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The relationship between structure and permeability of peptides across epithelial cells was studied.
Using confluent monolayers of Caco-2 cells as a model of the intestinal epithelium, permeability
coefficients were obtained from the steady-state flux of a series of neutral and zwitterionic peptides
prepared from b-phenylalanine and glycine. Although these peptides ranged in lipophilicity (log oc-
tanol/water partition coefficient) from —2.2 to + 2.8, no correlation was found between the observed
flux and the apparent lipophilicity. However, a strong correlation was found for the flux of the neutral
series and the total number of hydrogen bonds the peptide could potentially make with water. These
results suggest that a major impediment to peptide passive absorption is the energy required to break
water—peptide hydrogen bonds in order for the solute to enter the cell membrane. This energy appears
not to be offset by the favorable introduction of lipophilic side chains in the amino acid residues.
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INTRODUCTION

The successful development of peptides and peptide-
like hormones as orally bioavailable therapeutic agents re-
mains a significant challenge to the pharmaceutical scientist.
Such efforts will clearly be aided by a better understanding
of the influence of peptide structure on transport across the
intestinal mucosa. In an attempt to define such relationships,
we have been examining the transport of model peptides
across the intestinal epithelium. Preliminary reports from
this laboratory with a series of oligomers prepared from phe-
nylalanine and glycine suggested that both charge and chain
length were more important than lipophilicity in predicting
the flux of such peptides across rabbit intestine (1,2).

Several years ago, Stein showed that the transport of a
series of solutes into a variety of plant and animal cells was
highly correlated with the number of hydrogen bonds that
the solute could make with water (3). He found that, as the
number of potential solute-solvent hydrogen bonds in-
creased, the permeability of the solute decreased. This was
consistent with a requirement for the desolvation of the sol-
ute before transport across the cell membrane.

Since a general feature of peptides is the presence of
numerous potential hydrogen-bonding sites in the polypep-
tide backbone, it seemed reasonable that a similar argument
might explain the decreased transport of the phenylalanine
oligomers with increasing chain length we had observed pre-
viously. In order to test this concept, the transport of the
same series of peptides was examined across confluent
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monolayers of Caco-2 cells. These cells have been shown by
several laboratories to represent a sensitive, reproducible in
vitro model of the intestinal epithelium for the study of drug
transport (4-6). Also, in order to increase the number of
hydrogen-bonding solutes for this analysis, the transport of
several additional small amides was determined.

MATERIALS AND METHODS

Materials. Glycine, ethylester hydrochloride, [glycine-
1-'*C], specific activity 50 mCi/mmol, acetic anhydride,
[1-'*C], 7 mCi/mmol, and mannitol, p-{1-'*C], 49 mCi/mmol,
were obtained from New England Nuclear. Acetic anhy-
dride, [1-'*C], 106 mCi/mmol, was purchased from Amer-
sham. N-t-BOC3-p-Phenylalanine was from Sigma. All other
reagents were from Aldrich and were of analytical grade.
Chromatography solvents were from Burdick and Jackson.
Caco-2 cells were obtained from ATCC at passage 13. All
cell culture reagents were from GIBCO. Transwell inserts
were from Costar.

General Synthetic Methods. Standard solution method- -
ology as illustrated in Schemes I and II was used for the
synthesis of the unlabeled peptides I-VI (Fig. 1). These were
then purified and characterized. The radiolabeled analogues
were then prepared under identical conditions and compared
to the authentic standards.

Reverse-phase HPLC (RP-HPLC) was performed on a

3 Abbreviations used: HOSu, N-hydroxysuccinimide; DCC, dicy-
clohexylcarbodimide; TFA, trifluoroacetic acid; DMOA, N,N-di-
methyloctylamine; BOC, tertiary butyloxycarbonyl; HBSS,
Hank’s balanced salt solution; TLC, thin-layer chromatography;
RP-HPLC, reverse-phase high-performance liquid chromatogra-
phy.
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Scheme I. Preparation of peptides I-II1. (a) HOSu, DCC, CHCL,. (b)
Gly-OEt, Eix;N, CHCI,. (¢) 1 N NaOH, THF. (d) Phe-OCH,. (e)
CF,CO,H, CH,Cl,.

system consisting of a Beckman Model 110A pump, Perkin-
Elmer LC-55-B detector, and HP-3380A integrator. The col-
umn was a Brownlee RP-18, Spheri-5, 4.6 mm X 10 cm, with
a 2-cm guard. Detection was typically at 205 nm. For the
radiolabeled peptides detection was with a Flo-One HS de-
tector from Radiomatic fitted with a 250-pl flow cell. The
flow rate was maintained at 1 ml/min with a scintillant (Flo-
Scint II) to column effluent ratio of 4:1. Preparative thin-
layer chromatography (TLC) was performed on 20 X 20-cm
silica gel G plates from Analtech.

p-Phenylalanylglycine, [Glycine-1-"*C], Trifloroacetate
(I). To a solution of BOC-D-Phe (25 mg, 0.09 mmol) in 1 ml
CHCI,; were added HOSu (12 mg, 0.01 mmol) and DCC (21.5
mg, 0.1 mmol). After stirring for 20 min, the solution was
filtered, and a mixture of glycine [1-'*Clethyl ester hydro-
chloride (250 pCi, 0.005 mmol) and triethylamine (2 ml,
0.014 mmol) in 1 ml CHCI; was added to the filtrate. After
stirring an additional 2 hr, the solution was washed with 5%
(v/v) HCI, water, then dried over Na,SO,, and the product
was concentrated under a N, stream. The resulting concen-
trate was applied to a prep silica gel plate and developed with
isopropanol-CHCl, (5:95). The product was extracted from
the gel with CH;OH-CHCI; (20:80). After removal of sol-
vent, the residue was dissolved in 0.5 ml THF, 0.1 ml 1 N
NaOH added, and the resulting solution stirred overnight.
This solution was again concentrated to a small volume un-
der N,, 0.05 ml 3 N HCI added, and the BOC-PheGly prod-
uct extracted into CHCl;. After removal of the solvent, the
residue was redissolved in CF;CO,H-CH,CI, (50:50) and let
stand for 30 min. Final removal of solvent and trituration
with diethylether yielded 180 wCi of the desired product with
a specific activity of 47 nCi/pumol. Mass spectrometry (non-
radiolabeled peptide), [M + H]™* at 222. RP-HPLC, 6.6-min
retention time (15% CH,CN, 0.02% CF,CO,H, 0.02%
DMOA at 1 ml/min).

p-Phenylalanyl-p-Phenylalanylglycine, [Glycine-1-"#C],
Trifluoroacetate (II). Preparation was similar to that of I,
starting with Boc-p-Phe-D-Phe. The BOC-b-Phe-p-Phe-Gly

abc d
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j at BOC Phe Phe-NH3 —_— Ac-Phe-Phe-NH;
v
g.2.e cd
3QC Phe Phe OCH, — =  BOC-Phe Phe-Phe NH; ———3 Ac-Phe-Phe-Phe-NH;

Vi
Scheme II. Preparation of peptides IV-VL. (a) HOSu, DCC, CHClL;.
(b) NH; (g). (¢) CF,CO,H, CH,CL,. (d) (CH;CO),0, THF. (e) Phe-
NH,, CHCI,. (f) Phe-OCH,, CHCl;. (g) 1 N NaOH, THF.
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Fig. 1. Structures of the peptide solutes.

ethyl ester was purified by preparatory TLC, eluting with
methanol-chloroform (5:95). Yield of II was 88 wCi at a spe-
cific activity of 49 nCi/pmol. Mass spectrometry (nonradio-
labeled peptide), [M + H]* at 370. RP-HPLC, 8.12-min
retention time (8% CH,CN, 0.02% CF,CO,H, 0.02% DMOA
at 1 ml/min).
D-Phenylalanyl-D-Phenylalanyl-p-Phenylalanylglycine,
[Glycine-1-'*C], Trifluoroacetate (III). Preparation was sim-
ilar to that of I, starting with BOC-p-Phe-D-Phe-D-Phe. The
Boc-D-Phe-D-Phe-Gly ethyl ester was purified by preparato-
ry TLC, eluting with methanol-chloroform—-ammonium hy-
droxide (5:95:0.01). Yield of III was 35 wCi with a specific
activity of 49 wCi/umol. Mass spectrometry (nonradiolabeled
peptide), [M + H]™ at 517. RP-HPLC, 2.61-min retention time
(30% CH,CN, 0.02% CF,CO,H, 0.02% DMOA at 1 ml/min).
Acetamido-D-Phenylalanylcarboxamide, [Acetyl-1-"*C]
(IV). To a solution of p-Phe-NH, (6 mg, 0.04 mmol) in 1 ml
CHCI, was added acetic anhydride [1-'%C] (500 wCi, 0.0047
mmol), in 0.25 ml toluene. After stirring overnight, the sol-
vent was evaporated under N,, and the residue chromato-
graphed on preparatory TLC, eluting with methanol-
chloroform (10:90). The product band was cut out and ex-
tracted with methanol-chloroform (50:50) to yield 155 u.Ci of
the peptide with a specific activity of 106 pCi/pumol. Mass
spectrometry (nonradiolabeled peptide), M™* at 206. RP-
HPLC, 9.0-min retention time (10% CH,CN, 0.02%
CF;CO,H, 0.02% DMOA at 1 ml/min).
Acetamido-D-Phenylalanyl-D-Phenylalanylcarboxa-
mide, [Acetyl-1-"*C] (V). Preparation was as for IV, starting
with D-Phe-D-Phe-NH,. Purification on preparatory TLC
with isopropanol-chloroform (10:90) yielded 15 nCi of prod-
uct with a specific activity of 106 wCi/umol. Mass spectrom-
etry (nonradiolabeled peptide), M™* at 353. RP-HPLC, 6.1-
min retention time (30% CH,CN, 0.02% CF,CO,H, 0.02%
DMOA at 1 ml/min.
Acetamido-D-Phenylalanyl-D-Phenylalanyl-D-Phenylal-
anylcarboxamide, [Acetyl-1-"*C] (VI). Preparation was as
for IV, starting with D-Phe-D-Phe-D-Phe-NH,. Purification
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on preparatory TLC, eluting with isopropanol-chloroform-
ammonium hydroxide (10:90:0.01), yielded 36 n.Ci of the de-
sired product with a specific activity of 106 pCi/pmol. Mass
spectrometry (nonradioactive peptide), M* at 500. RP-
HPLC, 6.2-min retention time (40% CH,CN, 0.02%
CF,CO,H, 0.02% DMOA at 1 ml/min).

3-Phenylpropanamide (VII). Hydrocinnamoyl chloride
was treated with aqueous ammonia under standard condi-
tions (7). The product was purified by crystallization from
water. MP 148-150°C, lit. 149.2°C.

N-Benzylacetamide, [Acetyl-1-"*C] (VIII). To a solu-
tion of N-benzylamine (8 pl, 0.07 mmol) and triethylamine
(10 pl, 0.07 mmol) in CHCl; was added acetic anhydride,
[1-'*C] (250 nCi, 0.035 mmol). After stirring for 1 hr, the
solution was washed with 5% HCI (v/v), 10% Na,COs;, dried,
and filtered. After chromatography on TLC eluting with
methanol-chloroform—ammonium hydroxide (5:95:0.1), 110

nCi of product was obtained with a specific activity of 7 -

p.Ci/pmol. The product was shown to be chromatographical-
ly identical to an authentic standard from CTC Organics.

N-Benzyl,N-methylacetamide (IX). This compound
was prepared as described previously (8).

Solubility Determinations. The aqueous solubilities of
the peptides were determined after equilibration in Krebs—
Ringer buffer (25°C, pH 7.4). An excess of solid was shaken
for 24, 48, and 72 hr. The supernatant was assayed by HPLC
after filtration through a 0.22-pm Millipore filter which had
been presaturated with the peptide of interest in order to
inhibit nonspecific binding to the filter.

Partition Coefficient Determinations. Octanol/Krebs—
Ringer partition coefficients were determined by shaking
buffered aqueous solutions of the solute with buffer-
saturated octanol overnight. After centrifugation to separate
the phases, peptide concentrations were determined by ei-
ther HPLC or liquid scintillation counting. The partition co-
efficients are reported as the log of the concentration in the
octanol divided by the concentration in the aqueous phase.

Cell Culture. The preparation of confluent Caco-2 cell
monolayers on Transwell polycarbonate filters has been de-
scribed in detail previously (6). The cells used in this study
were between passage number 26 and passage number 40.

Transport Studies. The transport experiments were
performed with monolayers of between 14 and 21 days in
culture as described previously (6). Briefly, the monolayers
were washed three times with HBSS before the solute of
interest (in HBSS) was added to the donor compartment.
Donor concentrations were typically 2-10 pM for the radio-
labeled solutes and 0.2-0.3 mM for the unlabeled solutes.

After incubation at 37°C for a specific interval, the cup
containing the monolayer and donor solution was transferred
to a fresh receiver compartment. In order to maintain sink
conditions in the receivers, transfer intervals were chosen
such that approximately 5% or less of the solute moved from
the donor to the receiver during the equilibration. At the end
of the experiment, aliquots of the donor and receiver com-
partments were assayed for the appropriate substrate. Ef-
fective permeability coefficients (P.g) were calculated from
these results as before (6).

Finally, the first time a transport study was performed
with a solute, aliquots of the donor and receiver were chro-
matographed to assure that the radioactivity measured was
associated with the parent peptide, and not radioactive frag-
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ments which may have resulted from cell-mediated metabo-
lism.

Cell Toxicity of Peptides IV and V. In order to establish
that the fluxes observed for the most permeable peptides
were not due to artifacts resulting from toxic effects of the
peptides on the Caco-2 cell monolayers, two experiments
were performed. In one series, ['*C]mannitol, as a cell-
impermeable marker, was included in 0.3 and 1.28 mM so-
lutions of unlabeled peptide V. The flux of mannitol was
followed in this case. No increase in mannitol flux over 6 hr
was seen with either of these solutions relative to non-
peptide-containing buffer controls.

In a second experiment, monolayers were incubated in
either the presence or the absence of 0.3 mM peptide IV.
After 3 hr, the cells were removed from the filters by tryp-
sinization and examined for viability by their ability to ex-
clude trypan blue. No evidence of peptide induced cell tox-
icity was observed by this criterion.

Analytical Methods. Mass spectral analysis was per-
formed by the Upjohn Physical and Analytical Chemistry
Department. Radioactivity was quantitated by liquid scintil-
lation counting with a Beckman LS 3801 scintillation
counter. 3-Phenylpropanamide and N-Methyl,N-benzylacet-
amide were quantitated by RP-HPLC. An isocratic solvent
system was employed for both compounds consisting of 25%
acetonitrile containing 0.02% trifluoroacetic acid at a flow
rate of 2 ml/min and detection at 205 nm. Under these con-
ditions retention times were 2.0 min for 3-phenylpropana-
mide and 3.6 min for N-Methyl,N-benzylacetamide, respec-
tively.

RESULTS

Physical Properties of the Peptides. The molecular
weights, solubilities in Krebs—Ringer buffer, and octanol-
buffer partition coefficients for peptides I to VI are summa-
rized in Table I. Peptides I to III are zwitterions at physio-
logical pH and, consistent with this structure, show little
tendency to partition into the octanol phase. However, the
increase in phenylalanyl groups through the series results in
enhanced distribution because of the increase in hydrocar-
bon content in the amino acid side chain.

Peptide IV is formally a phenylalanylglycine dipeptide
as is I except that the elements of glycine are used to block
the amino and carboxyl groups. As can be seen from Table
I, this modification results in a substantially more lipophilic
peptide with a concomitant decrease in overall solubility.

Table I. Properties of the Zwitterionic and Neutral Phenylalanine

Oligimers

log partition

Peptide MW Solubility” coefficient®
PheGly (I) 222 750,000 -2.16
Phe,Gly (II) 369 340 —~1.46
Phe,Gly (III) 516 52 —-0.66
AcPheNH, (IV) 206 71,570 0.05
AcPhe,NH, (V) 353 70 1.19
AcPhe,NH, (VI) 500 40 2.30

% wg/ml at pH 7.4.
¢ Octanol-Kreb’s Ringer buffer (pH 7.2).
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Further, similar to the zwitterionic series, addition of more
phenylalanyl residues to give V and VI yielded peptides with
increasing lipophilicity accompanied by a substantial de-
crease in water solubility. For this series, each phenylalanyl
residue contributes approximately one log unit to the parti-
tion coefficient.

Flux of Peptides I-VI Across Caco-2 Cell Monolayers.
The cumulative appearance of zwitterionic peptides I-III
and the neutral series IV-VI in the receiver compartments is
shown in Figs. 2 and 3. Similar to what was found with rabbit
intestine, increasing the chain length in either series results
in a marked decrease in flux. No metabolism was found for
any of these peptides by chromatography of the donor and
receiver compartments at the end of the experiment. Fur-
ther, greater than 95% of the total radioactivity could be
accounted for in the donor and receiver solutions, suggest-
ing minimal peptide adsorption to the cell monolayer or
Transwell system itself at the concentrations employed for
these experiments. Thus, effective permeability coefficients
(P.g) were calculated from the steady-state rate of appear-
ance of the peptides and are summarized in Table II. In-
cluded in this table are previously determined permeability
coefficients for transport of the peptides across rabbit intes-
tinal mucosa (1,2).

For the Caco-2 cell studies, these permeability coeffi-
cients contain contributions from the permeability through
the aqueous boundary layer (P,,), across the monolayer
(P monotayer)» and through the underlying filter (Pg,,,). Since
these are resistances to diffusion in series, they are related
by the following expression (9):

1 1
+— 1

P monolayer

1 1
> =3 1)
Py Py Pritger

which, on rearrangement, gives the permeability of the sol-
ute across the cell monolayer,

Solute in Receiver {cum %)

o T T T T T 1
o) 30 60 90 120 150 180

Minutes

Fig. 2. Flux of the zwitterionic peptides I-1Il across confluent
Caco-2 cell monolayers. Stock solutions of PheGly (@), Phe,Gly
(M), or Phe,Gly (A) were incubated in the Transwell system at 37°C.
Each point represents the mean and standard deviation for at least
three determinations.
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Solute in Receiver {cum %)
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Fig. 3. Flux of the neutral peptides IV-VI across Caco-2 cell mono-
layers. Stock solutions of AcPheNH, (A), AcPhe,NH, (@), or
AcPhe;NH, (W) were incubated with Caco-2 cell monolayers at 37°C
in the Transwell system. Each point represents the mean and stan-
dard deviation for at least three determinations.

1
Pmonolayer = 1 1 1 2)

Peff Paq Pﬁlter

Thus, P, notayer> the rate of transport across the Caco-2 cell
monolayer, can be calculated if the aqueous diffusion layer
permeability and the filter permeability are known. From a
previous study, we determined P,, to be 8 X 10~ 5 cm/sec for
this Transwell model (6).

The permeability of the filter should be obtainable from
measuring the rate of diffusion of the solute across an un-
treated, non Caco-2 cell containing Transwell insert. Be-
cause of technical problems, we were not able to perform
this control experiment reproducibly. However, we do know
that the filter permeability for the solutes is described by the
following relationship:

(3)

eD
Prijter = W

where € is the porosity of the nucleopore filter (15%), A is the
thickness of the filter (10 pm), and D is the diffusion coeffi-

Table II. Permeability Coefficients for Peptides I-VI

Peffa

Peptide Caco-2 Rabbit? Pronotayer
1 1.05 (0.28) 6.9 (1.9) 1.06 (0.3)
11 0.55 (0.11) 7.1(0.9) 0.56 (0.10)
m 0.36 (0.07) 6.7 (3.2) 0.36 (0.07)
v 7.99 (0.83) 14.0 (3.0) 8.85 (0.8)
v 2.20 (6.14) 5.0 (0.7) 2.26 (0.14)
VI 0.66 (0.03) 2.3(0.4) 0.67 (0.03)

% cm/sec X 108, Values reported are the mean and standard devia-
tion of at least three determinations.
% Data from Refs. 1 and 2.
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cient of the solute through the filter pore. If the dimension of
the pore is large with respect to the size of the molecule, then
diffusion should be relatively uninfluenced by the pore walls
and D should approach the value for free diffusion of the
solute in solution.

For the solutes used in this study with molecular
weights less than 550, we can estimate a reasonable molec-
ular radius of 5-10 A (10), while the pore diameter of the
polycarbonate filter is 30,000 A. Thus we expect these mol-
ecules to diffuse freely through the pore. Substituting a dif-
fusion coefficient, D = 8 X 10~° cm?/sec, as a typical value
for solutes of this size (11) into Eq. (3), we estimate Pg,., to
be about 1 x 10~ 3 cm/sec. Since this number is very large
relative to P,, and P, it would be expected to have little
influence on the transport rates of these solutes. Based on
these considerations, Pgy,., was ignored in Eq. (2) and the
values for P, o1ayer Were determined. These results are also
included in Table II.

Transport of Peptides I-VI Across Caco-2 Cell Mono-
layers as a Function of Lipophilicity. A plot of P iayer fOr
the zwitterionic and neutral peptides as a function of li-
pophilicity is shown in Fig. 4. As can be seen, increasing the
peptide chain length in the charged series to three (II) and
four (III) residues substantially increased the lipophilicity
but resulted in a modest decrease in the observed permeabil-
ity.

On the other hand, elimination of the charge to give the
pseudo dipeptide IV improved transport markedly relative to
the zwitterionic I. However, again increasing the phenylal-
anine content in this series, while improving lipophilicity,
substantially reduced permeability with each amino acid
added.

Transport of the Solutes as a Function of Hydrogen-
Bond Number. In order to examine the premise that the
permeability of these peptides could be correlated to the
hydrogen-bonding potential, the number of hydrogen bonds
(N) for each of the neutral peptides was estimated by use of
the values in Table III as adapted from Stein (3). These
results are summarized in Table IV. In order to increase the

—=—
<

6
P monolayer(cm/eec x 107)

iR,

8 Vvl

o T T T T T 1
-3 -2 -1 0 1 2 3

Log PC (n-Octanol/Buffer)

Fig. 4. The relationship between permeability coefficients and oc-
tanol-buffer partition coefficients for peptide solutes I-VI.
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Table III. Assignment of Potential Hydrogen Bonds (N) to the
Functionalities Present in the Peptides®

Function Group in which present N

-OH Alcohol 2

—NH, Primary amine 2
Primary amide

- NQR)H Secondary amine 1
Secondary amide

-CO- Amide 1

¢ Adapted from Stein (3).

number of N values for the purpose of establishing a corre-
lation, the transport of the primary, secondary, and tertiary
amide solutes VII-IX was also examined. Similar to the re-
sults with the phenylalanyl oligomers, no evidence of me-
tabolism was found in either the donor or the receiver com-
partments during the course of the transport studies for any
of these solutes. The permeability coefficients were calcu-
lated and are shown in Table V.

With respect to the zwitterionic peptides I-III, a prob-
lem arises when trying to assign hydrogen-bonding values.
For ionic species, as pointed out by Diamond and Wright,
electrostatic interactions become dominant, making the hy-
drogen-bond concept less useful (12). Further, these hydro-
gen-bonding considerations apply only for a transport mech-
anism which involves diffusion of a molecule across the cell
membrane. The P, ,n.1.,er W€ have calculated contains this
mechanism but also contains a contribution from paracellu-
lar diffusion, that is, diffusion between the cells rather than
through the cell:

P = P, + P

monolayer transcellular paracellular (4)

In this case the contributions are additive since they are
parallel pathways.

In contrast to diffusion across a cell membrane which
involves a partitioning process, paracellular flux is via an
aqueous pathway restricted by the presence of apical tight
junctions between the cells (13). Since the solute does not
leave the aqueous environment, desolvation is unnecessary
and the principal determinant of the flux rate is the size of
the molecule to the size of the aqueous ‘‘pore.”’

If the assumption is made that the flux of the zwitter-
ionic peptides is restricted to the pore due to the charged
nature of the solute, then the observed permeability can be
used to approximate the dimensions of the paracellular junc-
tion in terms of an equivalent pore according to the relation-
ship:

p= eDF(r/R)Ge

h ®

Table IV. Assignment of Hydrogen
Bonds (N) to the Phenylalanine Peptides

av-vi
Peptide N
v 5
\% 7
\'! 9
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Table V. Hydrogen-Bond Numbers (N) and Permeability Coeffi-
cients for the Model Solutes VII-IX

SOIUIC N P(-:fflz Pmonolayera
VII 3 54.3(1.9) 170 (15)
VIII 2 58.0 (0.6) 211 (6)
IX 1 66.8 (1.3) 405 (38)

“ cm/sec X 10°. Values reported are the mean and standard devia-
tion of at least three determinations.

where € is the porosity of the membrane, D is the aqueous
diffusion coefficient of the solute, 4 is the thickness of the
membrane, G, describes the charge density in the molecule,
and F(r/R) is the Renkin sieving factor, which relates the
molecular radius of the solute (r) to the effective pore radius
(14). By taking the ratio of the permeabilities between any
two of the peptides, we get

P F(r/R)
P’ " F('IR)

©)

where r and r' may be readily estimated as equivalent
spheres by the Stokes-Einstein equation, and then R, the
equivalent pore radius, becomes the only unknown. We
have assumed that the molecular size effect on the diffusion
coefficient and the distance of charge separation between the
pairs of peptides are cancelled when the ratio is taken. The
results of these calculations are shown in Table VI. As can
be seen from this table, the permeability coefficients for pep-
tides I-III suggest that these solutes are sieved through a
pore that is approximately 8 A in radius. It must be empha-
sized that this number is only a very crude estimate due to
the limited data used in the determination but is useful as a
first approximation.

Although the P, noiayer Calculated in this study contains
contributions from P, cnuiar @8 Well as P ceiuiars the rel-
ative contributions will depend upon the dimensions of the
paracellular pore, the size of the solute, and the resistance of
the solute to diffusion via the transcellular route. For very
permeable substances, the paracellular route is expected to
be relatively insignificant. On the other hand, for very poorly
permeable solutes, the paracellular route may be the princi-
pal transport pathway. In theory, it should be possible to
determine the para- and transcellular permeabilities for each
of the solutes, but at the present time, an insufficient char-
acterization of the molecular properties and pathways
present in the system prevents us from doing so, but work in
this regard is currently in progress and will be forthcoming in
the future. Thus, with this qualification of P, in mind,

monolayer

Table VI. Estimation of Caco-2 Cell Monolayers’ Effective Pore
Size from the Permeability Results for the Zwitterionic Peptides

(1-I10)
Peptide rHA) F(rIR) R(A)

I 4.52 0.0354

I 5.36 0.0228 ;zg

i 5.99 0.0180 :
Average 8.06
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the permeabilities from Tables I and V and the N values for
the solutes were used to obtain the plot shown in Fig. 5.

DISCUSSION

The results shown here for the transport of peptides I to
VI across Caco-2 cells are qualitatively identical to our ear-
lier results with the same peptides in an in virro rabbit intes-
tinal model. In both cases, the permeability is low in the
charged series, and while increasing the phenylalanine con-
tent increased the octanol distribution coefficient, the per-
meability is decreased. Further, a significant increase in flux
is found by elimination of the charge to give the dipeptide IV,
but again, increasing the phenylalanine content reduces
transport, despite a significant increase in lipophilicity.

These results are in marked contrast to what was found
for the relationship of permeability with lipophilicity in the
Caco-2 cell model with a simpler series of model solutes (6).
There, a sigmoidal relationship was established, with perme-
ability approaching a maximum value as the log octanol-
water partition coefficient was increased to about 2. No such
correlation was found here. Indeed, with the neutral pep-
tides IV-VI, almost the exact opposite dependence is seen;
that is, increasing the log PC results in lowered permeabili-
ties. The last member in the series, AcPhe;NH,, has a log
PC of 2.8, which should put it within the aqueous boundary
layer control limit for absorption (6). Thus, it seems clear
that some other factor is controlling the permeability of the
peptides in this system.

As we discussed in our earlier rabbit work, the progres-
sion through the series I-III and IV-VI involves the addition
of two amino acids. While this increase should be accompa-
nied by a favorable increase in lipophilicity due to the large
hydrocarbon side chain of phenylalanine (15), we are also
introducing a very polar amide bond into the chain with each
residue. Such polar functionalities are capable of forming
strong interactions with hydrogen-bonding solvents (16).

For these solutes, then, we can consider the partitioning
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Fig. 5. Relationship of the permeability coefficients for solutes IV—-
IX across Caco-2 cell monolayers and number of potential hydro-
gen-bonding sites in the solute.
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process into octanol as consisting of two components. The
first is a hydrophobic effect which arises from the unfavor-
able entropy accompanying the dissolution of nonpolar res-
idues in water. In fact, it has been shown that the AG for
transfer of the phenylalanine side chain from water into hy-
drocarbon is —3.24 kcal/mol (17). This provides a strong
driving force for the movement of these peptides from water
into the octanol phase.

The second component arises from the presence of the
strong hydrogen bonds these solutes can form with water.
Energy must be expended to break these bonds in order for
the solute to reach the transition state for transfer from one
phase to the other (16). Since octanol is a hydrogen-bonding
solvent, these broken solute-water bonds can be satisfied by
the octanol. Thus the overall energy required for the desol-
vation step in the transfer process will be small. In this case,
the partition coefficient will be more representative of the
hydrophobic effect and little influenced by hydrogen-
bonding considerations. This is why we see such large in-
creases in octanol partitioning with each phenylalanine res-
idue added to the chain.

Similarly, diffusion across a cell membrane involves a
partitioning process, that is, movement of the solute from
the aqueous medium into the membrane interior. If, as has
been suggested, the membrane is more hydrocarbon like,
with little or no hydrogen-bonding potential -(18), then the
favorable hydrophobic component favoring transfer will be
opposed by the desolvation energy. Since it has been esti-
mated that the energy cost of transferring an amide bond
from water into hexane is 6.1 kcal/mol (19), this step can
represent a significant barrier to the diffusion of such mole-
cules. Indeed, our results suggest that this is the dominant
force controlling the transport of these peptides across both
rabbit and Caco-2 cell membranes.

The importance of hydrogen bonding in predicting sol-
ute transport across cells is analogous to what Stein showed
for the uptake of small molecules into the giant algae Chara
and similar studies with other cells, including mammalian
erythrocytes (3). However, whereas Stein included in his
treatment many different hydrogen-bonding functionalities,
we have chosen to restrict our studies to amides and related
groups likely to be encountered in amino acids, since our
primary interest is in peptides. Nevertheless, it seems clear
from the results shown in Fig. 5 that a strong argument for
the negative impact of hydrogen-bonding groups on peptide
transport can be made.

In summary, we find that the transport of the model
peptides I-VI across Caco-2 cell monolayers is similar to
results obtained from rabbit intestinal mucosa. Again, as
with the rabbit, there is no obvious correlation between the
transport of these peptides and the octanol-water partition
coefficient of the peptide. There is, however, a strong cor-
relation between the permeability of the peptides and the
number of hydrogen bonds the solute can make with water,
which must be broken in order for the solute to transfer into
the cell membrane interior. These results should offer a sim-
ple method for ranking the absorption potential of newly
synthesized peptides or guiding in the design of compounds
with good absorption potential. These results further suggest
that chemical modification to improve absorption of existing
structure, perhaps via the prodrug approach, should focus
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on modifications which decrease the total hydrogen-bonding
potential of the molecule.

Finally, we recognize that treating all potential hydro-
gen bonds as energetically equivalent, as is implicit in Table
III, is a naive approximation. However, as the results here
show, it can be useful. Future work will present experimen-
tal methods to measure the desolvation energy of a peptide
directly, similar to the partition coefficient difference
method used to guide the synthesis of histamine antagonists
with improved blood-brain barrier permeability (20). This
should prove useful for the study of inductive and steric
factors, among others, which will influence hydrogen-bond
strength. Such effects will not be obvious by simple inspec-
tion of the peptide primary sequence.
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