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ABSTRACT: Purpose. The aim of this research is to
model the effect of methylation on hydrogen bonding
ability, surface area, polar surface area, volume, lipo-
philicity, charge, and cross-sectional diameters of a
series of mono-, di-, and tri- methyl substituted analogs
of arginine-glycine-aspartic acid (RGD) and compare
these parameters to in vitro transport properties across
Caco-2 monolayers. Methods. Molecular modeling
was used to investigate the structural parameters that
may influence the transport properties of RGD and its
methyl analogs at pH 7.4. Log P was experimentally
determined using a potentiometric method and com-
pared to cLogP. Transport studies were carried out
using Caco-2 cell monolayers. Results. Parameters
such as polar and total surface area, volume, and Log P
were found to vary with both the number and the sites
of methyl substitution on the RGD molecule. The cal-
culated as well as the experimental Log P values were
found to be less than minus 2. The calculated maxi-
mum cross-sectional diameters ranged from 9 to 12 Å.
No detectable transport was noted. Conclusions.
Results of our study indicate that in the design consid-
erations for the development of new peptidomimetic
RGD analogs with enhanced oral bioavailability, an
important parameter to consider is the three dimen-
sional conformation of the peptides which influences
their hydrogen bonding ability, polarity and molecular
geometry.

INTRODUCTION

Recent research has focussed on the development of
arginine-glycine-aspartic acid (RGD) containing anti-
thrombotic agents that interfere with platelet aggrega-
tion at a final common pathway, namely the platelet
glycoprotein GPIIb/IIIa complex (1). An unresolved
issue, particularly important for chronic anti-throm-
botic therapy, is the lack of adequate oral bioavailabil-
ity of the recently developed peptide GPIIb/IIIa
antagonists (2). Among the factors that impede the oral
bioavailability of peptide drugs are the enzymatic deg-
radation in the gastrointestinal tract, and low perme-
ability across the intestinal mucosa (3, 4). Therefore
additional research is necessary to improve the oral bio-
availability of these peptidergic analogs.

The results from a series of experiments investigating
intestinal permeability implied that increases in perme-
ability arose from the decrease in desolvation energy
required to remove the hydrophilic molecule from the
aqueous environment of the lumen into the lipophilic
environment of the intestinal epithelial cell membrane
(2). This finding is consistent with previous investiga-
tions which showed that the hydrogen binding ability
of peptides affects their intestinal permeability (5).
However, the above postulations are based on the
modification of one GPIIb/IIIa peptidomimetic antag-
onist (2). More systematic investigations are required to
study the factors that affect the intestinal permeability
of RGD peptide analogs. For example, it has been
shown that polar surface area  has an inverse correla-
tion with the transepithelial transport (6). The influ-
ence of other molecular parameters such as radius (7),
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geometry (8, 9), cross-sectional diameter (10), and vol-
ume (11) on transepithelial transport has also been
reported. 

Thus, the objective of this work was to model the
influence of systematic methylation of RGD peptides
on the conformationally dependent molecular parame-
ters relevant to transepithelial transport.

MATERIALS AND METHODS

Materials

The Caco-2 cell line was purchased from American
Type Culture Collection (ATCC), Rockville, MD.
Dulbecco’s modified eagle’s medium (DMEM) and
fetal bovine serum were purchased from JRH Bio-
sciences, Lenexa, KS. Modified eagle’s medium non-
essential amino acids (100 x) solution, L-glutamine
(200Mm), penicillin-streptomycin solution and trypsin-
EDTA (0.05% trypsin, 0.53 mM EDTA) were from
Gibco Laboratories, Life Technologies Inc., Grand
Island, NY. Rat tail collagen was obtained from Col-
laborative Research Inc., Bedford, MA. Cluster dishes
with 12 mm snapwellsTM were obtained from Costar
(Cambridge, MA). Parent RGD and the triethylammo-
nium phosphate (TEAP) buffer were obtained from
Novabiochem Inc., Houston, TX. The C-18 Nucleosil
columns for HPLC analysis were obtained from
Alltech Inc, Grand Island, NY.  For the synthesis of
RGD-r2 the following chemicals were used: Amino
acids were obtained from Genzyme Corp, Cambridge
MA, Wang resin from Calbiochem - Novabiochem
Corp, San Diego CA, dimethylacetamide from EM Sci-
ence, Gibbstown MA and dichloromethane from Bur-
dick & Jackson, Muskegon MI. Triphenylphosphine,
piperidine and triisopropylsilane were obtained from
Aldrich Chemical, Milwaukee WI. Radiolabeled [1-
14C] glycine-sarcosine (Gly-Sar; 55 Ci/mol) was
obtained from American Radiolabeled Chemicals, Inc.
(St. Louis, MO). 2-(N-morpholino) ethanesulfonic acid
(MES) was purchased from Sigma Chemical Co. (St.
Louis, MO).

Molecular modeling

Molecular modeling programs SYBYL (V 6.4), MAC-
ROMODEL, SPARTAN (V 5.0) and MAREA were
used to investigate possible conformations of RGD and
its methyl analogs based on their ionization state at pH

7.4. The analogs were all of the mono-, di-, and tri-
methyl derivatives of RGD (Figure 1).

Figure 1: The basic chemical structure of arginine-
glycine-aspartic acid (RGD) and its seven methyl
substituted analogs under study

Silicon Graphics Indigo2 computers at the National
Center for Natural Products Research molecular mod-
eling laboratory at the University of Mississippi were
used for the modeling studies.

The initial structure of RGD and its methyl analogs as
would be present at pH 7.4 were drawn using the
biopolymer option in SYBYL. Atomic structural
parameters such as atom and bond types (Table 1), the
configuration of chiral centers, and the charge alloca-
tion were determined. Electrostatic point charges for
the atoms were calculated within the program using
two emperical methods. The σ charges were calculated
according to the method described by Gasteiger and
Marsili (12). The π charges were calculated using the
Hückel method (12). The two chiral centers were
assigned the appropriate configuration. The Tripos
Force Field parameters were used for the energy mini-
mization calculations.
��
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Table 1: Tripos force field atom types employed in the 
molecular modeling study of arginine-glycine-aspartic 
acid (RGD) analogs.

After an initial minimization, annealing was per-
formed by heating the molecules to 700 K and then
cooling to 300 K over a period of 1000 femto seconds
(fs) for ten cycles. Following annealing, minimization
was performed using the Powell descent series method.
The minimization run was terminated when the gradi-
ent was less than 0.05 Kcal/mol. There were significant
energy barriers to carbon-carbon and carbon-nitrogen
bond rotation within the ring-like final conformation.
Rotation about individual bonds carried a high poten-
tial energy penalty and therefore the minimized struc-
tures with the lowest potential energy were chosen for
the study. Finally, each molecule was solvated with a
water droplet using the appropriate solvation routine
within SYBYL and minimized within that droplet.
This final molecular structure was extracted from the
water molecule and used for further calculations. It is
noted that the solvated structures did not differ signifi-
cantly in terms of geometry and potential energy with
respect to the corresponding structures determined in
vacuo.

Determination of structural parameters

SYBYL was used to determine the RGD H-bonding
potential. This was calculated for each peptide accord-
ing to Stein (13), where each amide N-H and carbonyl
were assigned a value of 1, and each terminal amino
and carboxyl a value of 2. Thus the total number of
potential hydrogen bonds were obtained. The number
of sites involved in intramolecular H-bond formation
determined using SYBYL, were subtracted from the
total number of potential sites, providing the total
number of sites that would be available for H-bond for-
mation with the hydrated polar heads of the lipid layer

of the intestinal membrane. The distances between
atoms involved in the hydrogen bond formation were
measured with SYBYL to ascertain that the hydrogen
bonds considered were strong enough to exist. The
SYBYL Molcad module was used to study the lipo-
philic and electrostatic potential surfaces. Structures
obtained in SYBYL were imported into Spartan ver-
sion 5.0, which was used to calculate molecular surface
areas, volumes, minimum and maximum cross-sec-
tional diameters, and dipole moments. The conforma-
tions obtained using SYBYL were exported into
Macromodel and were further analyzed for polar sur-
face area using MAREA (6). The ACD predictive soft-
ware of Advanced Chemistry Development (Toronto,
Canada) was used to calculate the octanol-water parti-
tion coefficient for each of the molecules.

Caco-2 cell culture

Caco-2 cells were maintained at 37°C in Dulbecco’s
modified eagle’s medium (DMEM), supplemented with
fetal bovine serum (FBS), 1% non-essential amino
acids, 1% L-glutamine and 100 U/ml penicillin and 100
µg/ml streptomycin. Cells grown in T-flasks were split
every week at a ratio of 1:3 before they reached conflu-
ency. The Caco-2 cells were plated at a density of 71 x
103 cells/transwell, previously coated with collagen.
The cells were counted using a hematocytometer. The
medium was changed on alternate days. After a period
of 21 days the monolayers were used for the transport
studies. The monolayers were not used after 30 days to
ensure that the efflux mechanisms remained functional
(14).

Determination of transepithelial electrical resistance 
(TEER)

The change in transepithelial resistance across the
monolayers was studied. The resistance across the
monolayers was measured every 24 h and the change in
the values were recorded. The determinations were
carried out at 37°C under open circuit conditions (15).
The TEER value was calculated according to the fol-
lowing formula:

TEER (Ω cm2 ) = (Total resistance - Blank resistance)
(Ω) x Area (cm2 )

Typically, values between 150 and 250 (Ω cm2) were
observed.

Symbol Geometrya H-bond 
donor/ 

acceptorb 

Lone 
Pair 

Comment 

C.2 TG N/N 0 sp2 carbon 
C.3 TH N/N 0 sp3 carbon 
H L N/N 0 hydrogen 

O.2 TG N/Y 2 sp2 oxygen 
O.3 TH Y/Y 2 sp3 oxygen 

N.am TG Y/N 0 amide  nitrogen 
N.pl3 TG Y/N 0 sp3 planar 

nitrogen 
aTG - Trigonal ; TH - Tetrahedral ; L - Linear 
bN - No; Y - Yes 
��
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In vitro transport studies

The Caco-2 cell monolayers were mounted on the dif-
fusion chambers. The cells were bathed on both sides
with 5 ml of bicarbonate-Ringer’s solution (pH 7.4)
supplemented with D-glucose to yield a final concen-
tration of 40 mM and continously aerated with O2/
CO2 (95%/5%) at 37°C. After an initial equilibration
the test agent was added. The samples were collected in
triplicate at regular intervals and the volume taken was
replenished with Kreb’s-Ringer’s buffer. Transport
studies were conducted from apical to basolateral, baso-
lateral to apical, and across a pH gradient and at lower
pH values. In order to carry out transport experiments
across a pH gradient or at a lower pH, 10 mM 2-[N-
morpholino]ethanesulphonic acid (MES) was added to
the bicarbonate-Ringer’s buffer and the pH was
adjusted to 6.0 using hydrochloric acid. The transport
of the dipeptide glycine-sarcosine (Gly-Sar) was studied
in the presence of RGD in order to examine a possible
inteference of the tripeptide with gly-sar transport.

Synthesis of the RGD analog

RGD peptide synthesis consisted of the following pro-
cedures. The initial step involved the attachment of the
first amino acid to a polymeric solid support. The sec-
ond step was the chain elongation by a solid phase pep-
tide synthesis. In the third step the peptide was cleaved
off the polymer support followed by purification. Pep-
tides were synthesised from the C-terminus to the N-
terminus. The C-terminal amino acid was attached to
polyethylene glycol polystyrene resin beads using the
Mitsunobu reaction. The amino acid, triphenylphos-
phine, diethylazodicarboxylate and the resin beads
were combined and stirred in a one-pot reaction over-
night at room temperature. The resin was filtered,
washed and dried. Solid phase synthesis was carried out
in a glass reaction vessel by treating the resin with 20%
piperidine in dimethylacetamide to remove the N-ter-
minal protecting group. The resin was later washed sev-
eral times with dimethylacetamide. The next amino
acid was dissolved with 2-(1H-benzotriazole-1-y1)–
1,1,3,3–tetramethylamonium hexafluorophosphate, di-
isopropylethylamine in dimethylacetamide and dichlo-
romethane. This was added to the resin and mixed for
1–2 hours at room temperature. The resin was later
washed several times with dimethylacetamide and the
coupling was tested for the completeness of reaction.
These series of steps were repeated and carried out for

each amino acid in the chain until it was complete. The
final protecting group was removed and the peptide–
resin was washed, filtered and dried. The peptide was
cleaved off the resin by treating it with 95% trifluoro-
acetic acid/5% triisopropylsilane for one hour. Next
the solution was evaporated to dryness under vacuum.
Diethyl ether was added and the ether was filtered
away leaving  the precipitated peptide and resin. The
peptide was extracted off the resin with 10% aqueous
acetic acid, acetonitrile and distilled water. The solu-
tion was then lyophilized. The crude material was
purified using reverse phase chromatography. Fractions
were collected and lyophilized. The peptide purity was
assayed by HPLC and LC/MS.

Sample analysis

The analysis of the samples obtained from the trans-
port studies of RGD analogs was carried out using a
Hewlett Packard 1090 HPLC instrument, San Diego,
CA and an isocratic, 0.05 M triethylammonium phos-
phate (TEAP) buffer at pH 2.25 as the mobile phase.
The column used was a Nucleosil C-18 column (25 x
4.6 cm) from Alltech, Inc, Grand Island, NY (100 µl
aliquots of the transport samples obtained from the
donor and receiver sides were injected). The flow rate
was maintained at 0.5 ml/min. The compounds were
analyzed using a UV detector at a wavelength of 210
nm. Permeabilities were estimated from the slope of
the cumulative amount versus time normalized for the
initial concentration and the area of the filter. The
radioactive gly-sar samples were placed in scintillation
vials, mixed with scintillation cocktail (Ready Safe
Beckman Instruments, Fullerton, CA) and counted in a
scintillation counter using an external standardization
method. 

pKa and lipophilicity studies

The calculated values for pKa, Log P (octanol/water
partition of the neutral species), and Log D (octanol/
buffer partition at indicated pH of ionized and union-
ized molecules) were determined using ACD/Log P
and ACD/Log D software from Advanced Chemistry
Development, Toronto, Canada. The experimental
determination of these parameters were performed
using a potentiometric method for RGD and RGD-r2
(16). An instrument from Pion/Sirius was used for the
pKa and cLog P (calculated Log P) determinations.
Measurements were performed in duplicate. One mg of
� 
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the RGD analog was used under a constant flow of
argon. For maintaining the pH and titrating between
the pH range of 1.8 to 12, potassium hydroxide and
hydrochloric acid were used. The pKa values were
obtained  using the pKa and Log P analyser software
program. For the Log P and Log D determinations the
shift in these pKa values in the presence of octanol sat-
urated with water were also measured. The program
also gave the percentage distribution of each ionic spe-
cies at various pH ranges.

RESULTS AND DISCUSSION 

Hydrogen bonding potential

Results obtained from the molecular modeling studies
suggest that RGD and its methyl analogs (Figure 1)
have a significant H-bonding potential, both intra- and
intermolecular (Figure 2, Table 2). Intermolecular H-
bond formation may occur between the molecules and
the hydrated polar heads of the lipid bilayer of the
intestinal membrane. Initially we hypothesized that
with the addition of a methyl group, one potential
hydrogen bonding site would be eliminated. Based on
this assumption, the total number of sites would have
been 16 for the non-substituted RGD, 15 for the mono-
substituted analogs, 14 for the di-substituted analogs
and 13 for the tri-substituted analog (Figure 1). 

Figure 2: [Panel(a)]. Computer generated lowest energy
conformations of RGD, RGD-r1, RGD-r2 and RGD-r3
analogs using SYBYL after annealing, minimization,
solvation and extraction. The pictures show the number
and sites involved in potential intramolecular H-bond
formation. Dotted lines indicate intra-molecular H-bonds.
For key to structures see Figure 1.

Figure 2: [Panel(b)]. Computer generated lowest energy
conformations of RGD-r1r2, RGD-r1r3, RGD-r2r3 and
RGD-r1r2r3 analogs using SYBYL after annealing,
minimization, solvation and extraction. The pictures show
the number and sites involved in potential intramolecular
H-bond formation. Dotted lines indicate intra-molecular
H-bonds. For key to structures see Figure 1.

Table 2: Hydrogen bonding ability of arginine-glycine-
aspartic acid (RGD) analogs*

However the molecular modeling results indicate that
not all these sites will be available for H-bonding with
the intestinal membrane, since many of the sites in the
RGD analogs may potentially be involed in intramo-
lecular H-bond formation (Figure 2). The total number
of sites or atoms involved in the intramolecular H-
bond formations were found to depend not only on the
degree of substitution, but also on the site of methyl

Molecule Atoms 
Involved a 

Total 
Sites b 

Available 
sites c 

H-Bond 
Distance d 

(Å) 
RGD 4 16 12 1.5 to 2.4 
RGD-r1 6 15 9 1.3 to 2.6 
RGD-r2 5 15 10 1.8 to 2.5 
RGD-r3 3 15 12 1.6 to 2.3 
RGD-r1r2 8 14 6 1.4 to 2.6 
RGD-r1r3 6 14 8 1.6 to 2.6 
RGD-r2r3 3 14 11 1.3 to 2.5 
RGD-r1r2r3 4 13 9 1.8 to 2.4 
*For structures of RGD analogs see Fig. 1. 
aAtoms participating in intra-molecular H-bond formation  
(See dotted lines in Fig. 2). 
bAtoms potentially capable of forming H-bonds (13). 
cAvailable sites for H-bond formation with the intestinal 
membrane  
= Total sites capable of forming H-bonds (b) - Atoms involved in 
intra-molecular H-bonding (a) 
dH-Bond Distance = Distance between atoms involved in intra-
molecular H-bonds, a range of values for all H-bonds is 
reported. 
�!



���������������	
����������
���	������������������������������
substitution and the conformation of the molecule.
Results indicate that the mono-substituted RGD-r1 has
9 sites potentially available for H-bonding with sur-
rounding intestinal fluid in comparison to 10 and 12
sites available for the other mono-substituted analogs
RGD-r2 and RGD-r3, respectively (Table 2). Similarly
the di-substituted analog, RGD-r1r2 has 6 available
sites for hydrogen bonding with the intestinal mem-
brane in comparison to 8 and 11 sites available for
RGD-r1r3 and RGD-r2r3, respectively. The analog
with three methyl subsitutions, i.e., RGD-r1r2r3, has 9
sites available for H-bonding with the intestinal mem-
brane.

The strength of H-bonds was investigated by comput-
ing the distance between atoms involved in H-bond for-
mation. The smaller the distance between the atoms,
the greater would be the strength of the H-bonds. The
interatomic distances involved in H-bonding were
found to range between 1.5 and 2.6 Å (Table 2). It was
concluded that the H-bonds had sufficient interaction
potential and were relevant to the study.

Structural comparison of  RGD peptidomimetic ana-
logs have suggested that the methylation of amide
bonds may have resulted in the increased intestinal per-
meability and therefore increased bioavailability of the
methylated compounds (2). This suggestion was based
on previous investigations by Burton et al. (17) who
showed that the general hydrogen bonding ability of
peptides affects their intestinal permeability. However,
the postulation that the methylation of amide bonds
may have resulted in the increased intestinal permeabil-
ity of the RGD peptidomimetic agents was based only
on the modification of one GPIIb/IIIa peptidomimetic
antagonist (2). Therefore more systematic investiga-
tions are required to study the factors that affect the
intestinal permeability of RGD peptide analogs. The
RGD analogs under study were modeled to demon-
strate a systematic increase in the number and site of
methyl substitution (Figure 1). Our data suggest that
the hydrogen bonding ability of RGD analogs did not
directly correlate with a successive increase in the num-
ber of methyl substitutions. The H-bonding ability was
shown to be a function of the solution conformation of
the molecules which was influenced by both the num-
ber and the site of methyl substitution.

Molecular geometry

The variation in molecular surface area was both a
function of the site as well as the number of methyl
substitution, ranging between 340 Å2 and 416 Å2 (Fig-
ure 3). The molecular volume varied between 358 Å3

and 416 Å3. An increase in the number of methyl sub-
stitution was accompanied by an increase in molecular
volume (Figure 3). No correlation was observed
between the molecular weight of the peptide and the
molecular surface area, however in general an increase
in molecular weight with successive methylations
resulted in an increase in molecular volume.

Figure 3: The effect of the number and site of methyl
substitutions of RGD analogs on the calculated molecular
volume (◊), total molecular surface area (ο) and polar
surface area (����). For key to structures see Figure 1.

The polar surface area (PSA) for each of the analogs
was obtained using MAREA software (Figure 3). The
PSA varied between 123 Å2 and 175 Å2. The lowest
polar surface area was found to be for the tri-substi-
tuted RGD-r1r2r3 and the highest was for the parent
non-substituted RGD. Slight changes in polar surface
area were observed with a change in the site of methyl
substitution. 

Consistent with reports in the literature (6, 18), a gen-
eral correlation was obtained between polar surface
area and the hydrogen bonding ability of the RGD ana-
�"
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logs (Figure 4). It has been shown that polar surface
area, i.e., the area occupied by nitrogen, oxygen and
hydrogen atoms attached to the heteroatoms, is repre-
sentative of the compounds hydrogen bonding ability
(6, 19). It should be noted that the total number of
available sites present in each analog is more important
for the study, though as expected it does give a correla-
tion with polar surface area. 

Figure 4: Correlation between polar surface area and
total hydrogen bonding potential of the RGD analogs. (1)
RGD, (2) RGD-r1, (3) RGD-r2, (4) RGD-r3, (5) RGD-r1r2,
(6) RGD-r1r3, (7) RGD-r2r3, (8) RGD-r1r2r3. For key to
structures see Figure 1.

Successive methyl substitution of the RGD analogs
reduced the polar surface area, however the extent of
decrease varied with the site of methyl substitution. It
has been shown that compounds with polar surface
area greater than 120 Å2 are poorly absorbed by the
passive transcellular route (18, 19). Polar surface areas
of the RGD analogs under study are generally higher
than 120 Å2, therefore no significant transport of the
analogs was predicted.

The maximum and minimum cross-sectional diameters
were determined using SYBYL (Table 3). Maximum
cross-sectional diameter varied between 9.2 Å and 11.8
Å, which was greater than the value of 8 Å obtained by
the equivalent pore theory for the paracellular space

(20), therefore supporting the prediction of low tran-
sepithelial transport of the analogs. The minimum
cross-sectional diameter varied between 4.9 Å to 7.9 Å.
It was observed that an increase in the number of
methyl substitutions did not directly correlate with an
increase in the diameters of the analogs (Table 3). 

Table 3: Cross-sectional diameters, calculated log P
values (ACD) and dipole moments of arginine-glycine-
aspartic acid (RGD) analogs

The SYBYL Molcad module was used to study the
lipophilic and electrostatic potential surfaces of the
RGD and its methyl analogs (Figure 5). The molecular
surface study indicated that the most lipophilic and
neutral part of the molecule, which in most likelihood
would approach the intestinal membrane, will consti-
tute the maximum cross-sectional diameter which will
thus be an important parameter to consider in trans-
port (21). 

Figure 5: [Panel(a)]. Computer generated structures of
RGD (left), and RGD-r1r2 (right) analogs representing the
calculated electrostatic (red is most electropositive and
blue is most electronegative) potential surfaces of the
molecules. For key to structures see Figure 1.

Molecule* Min. Cross-
Sectional 

Diameter (Å) 

Max. Cross-
Sectional 

Diameter (Å) 

Log 
P 

Dipole 
moment 
(Debye) 

RGD 5.9 11.8 -3.07 50.4 
RGD-r1 6.1 10.2 -3.10 43.4 
RGD-r2 5.8 10.4 -2.76 45.7 
RGD-r3 4.9 11.1 -2.76 59.0 
RGD-r1r2 5.4 9.2 -2.80 23.3 
RGD-r1r3 6.9 9.4 -2.80 45.7 
RGD-r2r3 6.1 10.4 -2.46 56.6 
RGD-r1r2r3 5.6 10.0 -2.50 36.7 
* For structures of the RGD analogs see Fig 1. 
�#
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The dipole moment, which shows the extent of polar-
ity of a compound, was determined using Spartan and
was found to be the lowest for RGD-r1r2 and highest
for RGD-r3 (Table 3). The values obtained further sup-
port the importance of conformation in the determina-
tion of various structural parameters such as dipole
moment and cross-sectional diameter. 

Figure 5: [Panel(b)] Computer generated structure of
RGD-r1r2 analog representing the calculated lipophilic
(red surface is most lipophilic and blue is the least
lipophilic) potential surface of the molecule. For key to
structures see Figure 1. 

The importance of molecular geometry and polarity
on the transepithelial transport of molecules has been
emphasized by various investigators (8, 9). Permeabil-
ity has been correlated with geometrical parameters
such as molecular volume (11) maximum and mini-
mum cross-sectional diameters (7, 10) and polar surface
areas (18, 19). Since the successive methylation of the
RGD analogs under study was shown to influence the
conformation of the compounds, we studied the effect
of such change on their geometrical parameters. No
significant change was observed for the total molecular
surface area indicating that methyl substitution does
not significantly affect these geometrical parameters.
However an increase in methyl substitution correlated
with a corresponding increase in molecular volume
(Figure 3). Polar surface area did correlate with H-
bonding ability of the compounds. Our results also
indicate that in addition to molecular geometry, the
orientation of the molecule towards the intestinal

membrane may be influenced by the electrostatic and
the lipophilic potential of the compounds (Figure 5). 

Log P & pKa studies

We calculated cLog P using the ACD software and
found very little variations based on methyl substitu-
tion (Table 3). Typically, cLog P values were less than –
2.46 for all examined RGD analogs. We also deter-
mined Log P values of RGD and RGD-r2 experimen-
tally and found values less than –2, confirming cLog P
estimations. In accordance with Log D values obtained
using ACD, the potentiometric method used over the
pH range of 1.8 to 12 could not provide any Log  D
value higher than –2. The pKa values obtained for
RGD were 2.8, 4.0, and 6.8. The values obtained for
RGD-r2  were 3.3, 4.2, and 7.1. The pKa values of
these compounds aided us in understanding the distri-
bution of each ionic species. The dipole moment of
RGD and its methyl analogs was determined in order
to understand the polarity of the analogs and also to
understand the distribution of charge in the molecule,
which would help in comparing the polarity of the
analogs (Table 3). It has been shown that the polarity
of the compound is a key determinant of lipophilicity
(22). In the present study the dipole moment of the
analogs was found to be the lowest for RGD-r1r2 (23.3
Debye) and the highest for RGD-r3 (59.0 Debye). The
difference in values obtained for dipole moments indi-
cate the importance of the arrangement of atoms in
conformational space. The Log P values were calcu-
lated, as lipophilicity influences transepthelial trans-
port especially through the transcellular route (23, 24).
Lipophilicity is commonly expressed as the apparent
partition coefficient between the organic and the aque-
ous phases. Unlike Log D values which are pH depen-
dent, Log P values are pH independent. Log D is a
measure of all species including ionic whereas Log P is
a measure of neutral species only (25). It is noted that
with one methyl substitution the pKa values were not
significantly influenced. 

In vitro transport study

Based on the data discussed above, i.e., the extensive
hydrogen bonding (6-12 sites), large polar surface area
(> 120 Å2 ), low Log P values (< -2) and high maxi-
mum cross-sectional diameters (> 8 Å) of the analogs,
it was predicted that limited transport of the RGD ana-
logs would take place. In order to validate these predic-
�$
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tions, transport experiments for RGD and RGD-r2 as
model compounds were conducted using Caco-2 cell
monolayers. No detectable transport was observed for
RGD or the mono-substituted RGD-r2 analog. The
detection limit for RGD and RGD-r2 was approxi-
mately 1 µg/ml. The stability of the peptide analogs
during the course of the transport studies was verified
by analysing the samples in the apical chambers at the
conclusion of each experiment. We did not observe an
appreciable loss of peptide concentration, suggesting
that peptide stability was not a factor for lack of trans-
port. 

In order  to examine whether the transport of these
RGD peptides could be mediated by PepT1, transport
was assessed in the absence (pH 7.4) or presence (pH
6.0) of an apical proton gradient across Caco-2 mono-
layers, which are known to express PepT (26). As a
positive control we included Gly-Sar in our studies. As
expected Gly-Sar transport increased from 4.2 x 10-6 to
6.2 x 10-6 cm/sec in the presence of a pH gradient. Our
pH 6.0/7.4 Gly-Sar flux ratio of 1.48 is in good agree-
ment with reports by Thwaites and co-workers (27)
who calculated a ratio of 1.57 for the same substrate.  A
significant finding, however, was the reversal of the
augmented transport of Gly-Sar in the presence of
RGD from 6.2 x 10-6 to 4.0 x 10-6 cm/sec indicating
that RGD was either competitively inhibiting the
binding of Gly-Sar to PepT1 and/or interfering with
the proton transport across the apical membrane (Fig-
ure 6). 

Figure 6: Transepithelial transport of gly-sar at pH 6 (����),

gly-sar at pH 7.4 (◊) and Gly-sar in the presence of RGD

at pH 6 (ο).

SUMMARY AND CONCLUSION

Results of our study point out several issues that are
important in the design considerations of new pepti-
domemitic RGD analogs with enhanced oral bioavail-
ability. It was shown that the hydrogen bonding ability
of the compounds appears to be a function of both the
site and the number of methyl substition. An increase
in hydrogen bonding ability was correlated with a gen-
eral increase in polar surface area. Molecular geometry
was shown to be influenced by both the site and the
number of methyl substitution. Molecular volume
showed a direct correlation with the number of methyl
substitutions. We acknowledge that the linear RGD
analogs studied in the present work may not be the
active forms of the compounds and many cyclic ana-
logs have shown antithrombotic activity. However
since a common basic component of the peptidergic
GPIIb/IIIa antagonists is the RGD sequence, we chose
the linear template and its analogs as a building block
for a systematic correlation of structure-transport rela-
tionships. Future studies may include the correlation
of the structural parameters of bioactive RGD peptido-
mimetic analogs with their transepithelial transport. It
is anticipated that such systematic studies will aid in
the design of new compounds or delivery systems that
aim at increasing the oral bioavailability of GPIIb/IIIa
antagonists for chronic antiplatelet therapy.
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