisted of 10Y40% acetonitrile and/or
methanol and the aqueous part consisted of either 1%
phosphoric acid and 10 mM 1-octanesulfonic acid, 20 mM
acetate and 0.05% triethylamine or 0.5% TFA. Column
temperatures were 25Y50-C and the wavelength used in UV
detection was 210 or 220 nm. Retention times were from 5.7
to 9.8 min.

The stability was investigated using three separate
monolayers.

Analysis of Biological Data

Stability Calculations. Degradation products of tripep-
tides are primarily combinations of dipeptides and single
amino acids. Because both di- and tripeptides are substrates
for hPEPT1, the disappearance of tripeptides was monitored
on the apical side of the Caco-2 cells. In addition to
enzymatic degradation, the percentage of disappeared tri-
peptide also embraces the loss of tripeptide due to passive
para- and transcellular diffusion, although the contribution is
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expected to be negligible. Therefore, the enzymatic degrada-
tion of tripeptides was determined by following the disap-
pearance of intact tripeptides. The degradation kinetics was
considered to be pseudo-first-order, thus percent degraded
tripeptide can be calculated as:

% Disappeared ¼ 100� 100 e�kobs� t;

where kobs is the estimated pseudo-first-order rate constant
and t is the time.

APA and LRL were excluded from the study because
more than 10% of the tripeptides had disappeared from the
apical side of the cell monolayers after 5 min (length of
affinity assay). This 10% limit was assessed due to the
influence degradation products (dipeptides) may have on
the interpretation of measured apparent binding affinities of
the tripeptides. The percent disappeared tripeptide is
expressed as mean values.

Affinity Calculations. The IC50-values were calculated
as described by Nielsen et al. (17) and the conversion to Ki as
described by Cheng and Prusoff (19). Ki-values are expressed
as means T standard error (SE).

Computational Procedures

Molecular Descriptors

VolSurf descriptors were calculated using the VolSurf
(v4.2.1) program implemented in SYBYL (v6.9.1). The
methodology behind the VolSurf descriptors has been
extensively described by Cruciani et al. (20). According to
standard procedures, the VolSurf descriptors used in this
study were based on GRID 3D molecular interaction fields
(MIFs) resulting from interaction energies between the
ligand and different probes. Initially, VolSurf descriptors
were generated for a data set of 8008 tripeptides, using the
probes H2O, DRY, and O. The 8008 tripeptides were all
possible tripeptides together with G<G<G, GG<G, D-FAS,
D-FSA, D-VAS, D-VSA, D-YAS, and D-YSA. The 25
tripeptides (cf. Table I) were in a common low-energy con-
formation (Fig. 2), which is described in the supplemental
data (Supplementary material available online for authorized
users at http://dx.doi.org/10.1007/s11095-006-9462-y). For
these 25 tripeptides, additional VolSurf descriptors were
calculated using the four probes H2O, DRY, O, and N1.

The generation of VolSurf descriptors was performed
with default settings. VolSurf descriptor definitions can be
found in the software manual (32).

Multivariate Data Analysis

The VolSurf descriptors were analyzed by principal
component analysis (PCA) and partial least square of latent
variables (PLS) in SIMCA-P (v10.0). Default settings were
applied. The variables were centered and scaled to unit
variance. Cross validation (seven rounds) was performed to
test the significance of the model. A further validation of the
PLS model was performed by evaluating the statistical
significance of the estimated predictive power of the model
(21). Thus, PLS models were developed from data sets where
descriptors from the original PLS model were left intact,
whereas Ki-values, left numerically unchanged, were ran-

Table I. Ki-values of Tripeptides Measured as Inhibition of

[14C]Gly-Sar Uptake in Caco-2 Cells and the Degradation of

Tripeptides on the Apical Side of the Caco-2 Cellsa

Side chain

charge

(R1, R2, R3)b Ki (mM)

% Disappeared

after 5 min

AAP 0, 0, 0 0.15 T 0.03 9.0

NFW 0, 0, 0 0.19 T 0.003 5.9

GFF 0, 0, 0 0.19 T 0.03 9.5

GVF 0, 0, 0 0.22 T 0.02 4.7

SSS 0, 0, 0 0.24 T 0.02 NDDd

GGL 0, 0, 0 0.29 T 0.002 2.0

AAA 0, 0, 0 0.35 T 0.06 8.6

SGG 0, 0, 0 0.37 T 0.05 3.4

GFG 0, 0, 0 0.39 T 0.004 5.7

RGD 1, 0, j1 0.70 T 0.1 1.8

GG<G 0, 0, 0 0.75 T 0.2 NDDd

GGG 0, 0, 0 0.77 T 0.04 0.7

RKD 1, 1, j1 1.4 T 0.1 5.8

G<G<G 0, 0, 0 1.6 T 0.1 NDDd

GEW 0, j1, 0 2.5 T 1.2 1.6

D-FSA 0, 0, 0 2.5 T 0.3 Ye

D-YSA 0, 0, 0 2.8 T 0.4 Ye

KWK 1, 0, 1 3.7 T 0.9 6.6

DRE j1, 1, j1 4.1 T 2.5 2.1

EEG j1, j1, 0 4.3 T 2.1 NDDd

GAD 0, 0, j1 6.0 T 2.4 1.4

D-FAS 0, 0, 0 12c Ye

D-VSA 0, 0, 0 14c Ye

D-YAS 0, 0, 0 18c Ye

D-VAS 0, 0, 0 25c Ye

a Ki-values are given as mean T SE.
b R1, R2, and R3 are the side chains of the first, second, and third

residue in the tripeptide. Numbers represent the charge at pH 6.0.
c Estimated from the inhibitory effect at 5 mM.
d NDD = No degradation detectable.
e Stability not determined.

Fig. 2. Superimposition of the 25 tripeptides in a common low-

energy conformation. N1 is the nitrogen atom of the N-terminus; N2

and N3 are the nitrogen atoms of the second and third residue,

respectively. O1 and O2 are the carbonyl oxygen atoms of the first

and second residue, respectively. C3 is the carbon of the carboxylate

group of the C-terminus.
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Fig. 3. Top: PCA score plot where t[1] and t[2] are the first and second principal components,

respectively. The obtained regression coefficient R2 was 0.78 and the predictive correlation

coefficient Q2 was 0.73. The circle is the 95% confidence interval. The first and second

principal components explain 34 and 30% of the variation, respectively. The dots represent

all 8000 possible tripeptides constructed from the 20 naturally occurring amino acids and the

eight tripeptides/-mimetics included in the study (GG<G, G<G<G, D-XAS, and D-XSA,

where X is Y, V, or F). Bottom: PCA loading plot of the loadings of the first (p[1]) and

second (p[2]) principal component. Variables important in the description of a tripeptide are

located in the same area of the loading plot as the tripeptide in the score plot.
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domized. R2- and Q2-values of the randomized models were
then compared with the values of the original model.

RESULTS

Affinity Measurements

The affinities for hPEPT1 of the 25 tripeptides are given
in Table I. The tripeptides for which saturation curves were
obtained had affinities for hPEPT1 ranging from 0.15 to
approximately 6 mM. Due to the low affinity of D-FAS,
D-VSA, D-YAS, and D-VAS, the affinities of these four

tripeptides were estimated based on inhibitory effects of
[14C]Gly-Sar uptake at a single concentration of the
tripeptide and ranged from approximately 12Y25 mM. The
affinity for hPEPT1 seems to be related to both stereo-
chemistry and charge. The L,L,L-configured tripeptides with
neutral side chains had higher affinities than L,L,L-configured
tripeptides with charged side chains. The tripeptides with the
lowest affinities had D,L,L configuration with neutral side
chains. Furthermore, D-Phe or D-Tyr as the first amino acid
residue seemed unfavorable for the binding to hPEPT1 when
the second residue was a polar serine and the third was a
nonpolar alanine, compared to the opposite arrangement. The
introduction of an N-methyl group in the second peptide
bond (GG<G) of GGG did not affect the affinity notably,
whereas N-methylation of both peptide bonds (G<G<G)
slightly decreased the affinity compared to GGG.

Structural Diversity of the Investigated Tripeptides

VolSurf descriptors were generated for all possible
natural tripeptides (8000 overall) together with the eight
tripeptides/-mimetics included in the study (i.e., GG<G,
G<G<G, D-XAS, and D-XSA, where X is Y, V, or F).
A PCA model was developed from the set of 8008
tripeptides, which resulted in five principal components.
The score and loading plots composed of the first and second
principal components are shown in Fig. 3.

The 25 tripeptides were well distributed all over the
chemical space spanned by tripeptides (Fig. 3, top). The
small tripeptides with neutral side chains were found in
the top of the score plot, which was consistent with the
descriptors related to molecular size [e.g., molar weight
(MW)] and hydrophilic volumes (e.g., W1Y8) being found
at the bottom of the loadings plot (Fig. 3, bottom). Most

Fig. 4. Relationship between predicted and observed log(1/Ki). Root

mean square error (RMSEE) of the fit was 0.37 and is indicated by

the dotted lines.

Fig. 5. PLS coefficients plot. Columns with positive values represent variables having a favorable effect on the affinity for hPEPT1, thus an

increase of the log(1/Ki) value of the tripeptide. Likewise, columns with negative values represent variables having an unfavorable effect on

the affinity for hPEPT1. Black columns are descriptors describing size and shape of the tripeptide; red columns are descriptors enclosing

hydrophilic properties; blue columns are descriptors representing hydrophobic properties; and green columns are the balances between

different properties in the tripeptide. The x axis represents VolSurf descriptors [34]. Values of the y axis are the PLS coefficients.
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of the charged tripeptides were located at the bottom to
the left, probably as a consequence of the hydrophilic
volumes being located in that region. Moreover, there was
a tendency that the positively charged tripeptides were
located at the bottom of the score plot, whereas the
negatively charged tripeptides were found to the left in the
score plot. A reason for that might be that the negatively
charged amino acids (D and E) generally are smaller than
the positively charged amino acids (R and K). This is also
reflected in the capacity factors (Cw1Y8), expressing the
ratio between the volume of hydrophilic regions and the
molecular surface, which explains why negatively charged
amino acids in general have larger capacity factors as seen
for EEG. This was further illustrated by the SSS tripeptide,
which is very polar and relatively small, being found close
to EEG, whereas the nonpolar and relatively large GFF
tripeptide was found to the right of the score plot because
it had small polar regions per surface area and therefore
small capacity factors.

Quantitative StructureYAffinity Relationship

A PLS analysis of the VolSurf descriptors as X-data and
log(1/Ki) as Y-data resulted in a model with two principal
components and R2- and Q2-values of 0.74 and 0.54,
respectively. The first latent variable explained 48% of the
variation in the model.

The predicted vs. the experimentally determined binding
affinities are shown in Fig. 4. It was seen that most of the
predicted binding affinities were within the confidence level
of the model, with SSS, GFG, D-VAS, and D-VSA deviating
most from the model. The influence of each descriptor on
the tripeptideYhPEPT1 binding interaction is depicted in
Fig. 5.

Further validation of the PLS model was performed by
evaluation of the statistical significance of the estimated pre-

dictive power of the model (21). R2- and Q2-values of the
PLS models of randomized data sets are plotted against the
correlation coefficient between the Ki-values of the original
and randomized data sets in Fig. 6. The intercept of the R2-
and Q2-regression lines was 0.31 and j0.26, respectively.

DISCUSSION

In the present study, the structureYaffinity relationship
for tripeptide binding to hPEPT1 was investigated. The
binding affinities were determined in Caco-2 cells and
VolSurf descriptors were generated for the description of
the molecular properties of the tripeptides.

Structural Diversity of Tripeptides

To evaluate how well VolSurf descriptors describe the
structural diversity of tripeptides in general, VolSurf descrip-
tors were generated for all possible natural tripeptides. The
tripeptides were evenly distributed in the chemical space
spanned by the first and second principal component of the
performed PCA (Fig. 3). Thus, VolSurf descriptors describe
the tripeptides very well with an acceptable number of
outliers.

The success of a QSAR model in predicting affinities of
different tripeptides depends to a large extent on how well
the structural variation of the tripeptides is represented by
the tripeptides selected for model development. From the
PCA plot, it can be seen that the 25 tripeptides were
adequately scattered across the entire chemical space, thus
representing a major part of the structural variation of
tripeptides. This large degree of structural variation among
the 25 tripeptides formed an excellent basis for the develop-
ment of a comprehensive QSAR model.

Seven tripeptides with side chains that are charged at
physiological pH were included in this set of tripeptides. Two
tripeptides (GEW and GAD) with a negatively charged side
chain in R2 and R3, respectively, were studied. In addition,
tripeptides with multiple side-chain charges were investigat-
ed: RGD and KWK with two charged side chains, a pos-
itively charged R1, and a negatively charged and positively
charged R3, respectively. Furthermore, EEG had two charged
side chains: a negatively charged R1 and R2. Three charged
side chains were present in RKD and DRE with a positively
and negatively charged R1, a positively charged R2, and a
negatively charged R3, respectively. The charged species
described in Table I were the predominant ones at pH 6.0
(>98%) when the estimated pKa-values of the corresponding
amino acids (cf. Materials and Methods) were used to cal-
culate the overall charge. It is also worth noting that RGD,
RKD, KWK, and DRE can never attain a classical peptide
zwitterionic form in which only the N- and C-termini are
charged, regardless of pH.

Our results show that tripeptides with multiple charged
side chains bind to hPEPT1 with affinities in the range of
0.70Y4.6 mM. In the CoMSIA model by Biegel et al. (9), one
tripeptide with two positively charged side chains (GHK) was
included in the study. This tripeptide had an affinity of 4.1
mM, which is in the same range as our tripeptides with
multiple charged side chains (9). A few studies have been

Fig. 6. Validation plot. R2 and Q2 were calculated for 20 randomized

models. The y-axis represents the values of R2 (triangles) and Q2

(dots) for every model. The x-axis is the correlation coefficient

between the original and the randomized Ki-values. Thus, the data

point with a correlation coefficient of 1 is the original data. The

intercepts of the R2- and Q2-regression are 0.31 and j0.26,

respectively.
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conducted on how substrates with one net charge may bind to
and be transported by hPEPT1, based on electrophysiological
studies in Xenopus laevis oocytes injected with PepT1
mRNA (22,23). It was suggested that dipeptides with one
negative net charge are transported along with two protons
opposed to the 1:1 ratio of substrates with a neutral net
charge (24). After translocation of a negatively charged
dipeptide, one proton originating from the proton-binding
site and one proton from the protonated anionic side chain is
released intracellularly (22,23). Anionic dipeptides are pre-
sumably protonated by a histidine residue in the binding
pocket (4) and/or by external solution (23). The electrogenic
transport of cationic dipeptides is believed to occur with a
charged side chain and one proton at the proton-binding site
(23). The transport of a cation may occur when a histidine
residue of the hPEPT1 binding pocket is deprotonated, thus
making an attraction between : electrons of the imidazole
ring and the positive charge in the side chain possible (4). As
reflected above, the stoichiometric studies and the proposed
models on the transport mechanism of charged substrates have
mainly focused on dipeptides. As our results show, hPEPT1
can bind tripeptides with more than one net charge at luminal
pH (~6.0). This could point toward a transport protein with a
binding site that may comprise more than two areas that can
accommodate strong electrostatic interactions by, e.g., pro-
tonation/deprotonation interplay between histidine residues
and a substrate (as described above) or by shielding effects of
water-filled pockets within the binding site, as seen in the
bacterial periplasmic oligopeptide binding protein OppA
(25,26). Moreover, detailed studies are needed to get more
solid information on how hPEPT1 handles multiple-charged
substrates in the binding and transport process.

Relating Structural Properties to Affinity

A successful QSAR model was achieved by correlation of
log(1/Ki) with VolSurf descriptors. This PLS model had a
good correlation and predictability (R2 = 0.74 and Q2 = 0.58).
Thus, this model could be used for estimating affinities of the
tripeptides with an acceptable result (Fig. 4). A large number
of substrates for hPEPT1 have been identified; however, only
a small part of these are tripeptides. The reason for this may
be the limited commercial availability of such compounds
and that the investigations of hPEPT1 affinities only provide
usable data when high stability of the tripeptides has been
shown in the experimental setting. In the development of the
model, we therefore included all 25 tripeptides, which left no
room for a subsequent testing of the model with another
series of tripeptides. However, in addition to cross-validation,
an evaluation of the statistical significance of the estimated
predictive power of the model was performed by randomizing
the Ki-values of the original data set. The models developed
from these randomized data sets all had poorer correlations
and lower predictabilities than the originally developed PLS
model (cf. Fig. 6). Furthermore, it was suggested by Eriksson
et al. that for a valid model the intercepts for the R2-
regression and Q2-regression should not exceed 0.3Y0.4 and
0.05, respectively (27). In our study, the intercepts through
the R2- and Q2-data points of the randomized and original
data set did not exceed the proposed limits, which indicates
that the developed PLS model is valid.

Due to a broad substrate specificity it would be expected
that general surface properties such as shape, electrostatics,
hydrogen bonding, and hydrophobicity of the compounds are
of major relevance for the description of the interactions
between a tripeptide and hPEPT1. VolSurf descriptors are
designed to describe such surface properties (20,28). Thus,
the use of VolSurf descriptors in describing hPEPT1 sub-
strates seems to be reasonable considering the broad
substrate specificity of the transporter. Furthermore, the
usefulness of VolSurf descriptors, in combination with
Almond descriptors, in describing the ligandYprotein inter-
action in the metabolic degradation of compounds by
cytochrome P450 CYP3A4 has also been reported (29).

Although VolSurf descriptors are relatively independent
of the initial conformation (20,30) the descriptors were
generated for tripeptides in a common low-energy confor-
mation, which is described in the supplemental data. Thus, a
possible effect of conformation on VolSurf descriptors was
minimized. As shown in Fig. 2, all 25 tripeptides included in
our study could be aligned to this common low-energy
conformation.

The fact that VolSurf descriptors seem suitable for
describing the binding of tripeptides to hPEPT1 may hold a
great advantage in the implementation of the model in the
drug design process, as VolSurf descriptors are independent of
alignment and relatively independent of conformation com-
pared to other molecular descriptors such as Almond- or
CoMFA/CoMSIA-based descriptors (20). This means that
the affinity predictions performed with the VolSurf-based
model would be less sensitive to the initial conformation of
the tripeptides/-mimetics and not depend on alignment,
hence facilitating the use of the model as an in silico

prediction tool.
Although affinities give valuable information about the

binding interaction between tripeptides/-mimetics and
hPEPT1, one should be aware that affinity solely contains
information about the ability of a compound to inhibit the
uptake of the radiolabeled standard substrate Gly-Sar and
not information about whether the compound is translocated
itself. However, it should be noted that tripeptides are very
likely transported intact across the apical membrane and
then partly or completely degraded by peptidases after
entering the cytosol of the enterocyte (31).

Molecular Properties Important for Affinity

The VolSurf model holds a large amount of detailed
information about structural elements having an impact on
the tripeptideYtransport protein interaction. The interplay
between different descriptors resolves the effect of molecular
properties on the affinity to hPEPT1 (cf. Fig. 5). However, to
retain clarity we only focus on a few of the descriptors with
specific physicochemical properties important for binding of
the tripeptides to hPEPT1. The descriptor ID1 represents
one of the structural elements shown to have substantial
influence. A large value of ID1 should be avoided as it
correlates negatively with log(1/Ki) (cf. Fig. 5). This means
that it would be more favorable to have the center of mass of
the hydrophobic regions close to the center of mass of the
tripeptide (cf. Fig. 7, NFW) than having the hydrophobic
region concentrated around one area of the tripeptide (cf.
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Fig. 7, GAD). To test this hypothesis, the third residue in
NFW was changed to glycine and alanine. These changes
caused the removal of a strong hydrophobic region and
replaced it with a much weaker one. Thus, the hydrophobic
region was now mainly centered on one area of the molecule
leading to increase in values of ID1 (data not shown), which
will decrease the affinity for both NFG and NFA.

Another descriptor, HB1-8N1 (hydrogen bonding capa-
bility; the difference between hydrophilic volumes obtained
with H2O probe and N1 probe, respectively), had both a
positive and negative influence on the binding affinity
depending on the energy level at which it was generated.

At lower energy levels (HB1-2N1), the hydrophilic volume of
the water probe accounts for weak intermolecular forces
(polarizability and dispersion forces), whereas the higher
energy levels (HB8N1) account for stronger intermolecular
forces (hydrogen bond donorYacceptor regions). This sug-
gests that larger hydrophobic surface areas (non-hydrogen-
bonding areas) are better accepted by the transporter than
more hydrophilic surface areas (hydrogen-bonding areas). A
descriptor with a clear positive effect on affinity is D12. D12
represents the distance between the two lowest local minima
of interaction energy obtained by the interaction of the H2O
probe with the tripeptides. Thus, a long distance between the
two minima favors high affinity. The lowest energy minima
would be obtained around charged functional groups. In a
tripeptide with neutral side chains, the C- and N-terminus
would become the lowest minima. Because the distance
between the termini accounts for one of the longest distances
in the tripeptides, neutral side chains are favorable for the
binding interaction with hPEPT1. This is in good agreement
with the obtained affinities of the tripeptides (cf. Table I).
Furthermore, it is also in accordance with the effect of
electrostatic properties on affinities for hPEPT1 extracted
from the recently reported CoMSIA model for hPEPT1
substrates (9). The region where a negative charge had a
positive effect on the affinity for hPEPT1 was located in an
area accommodating the C-terminus of a di- or tripeptide.
The influence of a positive charge was seen in one area
corresponding to the N-terminus of a di- or tripeptide.
Because other electrostatic areas were not identified as being
influential on the affinity, a positive effect of neutral side
chains in the binding interaction of a tripeptide with hPEPT1
must be anticipated.

In summary, our results clearly show that VolSurf
descriptors are useful in describing the molecular features
important for interaction of tripeptides with hPEPT1. This was
expressed by the establishment of a QSAR model correlating
structural properties of tripeptides to binding affinities for
hPEPT1. This diverse and predictive model may contribute in
the future design of tripeptides/-mimetics, e.g., as an in silico

tool for screening compound libraries to guide synthetic
efforts and subsequent in vitro studies.

CONCLUSION

In the present study a correlation between molecular
properties of tripeptides and their binding interaction with
hPEPT1 was achieved based on VolSurf descriptors and
binding affinities. The QSAR model was based on a very
diverse set of tripeptides embracing multiple-charged as well
as neutral tripeptides. These results show that hPEPT1 can
bind tripeptides with multiple-charged side chains.

VolSurf descriptors have only to a limited degree been
applied successfully in modeling of transporter/enzyme-
mediated processes, and to our knowledge this is the first
time a correlation between VolSurf descriptors and binding
affinities for hPEPT1 has been reported. The structural
information on tripeptide properties, which influences the
binding to hPEPT1, extracted from our QSAR model may
contribute in the drug design process of tripeptides/-mimetics
where hPEPT1 is targeted as an absorptive transporter for
improvement of intestinal absorption.

Fig. 7. Visualization of the hydrophobic integy moments (ID1) of

the tripeptides GAD and NFW. The integy moments are represented

by red lines; vectors going from the center of mass of the tripeptide

and the center of the hydrophobic region. The cyan areas are the

molecular interaction fields derived with the DRY probe. GAD is a

low-affinity compound and has high integy moments, whereas NFW

is a high-affinity compound and has low integy moments.
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