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Review

Structural Specificity of Mucosal-Cell Transport and
Metabolism of Peptide Drugs: Implication for Oral Peptide

Drug Delivery

Jane P. F. Bai®*? and Gordon L. Amidon?

The brush border membrane of intestinal mucosal cells contains a peptide carrier system with rather
broad substrate specificity and various endo- and exopeptidase activities. Small peptide (di-/
tripeptide)-type drugs with or without an N-terminal a-amino group, including B-lactam antibiotics and
angiotensin-converting enzyme (ACE) inhibitors, are transported by the peptide transporter. Poly-
peptide drugs are hydrolyzed by brush border membrane proteolytic enzymes to di-/tripeptides and
amino acids. Therefore, while the intestinal brush border membrane has a carrier system facilitating
the absorption of di-/tripeptide drugs, it is a major barrier limiting oral availability of polypeptide
drugs. In this paper, the specificity of peptide transport and metabolism in the intestinal brush border
membrane is reviewed.
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INTRODUCTION

With absorption area enhanced by villi and microvilli,
and with various exo- and endo-peptidases anchored in the
brush border membrane, the small intestine is an important
digestion and absorption organ in the body. In addition to
passive diffusion, there are specific. carrier-mediated sys-
tems in the intestine to facilitate absorption of nutrient.
Since absorption of intact dipeptides into the portal vein was
observed in 1968, it has been found that di-/tripeptides are
transported by a carrier-mediated transport process (1,2).
Oral delivery of drugs, especially peptide-type drugs, bene-
fits from the unique absorption capability of the intestine but
also suffers from its intensive digestive ability. Though hy-
drophilic and ionized at the intestinal pHs, small peptide-
type drugs, such as B-lactam antibiotics and angiotensin-
converting enzyme (ACE) inhibitors, are absorbed orally
through the peptide transporter (3-8). Targeting the peptide
transporter, with its rather broad substrate specificity, in
order to achieve significant oral efficacy of di-/tripeptide
drugs is an appealing strategy but requires delineation of its
specificity.

The exopeptidases and endopeptidases in the intestinal
brush border membrane are able to cleave polypeptides and
protein fragments, resulting from the actions of gastric and
pancreatic enzymes, to amino acids and di-/tripeptides (9).
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Polypeptide drugs are subject to the attack by the brush
border peptidases even if pancreatic proteolysis is avoided.
Consequently, oral availability of bioactive polypeptides is,
in general, very poor (10). However, cyclosporin is an orally
active peptide; further significant membrane transport of en-
kephalin and renin inhibitors was observed when peptidase
inhibitors were used, and the oral efficacy of insulin and
vasopressin is improved, though still too low to be useful,
using inhibitors and a stable analogue, respectively. These
results indicate that oral delivery is feasible if proteolysis is
avoided (11-14). Through an understanding of the substrate
specificity of mucosal-cell proteolytic enzymes, the proteo-
lytic metabolism of peptide-type drugs or prodrugs can be
predicted. Strategies to target or to avoid these enzymatic
actions can then be designed accordingly. With increasing
knowledge of physiological functions and pharmacophores
of peptide drugs, such as renin inhibitors, ACE inhibitors,
human growth hormone, luteinizing hormone-releasing hor-
mone (LHRH), insulin, calcitonin, and vasopressin, their
therapeutic use is also becoming more important. This paper
reviews our current knowledge of the structural require-
ments for the peptide transporter and the substrate specific-
ity of mucosal-cell peptidases.

INTESTINAL MUCOSAL-CELL TRANSPORT OF AMINO
ACID AND PEPTIDE-TYPE DRUGS

Carrier-Mediated Transport of Small Peptides

Small peptides (di-/tripeptides) are absorbed by a car-
rier-mediated system, which has broad substrate specificity,
in various species (2). Di-/tripeptides share a common trans-
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port mechanism, while the absorption of Gly-Gly-Gly-Gly
and Gly-Sar-Sar-Sar is concluded to be passive (2,15,16).
However, characterization of the small peptide transporter
in the intestinal mucosal cell is complicated by hydrolysis.
Moreover, there are more than 480 possible dipeptides and
10* possible tripeptides, and the number of existing peptide
carriers is unknown. However, currently only one protein
isolated from the brush border membrane has been reported
as the peptide transporter (17). Di-/tripeptides are cotrans-
ported with proton and Na™ is only indirectly involved in the
process (18). According to Leibach’s hypothesis (Fig. 1), the
Na*-H™* exchanger generates and maintains the inward
proton gradient, while the Na*-K *-ATPase in the basolat-
eral membrane maintains a low intracellular sodium concen-
tration. Thus the Na*-H™* exchanger coupled with the
Na*-K*-ATPase drives the transport of di-/tripeptides into
the intestinal epithelial cells.

Substrate Structural Requirements

N-Terminal a-Amino Group. Imidopeptides, Pro-X,
where X is an amino acid, are compatible with the peptide
carrier (19,20). Methylation, acetylation, or other modifica-
tions of the N-terminal a-amino group reduce or abolish the
capability to inhibit peptide transport. The examples include
Sar-Gly, N-benzyloxycarbonyl-Gly-Leu, and N-acetyl-Gly-
Gly (19-22). A B-amino acid at either side of the amide bond
of dipeptides is compatible with the peptide transporter. For
example B-alanyl-histidine (carnosine), p-Ala-Gly-Gly, be-
statin, and His-B-Ala are recognized by this carrier system
(19,22,23). However, small peptides containing a y-amino
acid are incompatible with the peptide transporter (20,22).

The N-terminal a-amino group is not required for the
peptide transporter as shown with a series of dipeptide an-
alogues without an N-terminal a-amino group (including
phenylpropionylproline, phenylacetylproline, N-benzoyl-
proline, phenylacetyl-a-methyldopa, and hippuric acid) (24).
Their structures and intestinal permeability are summarized
in Table I. Absorption of the peptide analogue is nonlinear
and inhibited by small peptides and/or by cephradine but not
by amino acids (Figs. 2 and 3). The results indicate that
peptide analogues are indeed recognized by the peptide
transporter. These findings parallel results with B-lactam an-
tibiotics and ACE inhibitors, which also lack an N-terminal
o-amino group.

Other Functional Groups. Modification of the C-termi-
nal carboxyl group leads to a reduction or an abolition of

Antituminal luminal side
side
ATP
Na+ Na+ Na+ Na+
K+ 9 K+ HF H+
amino amino
acid acid \ H+ H+
peptide & ) > peptide peptide

Fig. 1. The transport of di-/tripeptides are energized by a proton
(H™*) gradient across the brush border membrane. Referred to the
model proposed by Leibach et al. (18).
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affinity to transporter. Examples include Gly-GlyNH,, Gly-
Gly-GlyNH,, and Asp-PheOCH,; (19,22). More studies are
required to establish the significance of a free C-terminal
carboxyl group for the peptide transporter. Gly-Sar, Gly-
Sar-Sar, and dipeptides of X-Pro and X-Hyp are absorbed by
the peptide transporter (17,22,25), suggesting that di-/
tripeptides with an imide bond are compatible.

Stereospecificity. Dipeptides with a D-amino acid on ei-
ther side of the amide bond are compatible with the peptide
transporter (15,26,27). Nevertheless, the uptake of small
peptides is stereoselective (17,26-28). Dipeptides of L-L
form have the highest uptake rate, followed by mixed iso-
mers (L-D and D-L) and then D—D-isomers.

Carrier-Mediated Transport of Peptide-Type Drugs
and Prodrugs

B-Lactam Antibiotics

With free N-terminal a-amino and C-terminal carboxyl
groups, amino-B-lactam antibiotics (including cyclacillin,
amoxicillin, ampicillin, cefaclor, cefadroxil, cephalexin, cef-
atrizine, and cephardine) are all transported by the peptide
transporter (7,29). The Michaelis-Menten parameters de-
scribing their transport are summarized in Table II. The in-
testinal absorption of amino-B-lactam antibiotics is inhibited
by di- and tri-peptides, but not by amino acids, and shows
mutual inhibition (Fig. 4), demonstrating that these amino-
B-lactam antibiotics share the peptide transporter. B-Lactam
antibiotics without a free N-terminal a-amino group (includ-
ing cefixime, FK089, and ceftibuten) are also transported by
the transporter (8,30,31). The transport parameters of cefix-
ime are as follows: J,,,*, 0.02 = 0.01 mM; K,,, 0.03 = 0.01;
P, 0.52 = 0.05; and P, 0.18 = 0.04 (30). Its absorption is
energized by a proton gradient, as is that of small peptides
(8). The uptake of D-cephalexin is saturable and inhibited by
its L-isomer, which is absorbed by the peptide transporter
32).

ACE Inhibitors

Captopril, SQ 29,852, enalapril, lisinopril, benazepril,
and quinapril are transported by the peptide transporter (3—
5,33). Without a free N-terminal a-amino group, these com-
pounds all show nonlinear absorption, as summarized in Ta-
ble III. Moreover their uptake is significantly inhibited by
small peptides and cephradine. The diacid ACE inhibitors
(including enalaprilat, quinaprilat, and benazeprilat) are
poorly absorbed, while their ester prodrugs (including enal-
april, quinapril, and benazepril) are absorbed by the trans-
porter. However, lisinopril, with two free carboxyl groups at
similar positions as in enalaprilat, is absorbed by the trans-
porter with a low carrier permeability, as is FK089, a B-lac-
tam antibiotic (3,4,31,33). Further investigation of the sub-
strate specificity of the peptide transporter is needed to un-
derstand this binding/transport phenomenon.

Renin Inhibitors and Thyrotropin-Releasing
Hormone (TRH)

Without having free N-terminal a-amino and C-terminal
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Table 1. Permeabilities of Dipeptide Analogues Investigated for the Need of a N-Terminal a-Amino Group
Compound Chemical structure Py
NH, O
Ll
Phe-P 2.01 = 0.54
e-Pro @ CH,~CH—-C~N
COOH
Phenylpropionylproline 1.19 = 0.16
yipropiony’p @—CHZCHZ C-N
COOH
Phenylacetylproline @ CH 0.84 = 0.15
COOH
N-Benzoylproline Q ;j 0.90 + 0.06
COOH
Hippuric acid 0.18 = 0.03
QC NH - CH, - COOH
[C|) CFs OH
Phenylacetyl-a-methyldopa O_ CH2 —C—-NH-C- CHZG OH 0.61 = 0.07

COOH

“ All compounds were studied at 0.1 mM, except phenylacetyl-a-methyldopa, which was studied at 0.05 mM. Adapted from Bai et al. (24).

carboxyl groups, TRH was still found to be absorbed by the
peptide transporter (34,35). Its analogue DN 1417, with a
carboxybutyrolactone replacing the pyroglutamyl residue,
however, is only passively absorbed. Pro-Leu-Gly-NH, was
suggested to be incompatible with the peptide transporter
(22). Nevertheless, it was recently reported that two renin
inhibitors, tripeptide analogues without free amino and car-
boxy termini, were transported by the peptide transporter
(36). More studies are necessary to clarify whether tripeptide
analogues with modified termini are compatible with the
transporter.

Amino Acid-Type Drugs and Their Peptide Prodrugs

Unlike small peptides (di-/tripeptides) sharing a com-

mon transport system, amino acids are transported by four
transporters with narrow and distinct substrate specificities
(37,38). Amino acid-type drugs, such as a-methyldopa,
L-dopa, and baclofen, all exhibit nonlinear absorption (39-
41). The transport of the former two compounds is inhibited
by amino acids, suggesting that they are absorbed by the
amino acid carriers. Baclofen is rapidly and well absorbed,
but a-methyldopa has variable and low intestinal absorption
(41,42). L-Dopa has high intestinal absorption but is metab-
olized extensively to dopamine (43). Dipeptide prodrugs of
L-dopa have a higher oral availability than L-dopa itself (43).
Phe-a-methyldopa, a-methyldopa-Phe, and a-methyldopa-
Pro all demonstrate more than 10 times higher intestinal per-
meabilities than a-methyldopa (Table IV) (40). Hence the
increase in membrane permeability is achieved by the pep-
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Fig. 2. Transport kinetics of N-benzoylproline. PW* is the dimen-

sionless membrane permeability, and CW the membrane surface

concentration (mM). The values of PW* shown are mean = SE.

(Adapted from Ref. 24.)
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tide prodrug strategy targeting the peptide transporter. L-a-
Methyldopa-Pro is absorbed via the peptide carrier and
hydrolyzed by the cytosolic prolidase, a potential pep-
tide-prodrug converting enzyme, with Michaelis-Menten pa-
rameters K,, and V.. 0f 0.09 = 0.022 mM and 3.98 = 0.250
wmol/min/mg protein, respectively. Substrates of prolidase
are usually poorly hydrolyzed by the brush border mem-
brane peptidases (44). This result demonstrates that oral
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Fig. 3. Inhibition of 0.1 mM phenylpropinylproline permeability: (a)
control; (b) 27 mM L-methionine; (c) mixed dipeptides (60 mM Gly-
Gly, 2 mM Gly-Phe, 2 mM Pro-Phe); (d) 1 mM cephradine; (e) 27
mM Gly-Pro. (Adapted from Ref. 24.)
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Table II. Summary of the Membrane Absorption Parameters® of
B-Lactam Antibiotics

Compound  J,,* (mM) K,, (mM) P P
Cyclacillin®  16.30 (3.40) 14.00 (3.30) 1.14 (0.05) ©
Amoxicillin®  0.04 (0.02)  0.06 (0.03) 0.56 (0.06) 0.76 (0.09)
Ampicillin®  11.78 (1.88) 15.80 (2.92) 0.75(0.04) 0
Cefaclor® 21.30 (4.00) 16.10 (3.60) 1.30(0.10) 0
Cefadroxil® 8.40 (0.80)  5.90 (0.80) 1.40(0.10) 0
Cephalexin® 9.10 (1.20) 7.20(1.10) 1.30(0.10) ©
Cefatrizine® 0.70 (0.20)  0.60 (0.20) 1.30 (0.10) 0.20 (0.03)
Cephardine® 1.60 (0.80)  1.50 (0.80) 1.10(0.10) 0.30 (0.10)

“ Reported values are mean = SD.
® From Oh et al. (29).
¢ From Sinko et al. (6).

availability of poorly absorbed drugs can be improved by
utilizing the peptide carrier to increase membrane permeabil-
ity and then the cytosolic enzymes to release parent drugs,
as illustrated in Fig. 5 (45).

INTESTINAL MUCOSAL-CELL METABOLISM OF
PEPTIDE-TYPE DRUGS

Distribution and Development of Mucosal Peptidases

For tetrapeptides and higher peptides, more than 90% of
the proteolytic activity is in the brush border membrane,
whereas for tripeptides it is 10 to 60%, and for dipeptides,

1,57
= 1.0f
L0
(4]
é
]
o
- b g
(o
3 0.5T

0,001 0.;)1 0.'1 l' 10 100

Mean Wall Concentration (mM)

PY Results-No Inhibitor
Best Fit Line

A Results-Inhibitor
---------- Best Fit Line

Fig. 4. Plot of the wall permeability of cephalexin perfused alone
and in the presence of a competitive inhibitor, cefadroxil (7 mM).
The results are reported as the mean wall permeability + SE.
(Adapted from Ref 7.)
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Table I1I. Intestinal Transport Parameters of ACE Inhibitors Peptide prodrug strategy
Compound  J,,* (mM) K,, (mM) P P ol lamen
Captopril® 123 (2.8) 591 (1.65) 2.08(0.19) 0.75 mucosal el
$Q29,852° 0.16 (0.04) 0.08  (0.01)  2.00 (0.20) 0.25 (0.07) N
Lisinopril® 0.18 (0.004) - 0.056 (0.003) 0.33 (0.03) 0.06 (0.05) cytosolic enzymes:
Enalapril®  0.13 0.07 1.9 0.35 b
Benazepril?  0.072 0.075 0.962 0.749 Drush > dipeptidase
. . rder aminotripeptidase
Qulnaprll" 1.703 2.341 0.728 0.621 hydrolysis Drug others ?
<
<
2 From Hu et al. (5). Peptide prodrug e prodrug
® From Friedman et al. (4). ‘ tosoic enaymes
¢ From Friedman et al. (3). H Y
4 From Yee et al. (33). aminoacid +drug |
_

only 10% of the proteolytic activity in the brush border mem-
brane (44,46,47). The activities of brush border membrane
peptidases change as the cells migrate from the crypt to the
tip of a villi (48,49). Furthermore, the activities of peptidases
are not uniform along the intestine; the distribution profiles
vary from peptidase to peptidase. There is also species dif-
ference in the longitudinal distribution of peptidase activities
(48,50-53).

Brush Border Membrane Peptidases

EXOPEPTIDASES

Aminopeptidases. Aminooligopeptidase (EC
3.4.11.2). This is also known as aminopeptidase N, ami-
nopeptidase M, oligoaminopeptidase, and L-leucyl-B-
naphthylamide hydrolase. This enzyme, a zinc protein, is the
most abundant peptidase in the intestinal and renal microvilli
(54-56). Its standard substrates include Ala-X and Leu-X,
where X can be 2-naphthylamide, 4-nitroanilide, or 7-amido-
4-methylcoumarin. Aminooligopeptidase releases the N-ter-
minal amino acid from oligopeptides and can hydrolyze oli-
gopeptides for size from dipeptides to octapeptides (57), as
shown in Table V. An L-configuration and a free N-terminal
a-amino group are required for its activity (44,58). Upon
perfusion through the rat jejunum, Leu-enkephalin was hy-
drolyzed to Tyr and Gly-Gly-Phe-Leu, suggesting that ami-
nopeptidase is involved (59). In contrast, the enzyme exhib-
its no activity against insulin B chain, casein, and bradykinin
(57).

Aspartate Aminopeptidase (EC 3.4.11.7). This is also
known as acid aminopeptidase and aminopeptidase A. Its
standard substrates are a-Glu-2-naphthylamide and o-Asp-

Table IV. Wall Permeabilities (P,,* = SE) of L-a-Methyldopa and Its
Dipeptidyl Derivatives®

Concentration (mM)

Compound 1.0 0.1 0.01
L-a-Methyldopa (I) 0.41 (0.11) 0.4 (0.22) 0.43 (0.14)
Gly-1 4.34 (0.27)

Pro-I 1.68 (0.23)
I-Pro 5.41 (0.55)
Phe-I 5.29 (1.57)
I-Phe 4.30 (0.30) 10.22 (0.45) 10.19 (1.8)

2 Adapted from Hu et al. (40).

luminal
hydrolysis

@D: small peptide carrier.
BXX brush border enzymes.
Fig. 5. Schematic presentation of a peptide prodrug strategy for
improving oral absorption. (Adapted from Ref. 45.)

2-naphthylamide. This enzyme releases the N-terminal as-
partic acid and glutamic acid from tripeptides and has limited
activity against dipeptides (60) (Table V).

Dipeptidyl Aminopeptidase IV (3.4.14.5). This is also
known as dipeptidyl peptide hydrolase and post-proline
dipeptidyl aminopeptidase. Its standard substrates are Gly-
Pro-X, where X can be 2-naphthylamide, 4-nitroanilide, or
7-amido-4-methylcoumarin. This enzyme is a serine pepti-
dase and is inhibited by diisopropylphosphorofluoridate
(DIP-F) (55,61). Its typical peptide substrates are shown in
Table V. A dipeptide from the N terminus of the peptide is
released by the enzyme if proline or alanine is at the penul-
timate position from the N terminus (61,62). It has an abso-
lute requirement for a free N-terminal a-amino group.

v-Glutamyltransferase (EC 2.3.2.2). This is also known
as y-glutamyltranspeptidase. The standard substrates in-
clude y-Glu-X, where X can be 2-naphthylamide, 4-nitro-
anilide, or 7-amido-4-methylcourmarin (55). The serine re-
agent phenylmethanesulfonylfluoride irreversibly inhibits
this enzyme if maleate is present, hence a seryl or threonyl
residue may be involved in its activity. This enzyme cata-
lyzes the transfer of a y-glutamyl group from glutathione or
y-glutamyl-containing molecules to the N terminus of an ac-
ceptor, an amino acid, or a peptide, to form a y-glutamyl
amino acid or peptide derivative (49) (Table V). However, its
physiological function remains unclear.

Aminopeptidase P (EC 3.4.11.9). This is also known as
prolyl aminopeptidase, X-prolyl aminopeptidase and ami-
noacyl-peptide hydrolase. Its standard substrates include
Gly-Pro-Pro and Gly-Pro-Hyp, and Mn?™ is required for its
activity (63). Aminopeptidase P from the human serum and
rat lung are inhibited by metal chelating agents. The enzyme
has a high activity in the human testis, lung, and kidney and
a low activity in the human serum (64); and it remains at-
tached to the intestinal brush border membrane after the
papain treatment (63,65). Aminopeptidase P exclusively
cleaves the N-terminal imido bonds of oligopeptides with
proline but not hydroxyproline as the N-terminal second res-
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Table V. The Typical Substrates of the Intestinal Mucosal-Cell Peptidases

Peptidase (location) Typical substrate

Mode of action? Reference

Aminooligopeptidase (brush
border)
L-amino acid

Aspartate aminopeptidase (brush
border)
or L-Glu

Dipeptidylaminopeptidase IV
(brush border)

Peptides with proline or alanine

Oligopeptides with an N-terminal

Tripeptides with an N-terminal L-Asp

as the penultimate residue from

the free N terminus

v-Glutamyltransferase (brush
border)

Carboxypeptidase P (brush
border) Peptides with proline as the
penultimate residue from the

free C terminus

ACE (brush border)
proline

Aminopeptidase P (brush
border) Peptides with proline as the
penultimate residue from the

free N terminus

Endopeptidase-24.11 (brush
border)

X=X, - X3 — Adibi and Kim (9)
i)
Asp—X,—X; Tobey et al. (60)
)
X;—Pro-X;- - Walter et al. (61)
)

Glutathione + acceptor, acceptor:
amino acids or small peptides

Glutathione + acceptor —
v-glutamyl-acceptor

Garvey et al. (49)

Peptides with a carboxyl-terminal

+ Cys—Gly
X;——-——-Pro-X, Walter et al. (61)
)
-—-=-X,_;—-X,—Pro Yoshioka et al. (50,67)
X;—=Pro—X;— — Walter et al. (61)
)

Peptides containing a peptide bond

on the N-terminal side of hydro-

phobic amino acids

Dipeptidase (cytosol) Neutral dipeptides

Aminotripeptidase (cytosol) Tripeptides with proline as the

N-terminal residue

Prolidase (cytosol)
as the C-terminal residue

Prolinase (cytosol) Imidodipeptides with Pro or

Hyp as the N-terminal residue

Carnosinase (cytosol) Carnosine

Tyr—Gly —Gly —Phe—Met  Bunnett et al. (71)

Imidodipeptides with Pro or Hyp

1
Gly - Leu Adibi and Kim (9)
1
Pro—-X,—-X, Doumeng and Maroux (73)
1
X,—Pro Myara et al. (79)
1
Pro-X, Myara et al. (79)
1
B—Ala—His Lenny et al. (80,81)
)

4 X, is the amino acid at the i position.

idue (61) (Table V). Dipeptides such as Gly-Pro and Val-Pro
are hydrolyzed as well, but at a much slower rate (61,66).
With a substituted N-terminal imino group, dinitrophenyl-
poly-L-proline is resistant to this enzyme as opposed to the
rapid hydrolysis of poly-L-proline.

Carboxypeptidases. Carboxypeptidase P (EC 3.4.17).
The standard substrate is N-carbobenzoxy-L-prolyl-alanine
(NCBZ-Prolyl-L-Ala). Its activity is stimulated by Mn’*,
and the enzyme can be completely solubilized by the papain

treatment (53,61). The enzyme preferentially releases the
C-terminal amino acids from polypeptides containing a pro-
line residue penultimate to the C terminus (Table V); and it
can hydrolyze dipeptides Pro-Ala and Pro-Phe as well. How-
ever, hydroxyproline could not replace proline in the penul-
timate position. Further, Z-Pro-Pro is not hydrolyzed by this
enzyme (67).

Angiotensin-Converting Enzyme (EC 3.4.15.1). This is
also known as dipeptidyl carboxypeptidase, kininase II, and
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peptidyl dipeptidase. The standard substrates include N-ter-
minal blocked peptides such as Z-Gly-Gly-Pro (benzyloxy-
carbonyl-glycyl-glycyl-proline), Z-Gly-His-Leu, and N-[3-
[2-furyl]acryloyl]-L-phenylalanylglycylglycine (50,68). An-
giotensin-converting enzyme releases dipeptides from the
carboxyl terminus of polypeptides; activity is highest against
those substrates containing proline at the carboxyl terminus
(50,67,69) (Table V).

ENDOPEPTIDASES

Endopeptidase-24.11 (EC 3.4.24.11). This is also known
as enkephalinase and enkephalin-dipeptidyl-carboxy-
peptidase. The standard substrates include insulin B chain
and enkephalin. The enzyme is a Zn>* -metalloenzyme, and
its activity is found in the renal and intestinal microvilli and
several other organs (55). The enzymes from various tissues
are sensitive to phosphoramidon and 1,10-phenanthroline
(55,70,71). The enzyme has a broad substrate specificity and
degrades peptides by hydrolyzing peptide bonds on the
N-terminal side of hydrophobic amino acids, such as leu-
cine, tyrosine, phenylalanine, valine, and tryptophan (Table
V) (71). Enkephalinase is involved in the inactivation of bio-
active peptides. Leu-lenkephalin (Tyr-Gly-Gly-Phe-Leu)
was hydrolyzed to Tyr-Gly-Gly and Phe-Leu when perfused
through jejunum, suggesting that the action of endopeptidase
may be involved (59).

Angiotensin-Converting Enzyme (EC 3.4.15.1). With the
capability to hydrolyze a C-terminal blocked peptide such as
substance P and LHRH, ACE seems to possess an endopep-
tidase activity as well (69,72). The specificity of its endopep-
tidase action is not clear.

DIPEPTIDASES

Dipeptidases. Two dipeptidases were suggested to be
present in the brush border membrane: one is Gly-Leu pep-
tidase; the other, zinc stable Asp-Lys peptidase (60). Further
studies are required to confirm the existence of these mem-
brane dipeptidases.

Cytoplasmic Peptidases

DIPEPTIDASE (EC 3.4.13.2)

Cytosolic dipeptidases from several species all have
similar and broad substrate specificity (44). Its typical sub-
strates are shown in Table V. Nearly all neutral peptides
except Gly-Gly are hydrolyzed rather readily, especially
Gly-Leu, thus this enzyme is also known as Gly-Leu-di-
peptidase. Dipeptides consisting of acidic amino acids, such
as Asp, or basic amino acids, such as His, are not readily
hydrolyzed as neutral peptides. Iminodipeptides (Pro-X) are
readily hydrolyzed but not X-Pro peptides.

AMINOTRIPEPTIDASE

Aminotripeptidase can only release the N-terminal res-
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idue from a tripeptide substrate. Dipeptides and peptides
larger than tetrapeptides are not substrates. Its activity is
primarily toward tripeptides with an N-terminal proline, as
shown in Table V. Nevertheless, it can also hydrolyze
tripeptides with other N-terminal amino acids. An L-config-
uration for the first two amino acids seems to be required for
the enzyme activity (73).

PROLIDASE (EC 3.4.13.9)

This is also known as imidodipeptidase, peptidase D,
proline dipeptidase, and aminoacyl-L-proline hydrolase. Pro-
lidases from various animals and tissues have similar en-
zyme properties, molecular weights, and substrate specific-
ities (74-77). The enzyme can hydrolyze only the trans iso-
mers of dipeptides with an imino acid, such as proline or
hydroxyproline, at the C terminus (Table V) (78). An N-ter-
minal a-amino group on the substrate is required for proli-
dase activity (45). The activity of porcine kidney prolidase,
however, is significantly inhibited by phenylpropionyl-
proline and N-benzoylproline.

PROLINASE

As shown in Table V, prolinase cleaves iminodipeptides
with an N-terminal proline or hydroxyproline and has no
activity against tripeptides, prolinamide, and iminodipep-
tides with the imino group acylated (61,79).

CARNOSINASE (EC 3.4.13.3)

This is also known as aminoacyl-L-histidine hydrolase.
Its typical substrate is L-carnosine (B-Ala-His) (Table V).
Serum carnosinase hydrolyzes homocarnosine and anserine,
while cellular carnosinase cannot (80,81). Anserine, B-Ala-
Ala, and B-Ala-Gly are incapable of inhibiting human tissue
carnosinase (82).

Peptidases in Other Subcellular Fractions

In the rabbit, activities of aminopeptidases N and A are
observed in the basolateral membrane and Golgi apparatus
but not in the rough and smooth endoplasmic reticulum (83).
In the rat, the hydrolysis patterns of substance P (Arg-Pro-
Lys-Pro-Gln-Gln-Phe-Phe-Gly-Leu-Met-NH,) by the intesti-
nal brush border and basolateral membrane are similar (84).
Endopeptidase-24.11 is the major responsible enzyme. How-
ever, the basolateral membrane has much lower enzyme ac-
tivities than the brush border membrane.

CONCLUSION

In the intestine, polypeptides or protein fragments are
hydrolyzed to amino acids and di-/tripeptides by the brush
border membrane peptidase, and di-/tripeptides are ab-
sorbed by the peptide transporter. Energized by a proton
(H) gradient, the intestinal peptide transporter has a rather
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broad substrate specificity. Moreover, an N-terminal
a-amino group is not required for this transporter. Peptide-
type drugs, B-lactam antibiotics, and ACE inhibitors, are
transported by the transporter. Containing various exo- and
endopeptidases, the brush border membrane of intestinal
mucosal cells is the major location limiting oral efficacy of
polypeptide drugs. Having a broad substrate specificity,
aminopeptidase M and endopeptidase-24.11 are the key
membrane peptidases that hydrolyze polypeptide drugs.
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