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Purpose. To investigate the relationships between the B-turn structure
of a peptide and its passive diffusion across Caco-2 cell monolayers,
an in vitro model of the intestinal mucosa.

Methods. Linear hydrophilic peptides (Ac-TyrProXaaZaaVal-NH,;
Xaa = Gly, Ile and Zaa = Asp, Asn) and hydrophobic (Ac-YaaPro-
XaalleVal-NH,; Yaa = Tyr, Phe and Xaa = Gly, lle: and Ac-PhePro-
Xaalle-NH,; Xaa = Gly, Ile) peptides were synthesized and their
effective permeability coefficients (P ;) were determined across Caco-
2 cell monolayers. The lipophilicities of the peptides were estimated
by measuring their partition coefficients (P,,,) between 1-octanol and
HBSS. Two-dimensional NMR (2D-NMR) spectroscopy and circular
dichroism (CD) spectroscopy was used to determine the solution struc-
tures of these model peptides.

Results. Using 2D-NMR spectroscopy and CD spectroscopy, the
hydrophilic Gly-containing peptides (Ac-TyrProGlyZaaVal-NH,; Zaa
= Asp, Asn) were shown to exhibit a higher degree of B-turn structure
in solution than the Ile-containing peptides (Ac-TyrProlleZaaVal-NH,;
Zaa = Asp, Asn). CD spectroscopy was used to show that the Gly-
containing hydrophobic peptides (Ac-YaaProGlylleVal-NH,; Yaa =
Tyr, Phe: and Ac-PheProGlylle-NH,) exhibited a higher degree of B-
turn structure in solution than the Ile-containing hydrophobic peptides.
The P.x values of all four hydrophilic peptides across unperturbed
Caco-2 cell monolayers were very low and no statistically significant
differences were observed between the Gly- and Ile-containing penta-
peptides within either the Asp or Asn series. The P values for the
hydrophobic Gly-containing peptides were significantly greater than
the P values determined for their Ile-containing counterparts. The
Gly-containing penta- and tetrapeptides in the Phe series, which exhib-
ited high permeation, were shown to be metabolically unstable. In
contrast, the Gly- and Ile-containing pentapeptides in the Tyr series
and the lle-containing penta- and tetrapeptides in the Phe series, which
exhibited low permeation, were metabolically stable.

Conclusions. Hydrophobic peptides that exhibit significant B-turn
structure in solution are more lipophilic as measured by log P, and
more readily permeate Caco-2 cell monolayers via the transcellular
route than hydrophobic peptides that lack this type of solution structure.
The ability of these peptides to permeate Caco-2 cell monolayers via
the transcellular route also exposed them to metabolism, presumably
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by cytosolic endopeptidases. Similar secondary structural features in
hydrophilic peptides do not appear to sufficiently alter the physico-
chemical properties of the peptides so as to alter their paracellular flux
through unperturbed Caco-2 cell monolayers.

KEY WORDS: peptide delivery; paracellular diffusion; transcellular
diffusion; solution conformation; Caco-2 cells.

INTRODUCTION

Natural peptides exhibit extremely low oral bioavailability
because of their propensity to be metabolized and their unfavor-
able physicochemical properties, which largely restrict their
permeation across the intestinal mucosa to the paracellular route
(1). Since the paracellular route is an aqueous extracellular
route, structural features that have been shown to influence the
flux of peptides via this pathway include hydrophilicity, charge,
and molecular radius (1,2). Recently, Pauletti ez al. (3) showed
that size is the predominant factor in determining the paracellu-
lar permeability of peptides having the same charge. In addition,
they showed that neutral and positively charged peptides of
the same size (e.g., tripeptides) are more permeable than are
negatively charged peptides.

However, to achieve optimal permeation of the intestinal
mucosa, peptides and peptidomimetics must possess the physi-
cochemical characteristics that allow them to traverse this cellu-
lar barrier via the transcellular (or lipid) pathway rather than
the paracellular (or aqueous) route (1,2,4). The most important
physicochemical characteristics determining transcellular per-
meation of the intestinal mucosa are size, charge and the compo-
nents of lipophilicity (i.e., hydrophobicity and hydrogen
bonding potential) (4). Another factor that could influence the
intestinal mucosal permeation of larger peptides (e.g., pentapep-
tides) is their conformations in solution. The solution conforma-
tion of a peptide could affect various physicochemical
characteristics including its size (e.g., molecular radius) and
shape (e.g., spherical vs. cylindrical), which might affect its
paracellular flux, and/or lipophilicity (e.g., hydrophobicity,
hydrogen bonding potential), which might affect its transcellular
flux (5).

Recently, our laboratory (5-10) has shown that unique
conformations induced by chemical cyclization of peptides can
alter these physicochemical parameters (i.e., increased lipophil-
icity), thus enhancing the overall permeation of the peptide and
altering its pathway of permeation from the paracellular to the
transcellular pathway. In these cases, the enhanced permeation
resulted from an increase in the lipophilicity of the cyclic pep-
tides compared to linear peptides, and thus a shift from a paracel-
lular to a transcellular pathway of flux (5-7). Similar changes
in the physicochemical characteristics of linear peptides may
result from inducing the peptides to exhibit different types of
turn structures in solution (e.g., B-turns, which involve four
residues of a peptide where the NH of residue i + 3 forms a
H-bond with the CO of residue i). The degree to which a peptide
exhibits these types of solution structures depends on the amino
acid sequence. For example, Dyson er al. (11) have shown that
the pentapeptides H-TyrProXaaAspVal-OH (Xaa = Gly, lle)
exhibit varying degrees of B-turn structure depending on the
Xaa residue (i.e., when Xaa = Gly the peptide exhibits a higher
propensity to form B-turn structures in solution than when
Xaa = lle).
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To our knowledge, no attempts have been made to deter-
mine how these types of turn structures in linear peptides influ-
ence their paracellular and transcellular permeation across cell
monolayers. In the present study, we have designed experiments
to investigate whether 8-turn structures in solution can influence
the permeability of a linear peptide across the Caco-2 cell
monolayers. For these studies, we have used five pairs of model
penta- and tetra-peptides. Since H-TyrProXaaAspVal-OH
(Xaa = Gly, lle) are metabolically unstable, we prepared the N-
terminally acetylated and C-terminally amidated analogs (Ac-
TyrProXaaAspVal-NH,, Xaa = Gly, lle) to block metabolism
by exopeptidases. We also prepared the Asn analogs (Ac-Tyr-
ProXaaAsnVal-NH,, Xaa = Gly, Ile} of these pentapeptides to
determine the effect of charge on the paracellular permeation.
In addition, maintaining the ProGly and Prolle motifs as deter-
minants for 8-turn structure, we varied the amino acid sequence
on the N-terminal end (i.e., Tyr replaced with Phe) and the C-
terminal end (i.e., AspVal replaced by IleVal or Ile) in order
to increase their hydrophobicity. Thus, the resulting model pen-
tapeptides (Ac-ZaaProXaalleVal-NH,; Zaa = Tyr, Phe and
Xaa = Gly, Ile) and tetrapeptides (i.e., Ac-PheProXaalle-NH;
Xaa = Qly, Ile) should have a greater propensity to traverse
Caco-2 cell monolayers by the transcellular pathway than by
the paracellular pathway.

MATERIALS AND METHODS

Materials

['“C]Mannitol (specific activity = 55 p.Ci/pumol) was pur-
chased from American Radiolabeled Company (St. Louis, MO).
Palmitoyl-DL-carnitine (PC) was purchased from Sigma Chemi-
cal Company (St. Louis, MO). Hanks’ balanced salt solution
(HBSS) was purchased from JRH Biosciences (Lenexa, KS).
All the amino acids, in the L-configuration where applicable,
and resins used for the solid-phase synthesis of the peptides
were purchased from Bachem Bioscience Inc. (King of Prussia,
PA). ['*C]Ac-Phe-NH, (specific activity = 100 wCi/wmol) was
generously provided by Dr. Philip Burton of Pharmacia &
Upjohn Inc. (Kalamazoo, MI).

Peptide Synthesis

The N- and C-terminally capped peptides were synthesized
using solid-phase methodology and 9-fluorenylmethoxycarba-
mate (FMOC)-protected amino acids on a 4-(2',4’-dimethoxy-
phenyl-FMOC-aminomethyl)-phenoxymethyl polystyrene
resin as described previously (10). All of the amino acids,
except Pro, Tyr, and Phe, were added to the peptide on the
resin at a 2.5 molar excess and allowed to couple for 2 hr. Pro,
Tyr, and Phe were coupled three times at a 1:1 molar ratio.
The first two couplings were performed for 2 hr, followed by
an overnight coupling. Coupling was confirmed by the Kaiser
test. The crude peptide mixtures were purified by gradient
elution HPLC using a Whatman preparative C18 column (21.4
mm X 25 cm). The eluents for the hydrophilic peptides con-
sisted of Milli-Q H,O:acetonitrile (ACN):trifluoroacetic acid
(TFA) in ratios of 95:5:0.1 (solvent A) and 20:80:0.1 (solvent
B). Gradient elution was performed with a 5 mL/min flow rate
and a gradient increase of 5-50% of solvent B over 40 min.
The eluents for the hydrophobic peptides consisted of Milli-Q
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H;O:ACN:TFA in ratios of 80:20:0.1 (solvent A) and 10:90:0.1
(solvent B). Gradient elution was performed with a 5 mL/min
flow rate. The gradient conditions consisted of an increase of
5-50% of solvent B over 30 min, followed by a increase of
50-100% of solvent B over the next 30 min; the gradient was
then held at 100% of solvent B for 20 min. The fractions
containing peptide were identified by mass spectroscopy and
purity was assured by analytical HPLC. All solvents were HPLC
grade or better.

NMR Spectroscopy

The NMR experiments were performed on the hydrophilic
peptides (Ac-TyrProXaaZaaVal-NH,; Xaa = Gly, Ile and
Zaa = Asp, Asn) at 10°C in 90% H,0/10% D,0O with the pH
adjusted to 4.1 = 0.1 using 0.1 N NaOH and 0.1 N HCL.
2,2-Dimethyl-2-silapentane-5-sulfonate (DSS) was added as a
chemical shift standard. The peptide concentrations typically
ranged from 25 to 35 mM in 0.6 mL of the solvent. All experi-
ments were performed on a Briiker AM-500 spectrometer
operating at 500.138 MHz for 'H and using a dedicated proton
probe that was modified for optimal suppression of the
unwanted water resonance. Phase-sensitive Homonuclear Hart-
mann Hahn (HOHAHA) and rotating frame Overhauser
(ROESY) spectra were taken as described previously (7,10).
The data were processed with a squared cosine bell apodization
in both dimensions; the f1 axis was zero filled to 1 K points
for the HOHAHA and 2 K points for the ROESY.

The amide temperature coefficients for the peptides were
obtained from one-dimensional spectra using the 'H presatura-
tion program on the Brilkker AM-500 spectrometer. The amide
proton chemical shifts (ppm) were measured over a range of
10-35°C. The amide temperature coefficients were calculated
from the slopes of the plots of the Appm for each amide proton
vs. temperature.

CD Spectroscopy

The CD spectra for the peptides were determined at 25°C
on an Aviv 62 DS spectropolarimeter (Lakewood, NJ) as
described previously (7,10). The peptide concentrations for
these studies ranged from 1-2 mM in methanol. The spectra
were deconvoluted using the convex constraint analysis method
and secondary structural elements were estimated as described
previously (7,10).

Molecular Size Determinations

CZE was used to determine aqueous diffusion coefficients
in HBSS by a stop-flow method described by Yao and Li (12).
The analysis was performed at 37°C on an ISCO model 3140
capillary electropherogram instrument. The voltage applied
across the capillary was 10 kV, which led to a current of approxi-
mately 55 pA. The capillary used was uncoated and measured
40 cm from the buffer reservoir to the detector. The molecular
radius (r) for each peptide was calculated from its diffusion
coefficient (D) by the Stokes-Einstein equation:

= kT
6mmD

(D

where kT = thermal energy and m = viscosity.
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Partition Coefficient Determinations

The lipophilicities of the hydrophilic (Ac-TyrProXaaZaa-
Val-NH,; Xaa = Gly, Ile and Zaa = Asp, Asn) and hydrophobic
(Ac-YaaProXaalleVal-NH,; Yaa = Tyr, Phe and Xaa = Gly,
Ile: and Ac-PheProXaalle-NH,; Xaa = Gly, lle) peptides were
estimated by measuring the partition coefficients (P,,) of these
molecules in 1-octanol and HBSS. P, values for the hydro-
philic peptides were determined in triplicate at volume ratios
of 25:1, 35:1, and 45:1 (octanol:HBSS). P, values for Ac-
TyrProXaalleVal-NH, (Xaa = Gly, Ile) were determined in
triplicate at volume ratios of 5:1, 2:1, and 1:1 (octanol:HBSS).
P, values for each Phe-containing peptide were determined
in triplicate at volume ratios of 1:1, 1:2, and 1:5 (octanol:HBSS).
The concentration of the peptides in HBSS ranged from about
1-2 mM. The concentration of the peptides in HBSS ranged
from about 1-2 mM. All equilibration steps were performed
by vigorously shaking the two phases together for 24 hr. The
samples were then centrifuged to facilitate phase separation.
The concentration in the aqueous phase (Ca) was then deter-
mined by HPLC as described below. All but 5 mL of the organic
phase in each sample was then transferred to a separate tube
and re-equilibrated with 1 mL of HBSS to assess the concentra-
tion of peptide in the organic phase (Co). The partition coeffi-
cients were calculated by Equation 2:

Co Va
Pow = | =—| X [—=
orw (Ca) (Vo) @
where Va and Vo are the volumes of the aqueous and organic
phases, respectively.

Cell Culture

The Caco-2 cell line, which originated from a human
adenocarcinoma (13), was obtained from the American Type
Culture Collection (Rockville, MD). The conditions under
which the cells were grown have been described previously by
our laboratory (14). The cells used in this study were between
passages 35 and 70. Mannitol fluxes were monitored in triplicate
across unperturbed cell monolayers to determine monolayer
integrity. All cell monolayers used in these studies, irrespective
of passage number, exhibited mannitol fluxes < 0.4% per hr.

Caco-2 Transport Experiments

The Caco-2 transport experiments were conducted as
described previously by our laboratory (3,5,6,10) with a few
modifications. Caco-2 transport studies with ['*C]mannitol and
[*C]Ac-Phe-NH, were conducted following the same proce-
dure for radiolabeled solutes described previously (14). For
transport experiments performed in the presence of PC, the
cells were incubated with the appropriate concentrations of PC
in HBSS on both the apical (AP) and basolateral (BL) sides.
The peptides were prepared as stock solutions at concentrations
of 0.4-0.7 mM in HBSS, or in HBSS containing PC. Sampling
for the Gly- and Ile-containing peptides in the Tyr series and
the Ile-containing tetra- and pentapeptides in the Phe series was
performed as described previously (3,5,10). Due to increased
permeation and metabolism, the receiver side sampling of the
Gly-containing tetra- and pentapeptides in the Phe series was
reduced from every 30 min over 3 hr to every 5 min over 50
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min. Samples were stored in the freezer (—20°C) until analyzed.
No degradation was observed during this storage period. The
effective permeability coefficients (P.g) for all of the transport
experiments were calculated from the appearance kinetics of the
solute in the receiver compartment at steady state as described
previously (14). A one-way ANOVA(r > 95%) with a Tukey’s
comparison was performed to compare the observed P, values.

HPLC Analysis

The peptide transport samples were analyzed by gradient
reversed-phase HPLC on a Rainin Dynamax 300A C18 column
(5§ mm, 4.6 X 250 mm) with a Dynamax C18 guard column.
The eluents for the hydrophilic Tyr-containing peptides Ac-
TyrProXaaZaaVal-NH, (Xaa = Gly, Ile and Zaa = Asp, Asn)
consisted of Milli-Q H,O:ACN:TFA in ratios of 95:5:0.1 (sol-
vent A) and 20:80:0.1 (solvent B). Elution was accomplished
using a gradient that consisted of ramping from 0-30% B over
15 minutes. The eluents for the analysis of the (Ac-TyrPro-
XaalleVal-NH,; Xaa = Gly, lle) consisted of Milli-Q
H,0:ACN:TFA in ratios of 90:10:0.1 (solvent A) and 20:80:0.1
(solvent B). Elution was accomplished using a gradient that
consisted of ramping from 0-30% B over 12 min. The eluents
for the analysis of the hydrophobic Phe-containing peptides
(Ac-PheProXaalleVal-NH,; Xaa = Gly, lle and Ac-PheProX-
aalle-NH,; Xaa = Gly, Ile) consisted of Milli-Q H,O:ACN:TFA
in ratios of 75:25:0.1 (solvent A) and 20:80:0.1 (solvent B).
Elution was accomplished using a gradient that consisted of
ramping from 10-45% B over 10 min, then ramping from
45-90% from 10-15 min. The fluorescence detector was set
to excitation and emission wavelengths of 278 and 305 nm,
respectively, for the Tyr-containing peptides and 257 and 282
nm, respectively, for the Phe-containing peptides. A flow rate
of 1.0 mL/min was used.

RESULTS

The Physicochemical Properties

The physicochemical properties of the model peptides are
shown in Table I. The 1-octanol:HBSS log P, values for the
hydrophilic peptides (Ac-TyrProXaaZaaVal-NH,; Xaa = Gly,
Ile and Zaa = Asp, Asn) were negative, confirming their hydro-
philic characteristics. Two trends become apparent upon analy-
sis of the partitioning behavior of these peptides: (a) the Asp
analogs are more hydrophilic than the Asn analogs; and (b)
the Gly-containing analogs are more hydrophilic than the Ile-
containing analogs in each series. For the hydrophobic peptides,
the 1-octanol:HBSS log P, value for Ac-TyrProGlylleVal-
NH, was positive and higher than the log P, value for the
Ac-TyrProllelleVal-NH,. The 1-octanol:HBSS log P, values
for the peptides in the Phe series were all positive. Two trends
become apparent upon analysis of the partitioning behavior of
the peptides in the Phe series: (a) the Gly analogs were more
hydrophobic than the Ile analogs; and (b) the partitioning char-
acteristics of the Gly- and Ile-containing pentapeptides were
similar to those of the tetrapeptides in the Phe series.

The diffusion coefficients, which were determined by CZE,
were used to calculate the molecular radii by the Stokes-Einstein
equation. For the hydrophilic peptides, the molecular radii of
the Asn-containing peptides were consistently smaller than the
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Table I. Physicochemical Properties of the Model Peptides
Diffusion Molecular
Molecular coefficient” radius Log
Peptide weight (X 10° cm?¥s) (A)yb Pyu© Net charge
Ac-TyrProlleAspVal-NH, 646 5.7 5.8 -1.85 Negative
Ac-TyrProGlyAspVal-NH, 590 5.1 6.5 -~3.71 Negative
Ac-TyrProlleAsnVal-NH, 645 6.5 4.7 —0.42 Neutral
Ac-TyrProGlyAsnVal-NH, 589 75 44 —2.06 Neutral
Ac-TyrProllelleVal-NH, 644 5.7 5.7 1.13 Neutral
Ac-TyrProGlylleVal-NH, 588 72 4.8 —0.20 Neutral
Ac-PheProllelleVal-NH, 628 6.2 5.4 1.61 Neutral
Ac-PheProGlylleVal-NH, 572 6.4 5.1 1.96 Neutral
Ac-PheProllelle-NH, 529 6.1 54 1.17 Neutral
Ac-PheProGlylle-NH, 473 7.3 4.5 2.00 Neutral

“ Diffusion coefficients were determined by stop-flow capillary electrophoresis in HBSS at pH 7.35.
% The molecular radius was calculated from the diffusion coefficient by the Stokes-Einstein equation.
¢ The partition coefficients were determined in 1-octanol:HBSS as described in Materials and Methods.

molecular radii of the Asp-containing peptides. However, there
were no consistent differences between the molecular radii of
the Gly- and Ile-containing peptides within either the Asp or
Asn series. For the hydrophobic Tyr- and Phe-containing pep-
tides, the molecular radius of the Gly-containing peptide within
each pair was consistently smaller than the molecular radius
of its Ile-containing counterpart.

To confirm that the N-terminally acetylated and C-termi-
nally amidated pentapeptides (Ac-TyrProXaaZaaVal-NH,; Xaa
= Gly, Ile and Zaa = Asp, Asn) used as models in this study
had solution conformations similar to those described by Dyson
etal. (11) for H-TyrProXaaAspVal-OH, (Xaa = Gly, Ile), exten-
sive 2D-NMR and CD experiments were conducted. Unambigu-
ous assignments of the sequence specific proton chemical shifts
were obtained for each residue from the HOHAHA spectrum
of each peptide. The chemical shifts (NH, C*H, and CFH), the
coupling constants between the amide and a protons [*Jynan
(Hz)], and the amide temperature coefficients for Ac-TyrPro-
GlyAsnVal-NH; are shown in Table II. All of the amide-a
coupling constants for each residue were greater than 5.

Unambiguous assignment of the sequence-specific
through-space connectivities was obtained from the ROESY
spectrum of each peptide. For example, in Ac-TyrProGlyAsn-
Val-NH,, the NH of Asn4 has a through-space ROE connectivity
with the NH of Gly3 (dyn) and the Pro2 8H has a through-

Table II. Temperature Coefficients, Coupling Constants, and Chemi-
cal Shift Data for Ac-TyrProGlyAsnVal-NH, in 90% H,O and 10%

D,O
Coupling Chemical shift in (ppm)
AJ/AT constant

Residue [ppb/K] inan (Hz) NH C°*H CPH
Tyrl ~9.3 7.30 8.21 4.73 2.98, 2.76
Pro2 NA NA NA 438 222,201
Gly3 -8.7 6.384 796 382 NA
Asn4 -6.3 6.67 8.27 4.63 2.63
Val5 -89 7.45 818 395 2.14

NA-not applicable.
“ For Gly, the coupling constant is /g, (Hz).

space ROE connectivity with the Gly3 NH (dys). These ROE
connectivities have been shown to be associated with a 4 — 1
Type I B-turn (Figure 1) (11). This conclusion is supported by
the relatively reduced amide temperature coefficient found for
the Asn4 NH (—6.3 ppb/K as compared to ~ —11 ppb/K for
free amide protons), indicating that it forms an intramolecular
hydrogen bond with the carbonyl of Tyrl. Interestingly, evi-
dence was also found for the presence of a 5 = 2 Type I B-
turn as shown in Figure 1. A dyy ROE connectivity replaces
the dys when Pro is replaced in the turn by any other residue.
Evidence for this 5 — 2 Type I B-turn includes a dyn connectivity
between Gly3 and Asn4, a dny connectivity between Asn4 and
Val5, and a dyn, between ValS and Gly3, The NMR spectral
data for H-TyrProGlyAspVal-OH and Ac-TyrProGlyAspVal-
NH, were found to be similar to the data described above for
Ac-TyrProGlyAsnVal-NH, (data not shown). The ROE connec-
tivities observed for H-TyrProlleAspVal-OH, Ac-TyrProlle-
AspVal-NH,, and Ac-TyrProlleAsnVal-NHj; indicated that these
peptides lack similar B-turn conformations in solution (data not
shown). Due to technical difficulties, the NMR spectra for the
remaining peptides were not obtained. Instead, CD spectroscopy
was used to determine their solution structures.

The CD spectra for Ac-TyrProGlyAsnVal-NH, and Ac-
TyrProlleAsnVal-NH, are shown in Figure 2. The CD spectrum
for the Gly-containing pentapeptide shows a minimum at 220
nm, which has been shown to be characteristic of a Type I -
turn (7,15). The CD spectrum for Ac-TyrProlleAsnVal-NH,
lacks this feature. Upon deconvolution of the spectra for the
Asn peptides, it was apparent that the Gly-containing peptide
has a significantly higher population of B-turn structure in
solution than the Ile-containing peptide (data not shown). Simi-
lar results were found for all of the other peptide pairs used in
these studies (data not shown).

Transport Studies Across Caco-2 Cell Monolayers

In preliminary experiments, attempts were made to deter-
mine the permeability characteristics of the uncapped pentapep-
tides (i.e., H-TyrProXaaAspVal-OH: Xaa = Gly, Ile). However,
because of their rapid metabolism when applied to the AP side
of the Caco-2 cell monolayer, the uncapped peptides were not
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Type [ 8-Tum

detected on the BL side even after a 3 hr incubation (data not
shown). Based on the limits of detection of the HPLC assay, the
maximum P, values of the uncapped analogs were estimated to
be ~ 3 X 107° cm/s.

When the N- and C-terminally capped hydrophilic peptides
(Ac-TyrProXaaZaaVal-NH,; Xaa = Gly, Ile and Zaa = Asp,
Asn) were applied to the AP side of the Caco-2 cell monolayers,
they were metabolically stable for up to 3 hr (data not shown).
In addition, detectable amounts were measured on the BL side
of the monolayer, allowing for the estimation of P.g values for
each pentapeptide. The data shown in Table III suggest that
both the Gly- and Ile-containing Asn peptides exhibit slightly
higher P.; values than their corresponding Asp analogs; how-
ever, the differences were not statistically significant. In addi-
tion, within each series, the Ile-containing peptide appears to
be more permeable than the Gly-containing peptide; however,
again the differences were not statistically significant.

To confirm that the hydrophilic pentapeptides traverse the
Caco-2 cell monolayer via the paracellular route, the mono-
layers were perturbed with PC to increase the aqueous pore
radius from approximately 5.1 Aw12A (14). For comparison
purposes, experiments were also performed with [*C]mannitol,
a known paracellular marker (13,16), and [*C]Ac-Phe-NH,, a
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Fig. 2. The CD spectra for Ac-TytProGlyAsnVal-NH, and Ac-Tyr-
ProlleAsnVal-NH,.

Knipp, Vander Velde, Siahaan, and Borchardt

Type I 8-Tum
Fig. 1. The ROE connectivities that support the presence of 4 = 1 Type I and 5 — 2 Type 1 B-turns in
Ac-TyrProGlyAsnVal-NH,.

known transcellular marker (17). As shown in Table III, the
P, value of [“*CJmannitol in the PC-perturbed Caco-2 cell
monolayer is approximately 33 times greater than the P.g value
in unperturbed monolayers. In comparison, the P value of
['*C]Ac-Phe-NHj increases only 2.7 times in the PC-perturbed
monolayer system as compared to the unperturbed system.

When the P.g values of the model hydrophilic pentapep-
tides were determined in the PC-perturbed Caco-2 cell mono-
layer system, they were shown to be 130-350 times greater
than the P.g values determined in the unperturbed Caco-2 cell
monolayer system (Table III). It is interesting to note that in
the PC-perturbed monolayer system, the Asp-containing penta-
peptides exhibited lower P values than their counterparts in
the Asn series. In addition, the Gly-containing Asn pentapeptide
exhibited a higher P value than the Ile-containing Asn penta-
peptide. A similar difference was not observed between the
permeability characteristics of the Gly- and Ile-containing pep-
tides in the Asp series.

When the hydrophobic peptides Ac-TyrProGlylleVal-NH,,
Ac-TyrProllelleVal-NH,, Ac-PheProllelleVal-NH, and Ac-
PheProllelle-NH, were applied to the AP side of the Caco-2
cell monolayers, they were shown to be metabolically stable
for up to 3 hr (data not shown). In contrast, Ac-PheProGly-

Table III, Observed P Values of the Hydrophilic Pentapeptides
Across Unperturbed and Perturbed Caco-2 Cell Monolayers

P.; (X 10% cm/s)?

Relative
Compound Unperturbed”  Perturbed®  increase?
Mannitol 0.237 (0.01) 7.94 (0.88) 335
Ac-Phe-NH, 9.31 (0.28) 25.2 (5.23) 2.7
Ac-TyrProGlyAspVal-NH, 0.050 (0.010) 6.81 (0.81) 136
Ac-TyrProlleAspVal-NH, 0.083 (0.017) 10.9 (1.45) 131
Ac-TyrProGlyAsnVal-NH, 0.084 (0.021) 29.7 (0.60) 353
Ac-TyrProlleAsnVal-NH, 0.097 (0.017) 16.5 (0.44) 170

¢ Permeability coefficients are expressed as the mean * (s.d.) for n = 3.

¢ Determined using Caco-2 cell monolayers grown onto microporous mem-
branes as described in Materials and Methods.

¢ Determined using Caco-2 cell monolayers grown onto microporous mem-
branes and then perturbed by incubation with 0.15 mM PC as described
in Materials and Methods.

4 Ratio of P,y (perturbed)/P.¢ (unperturbed).
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Fig. 3. The time course for transport and the stability of Ac-PheProGly-
IleVal-NH, after application of the peptide on the AP side of Caco-2
cell monolayers. The values for % Remaining were calculated by
adding the % Apical and % Basolateral sides together at each time point.

IleVal-NH, and Ac-PheProGlylle-NH, were found to undergo
rapid metabolism when applied to the AP side of the Caco-2
cell monolayers (Figure 3). Therefore, the P s values of these
peptides had to be calculated from the initial rates of the appear-
ance kinetics on the receiver side. The data shown in Table IV
suggest that the Gly-containing peptides exhibit significantly
higher P.; values than their corresponding Ile analogs in all
three pairs of peptides. In addition, replacement of a Tyr residue
with a Phe residue significantly increases the permeation of
both the Gly- and Ile-containing peptides.

DISCUSSION

Recently, our laboratory has shown that restricting the
conformation of a hexapeptide by different cyclization methods
enhances its permeation across Caco-2 cell monolayers (5-10).
The enhanced permeation appears to result from changes in the
physicochemical characteristics (i.e., lipophilicity) of the cyclic
peptides compared to the linear peptide, which cause a shift
from a paracellular to a transcellular pathway of flux (5,6,10).
Based on these observations with cyclic peptides, we hypothe-

Table IV. Observed P ¢ Values of the Hydrophobic Penta- and Tetra-
peptides Across Caco-2 Cell Monolayers

Peptides P.i (X 10° cm/s)**
Ac-TyrProllelleVal-NH, 0.05 = (0.0D)
Ac-TyrProGlylleVal-NH, 0.34 = (0.14)
Ac-PheProllelle Val-NH, 0.47 = (0.27)
Ac-PheProGlylleVal-NH, 58.7 = (1.1)
Ac-PheProllelle-NH, 045 = (0.1D)
Ac-PheProGlylle-NH, 59.1 £ (2.4)

“ Permeability coefficients are expressed as the mean * s.d. forn = 3.
b Determined using Caco-2 cell monolayers grown onto microporous
membranes as described in Materials and Methods.
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sized that the solution conformation (i.e., B-turn) of a linear
peptide may also influence its physicochemical characteristics
and, thus, its permeation across Caco-2 cell monolayers. A
series of model hydrophilic peptides (Ac-TyrProXaaZaaVal-
NH,; Xaa = Gly, Ile and Zaa = Asp, Asn) and hydrophobic
peptides (Ac-YaaProXaalleVal-NH,; Yaa = Tyr, Phe and Xaa
= Qly, Ile: and Ac-PheProXaalle-NH,; Xaa = Gly, Ile) were
designed to investigate the relationship between the B-turn
structure of peptides, their physicochemical characteristics, and
their permeation across Caco-2 cell monolayers. Each series
contained a peptide with the ProGly motif and a peptide with
the Prolle motif as determinants of B-turn structure. Since this
series of peptides varies significantly in lipophilicity, as mea-
sured by their log P, in 1-octanol and HBSS, they should
permeate the Caco-2 cell monolayers by the paracellular and/
or transcellular routes.

Initially, extensive 2D-NMR and CD spectroscopy studies
were conducted to determine the population of -turn structure
in these hydrophilic peptides. As pointed out by Dyson et al.
(11), ROE connectivities from 2D-NMR ROESY spectra can
be used to identify even small amounts of B-turn structures in
dynamic equilibrium with random coil forms within this class
of peptides. The ROE connectivities observed for Ac-TyrPro-
XaaAspVal-NH; and Ac-TyrProXaaAsnVal-NH, (Xaa = Gly,
Ile) are consistent with the findings reported by Dyson et al.
(11) for the uncapped H-TyrProXaaAspVal-OH (Xaa = Gly,
Ile) peptides. These findings suggest that the Gly-containing
peptides exist in dynamic equilibrium between a 4 = 1 Type
I B-turn and a 5 — 2 Type I B-tumn. The ROESY spectra for
the Ile-containing peptides did not exhibit the same degree or
intensity of connectivities (data not shown), suggesting these
peptides exist in random conformations.

The presence of Type I 3-turns in the Gly-containing pep-
tides was also strongly supported by the CD spectra (i.e., Ac-
TyrProGlyAsnVal-NH,, Figure 2) (7,15). The CD spectra for
the Ile-containing peptides (i.e., Ac-TyrProlleAsnVal-NH,, Fig-
ure 2) suggested a more random structure for these peptides
(15). The results of these experiments clearly showed that CD
could be used to determine the relative degree of B-tum structure
that these peptide pairs exhibit, as illustrated in Figure 2. The
CD spectra for the remaining peptide pairs clearly showed
that all of the peptides containing the ProGly motif exhibit
significant B-turn structure in solution, whereas the analogous
peptide in each pair containing the Prolle motif lack this struc-
tural feature (data not shown). These results are consistent with
the findings of Dyson er al. (11).

The very low P.; values determined for the hydrophilic
peptides using unperturbed Caco-2 cell monolayers are similar
to values observed for a series of N-terminally and C-terminally
blocked hexapeptides (3). The similarities in the permeation
characteristics of these model penta- and hexapeptides include
the observation that the negatively charged peptides appear to
be slightly less (but not statistically significant) less able to
permeate than the neutral peptides, which is consistent with
the charge characteristics of the TJs in Caco-2 cell monolayers
(14,16). The very low P values also suggest that these peptides
exhibit predominantly paracellular flux across Caco-2 cell
monolayers.

In an attempt to determine the effect of the size and/or
shape of these hydrophilic peptides on their permeation of the
Caco-2 cell monolayers, the permeability characteristics of the
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Gly-containing hydrophilic peptides were compared to Ile-con-
taining peptides. Interestingly, the Ile-containing peptides in
both the Asp and Asn series were slightly more able to permeate
across the unperturbed Caco-2 cell monolayer than were the
Gly-containing peptides. These results do not suggest a role
for the B-turn structure in determining permeation of these
peptides via the paracellular route in unperturbed Caco-2 cell
monolayers.

In earlier studies, our laboratory (14) has shown that the
average size of the aqueous pores in the TJs of the Caco-2 cell
monolayers is approximately 5.1 A. From the data shown in
Table 1, it is apparent that the pentapeptides used in this study
have molecular radii (range 4.4-6.5 A) in the same size range
as the pores in the cellular TJs. Therefore, it is not surprising that
these model pentapeptides exhibit extremely low permeation
across Caco-2 cell monolayers and that slight changes in solu-
tion conformation induced by B-turn structures may not signifi-
cantly affect their Py values.

To confirm that the hydrophilic peptides used in this study
are permeating the Caco-2 cell monolayers predominantly by
the paracellular route, transport experiments were conducted
using Caco-2 cell monolayers that had their TJs slightly per-
turbed by PC. A similar strategy has been employed by Arturs-
son and Magnusson (18) and Gan et al. (19) using EGTA as
a perturbant. For these studies, PC was employed because our
laboratory had shown previously that this perturbant increased
the aqueous pore radii of the TJs in Caco-2 cell monolayers in
a dose-dependent manner (14). A concentration of 0.15 mM
PC was selected, which increased the aqueous pore radius from
approximately 5.1 A to approximately 12 A (14).

From the data shown in Table III, it is apparent that the
hydrophilic peptides exhibit significantly higher P.¢ values in
the PC-perturbed Caco-2 cell monolayers than in unperturbed
cell monolayers (i.e., 131-136 fold for the Asp peptides and
170-353 fold for the Asn peptides). These results are consistent
with the data observed for mannitol, a known marker of the
paracellular pathway (14,16) (i.e., 33.5 fold increase in the Py
value in perturbed vs. unperturbed cell monolayers) but not
consistent with data for Ac-Phe-NH,, a known marker of the
transcellular route (17) (i.e., 2.7 fold increase in the P4 value in
perturbed vs. unperturbed cell monolayers). These observations
further confirm that these peptides traverse the Caco-2 cell
monolayers predominantly by the paracellular pathway. Inter-
estingly, the rank order of the P values of these pentapeptides
across perturbed Caco-2 cell monolayers is consistent with
their molecular radii, which would be predicted by the Renkin
molecular sieving function (14,16).

In comparing the Asp- and Asn-containing peptides, it is
also apparent that the P values of the negatively charged Asp
peptides are significantly lower across the PC-perturbed Caco-2
cell monolayers than the P.¢ values for the neutral Asn peptides.
These observations are consistent with data published earlier
by our laboratory (3) using a series of hexapeptides. Both the
results reported in this paper and our earlier work (3) show
that there is an effect of charge on the paracellular permeation
of these peptides (i.e., anionic peptides exhibit a reduced flux
as compared to the neutral or cationic peptides of similar size
and structure). When a comparison was made between the P.g
values of the Gly- and Ile-containing pentapeptides in the Asp
series determined in the PC-perturbed Caco-2 cell monolayers,
no statistically significant difference was observed, suggesting
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that the negative charge on these peptides may be the predomi-
nant factor in controlling their paracellular permeation.

In the case of the Asn series, a statistically significant
difference was found in the P.; values of the Gly- and Ile-
containing peptides (i.e., the Gly-containing peptide has a two-
fold higher P, value than the Ile-containing peptide). Therefore,
with this series of neutral pentapeptides, solution conformation
appears to affect the size and/or shape of the molecule suffi-
ciently to influence its permeation of the cell monolayer via
the paracellular route.

Except for Ac-TyrProGlylleVal-NH,, all of the hydropho-
bic peptides exhibited positive log P, values suggesting that
they should more readily permeate the Caco-2 cell monolayers
via the transcellular route. It is interesting to note that in the
Tyr series of pentapeptides, the Gly-containing peptides have
lower log P, values than the Ile-containing peptides, which
is consistent with partitioning behavior of the hydrophilic pep-
tides. However, when the Tyr residue in these hydrophobic
pentapeptides is replaced with a Phe residue, this trend is
reversed (i.e., the Gly-containing peptide has a higher log
P, value than the Ile-containing peptide). This observation
suggests that, in the Phe series of pentapeptides, the presence
of B-turn structure in the Gly-containing peptide contributes
significant lipophilic character to the peptide. This would not be
expected when one considers that the hydrophobic contribution
from an Ile residue is much greater than that of a Gly residue
(20). Similar partitioning behavior between 1-octanol and HBSS
was observed for the Phe series of tetrapeptides (Table I). It
should be noted that attempts were made to measure the hydro-

- gen bonding potential of all three series of peptides; however,

technical difficulties were encountered in measuring partition
coefficients in the iso-octane:HBSS system.

The Asn residue of the hydrophilic peptides, as mentioned
above, was replaced by an Ile residue in these hydrophobic
peptides (i.e., Ac-TyrProXaalleVal-NH,; Xaa = Gly, Ile) in an
attempt to increase the hydrophobicity (20). The low P.¢ value
(5 X 1078 cm/s) determined for the Ile-containing peptide in this
series suggests that it also permeates the Caco-2 cell monolayers
predominantly by the paracellular route. However, it is interest-
ing to note that the Gly-containing peptide in this series showed
a P, value (34 X 107® cm/s) that was approximately 8 times
higher than that of the Ile-containing peptide, suggesting the
possibility that this peptide because of its solution structure
may have a significant transcellular component to its permeation
across Caco-2 cell monolayers.

In an attempt to further increase the hydrophobicity of
these pentapeptides, we replaced the Tyr residue with a Phe
residue (i.e., Ac-PheProXaalleVal-NH,; Xaa = Gly, Ile). This
structural change was made based on the observation by Burton
et al. (21) that the permeation of a D-Phe dipeptide was almost
an order of magnitude higher than that of the b-Tyr dipeptide.
Consistent with the observations made by Burton et al. (21),
replacement of the Tyr residue by a Phe residue in our model
pentapeptides resulted in a significant increase in the Caco-2
cell permeability of these peptides. For example, in the case
the Ile-containing pentapeptide in the Phe series, the P,y value
was approximately an order of magnitude greater than the P
value observed for its counterpart in the Tyr series. In the case
of the Gly-containing pentapeptides, the peptide in the Phe
series was approximately 170 times more able to permeate than
was the peptide in the Tyr series.
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When comparisons were made between the P g values of
the Gly-containing and Ile-containing pentapeptides in the Phe
series, dramatic differences were observed (Table IV). Consis-
tent with the partitioning characteristics of these peptides (Table
I), the Gly-containing peptide (Ac-PheProGlylIleVal-NH,) was
shown to be approximately 125 times more able to permeate
than the Ile-containing peptide (Ac-PheProllelle Val-NH,). This
relatively high permeation for a peptide suggests that its 3-turn
structure has a significant influence on its ability to partition
into a lipid bilayer and traverse the monolayer by the transcellu-
lar pathway.

The effect of solution conformation (B-turn structures)
on transcellular permeation of biological membranes may be
readily understood from the effect membranes have been shown
to exert on the solution conformation of linear peptides. For
example, the membrane interface has been shown to induce
the formation of a 3-turn in linear peptides that exhibit random
solution conformations (22,23). Two-dimensional NMR studies
with Ac-LysGlyArgGlyAspGly-NH, showed that the confor-
mation of the peptide was highly random in solution and in the
presence of deuterated dodecyl-phosphocholine micelles (22).
This peptide was then covalently anchored to 2,3-dipalmitoyl-
D-(+)-glyceric acid through the Lys side chain to form a lipo-
peptide, which also did not alter the random structure of the
peptide in solution. However, when the solution structure of
this lipopeptide was determined in deuterated dodecyl-phospho-
choline, which forms micelles, the peptide was shown to adopt
a Type (IT') B-turn conformation (22). A similar phenomenon
was also witnessed with membrane-bound conformations of
Leu-enkephalin analogs (23). These results suggest that unique
solution conformations can be induced in peptides as they
approach a membrane interface, which may be an important
step in the transcellular permeation of peptides. The possibility
that solution conformation may influence the transcellular per-
meation of peptides has also been discussed by Burton et al. (4).

In an attempt to further increase the hydrophobicity of
peptides in the Phe series, we truncated the pentapeptides by
removal of the Val residue on the C-terminal end to make a
series of tetrapeptides (i.e., Ac-PheProXaalle-NH,; Xaa = Gly,
Ile). Interestingly, the physicochemical characteristics and the
permeation characteristics of these tetrapeptides were similar
to those of the pentapeptides. Again, as we showed in the Phe-
containing pentapeptides, dramatic differences were observed
between the Gly- and Ile-containing peptides (i.e., the Gly-
containing tetrapeptide was approximately 130 times more able
to permeate than was the Ile-containing tetrapeptide). These
permeability characteristics are consistent with the observed
lipophilicities of the peptides as measured by 1-octanol:HBSS
partition coefficients.

Finally, it is interesting to note the differences in the metab-
olism characteristics of the model peptides used in these studies.
All of the model peptides used in this study were acetylated
at the N-terminal end and amidated at the C-terminal end in
an attempt to prevent metabolism by brush border amino- and
carboxypeptidases. This strategy worked very effectively for
the structurally related hydrophilic peptides. In addition, we
observed that those peptides (Ac-TyrProXaalleVal-NH,, Xaa =
Gly, Ile; Ac-PheProllelleVal-NH,; Ac-PheProllelle-NH,) that
exhibited low permeation across Caco-2 cell monolayers (pre-
sumably traversing the monolayer via the paracellular pathway)
were metabolically stable. In contrast, those peptides that exhib-

1339

ited high Caco-2 cell monolayer permeation (presumably trav-
ersing the monolayer via the transcellular pathway) were
extensively metabolized. Based on the results recently published
by Bai (24), we assume that this metabolism occurs at the
ProXaa bond and is catalyzed by prolyl endopeptidases. Bai
(24) has shown that this is a cytoplasmic enzyme that is capable
of catalyzing the metabolism of N-terminally acetylated neuro-
tensin 813 (Ac-ArgArgProTyrlleLeu) at the ProTyr peptide
bond. :

In conclusion, these results with the hydrophilic peptides
suggest that if the pore radii of the TJs in the Caco-2 cell
monolayer are significantly larger than the molecular radii of
the peptide (i.e., pore radii ~ 12 A; peptide radii 5-6 A), the
solution structure of the peptide can influence ite permeation.
However, the effect of the solution structure of the molecule
on its paracellular permeation can be overwhelmed by other
physiochemical characteristics of the peptide (i.e., charge).
Thus, no single physiochemical characteristic controls the para-
cellular permeation of peptides; instead, it is the interplay of
these physicochemical characteristics that will determine their
paracellular permeation characteristics. However, for
hydrophobic peptides, these results suggest that solution struc-
tures (i.e., B-turns) may have a dramatic effect on the physico-
chemical characteristics and, thus, the membrane permeability
characteristics of peptides. In addition, these results illustrate
that structural changes in a peptide that lead to an increase
in monolayer permeability via a change in the pathway of
permeation (i.e., paracellular to transcellular) can also lead to
altered pathways of metabolism.
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