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A B S T R A C T The mechanism of hydrolysis and ab-
sorption of a proline-containing tetrapeptide, Leu-Pro-
Gly-Gly (10 mM)by rat intestine was examined in vivo
by using jejunal perfusion methods. The peptide sub-
strate and hydrolysis products were analyzed by use
of an automated amino acid analyzer. Leucine, pro-
line, and glycine were absorbed by the intestine at a
significantly higher rate from the tetrapeptide than
from an equivalent amino acid mixture. The analysis
of the hydrolytic products in the lumen during in vivo
perfusion of the tetrapeptide showed that two dipep-
tides, Leu-Pro and Gly-Gly, were the major products.
These two dipeptides were also the major hydrolytic
products when a purified rat intestinal brush border
membrane preparation was incubated with Leu-Pro-
Gly-Gly. The rate of hydrolysis of the tetrapeptide was
much higher than that for several other proline-con-
taining peptides (Leu-Pro, Pro-Leu, and Pro-Gly-Gly)
that were tested. Studies using Gly-Pro-,B-naphthylam-
ide, a specific substrate for postproline dipeptidyl
aminopeptidase IV, showed that this enzyme is mainly
localized to the brush border membrane and is re-
sponsible for the hydrolysis of the tetrapeptide into
the two dipeptides Leu-Pro and Gly-Gly. Thus, brush
border membrane dipeptidyl aminopeptidase IV very
likely plays an important role at the intestinal mucosal
cell surface in the final stages of digestion of proline-
containing peptides.
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INTRODUCTION

The final protein digestion products presented to the
small intestine are free amino acids and small peptides
consisting of two to six amino acids (1-4). The pro-
cesses involved in the absorption of these final products
after luminal proteolysis by pancreatic endo- and exo-
peptidases are complex, but in most cases additional
hydrolysis of these oligopeptides by brush border
membrane peptidases is necessary before absorption
by the intestinal enterocyte (5-9). Even though a va-
riety of peptidases have been described as being lo-
calized to the intestinal brush border membrane (10-
20), only a few have been studied in any great detail
(21, 22). Therefore, many of the biochemical and phys-
iological events that occur during the final stages of
digestion and absorption of peptides at the intestinal
mucosal cell surface remain to be elucidated.

Proline is found in a wide variety of dietary proteins,
and the collagen molecule, for example, contains a
significant amount of Gly-Pro in its amino acid se-
quence (23). In general, proline-containing peptides
are resistant to hydrolysis by many of the known pan-
creatic and brush border membrane proteases (10, 22).
Thus, the means by which these types of oligopeptides
are hydrolyzed and assimilated by the intestinal en-
terocyte is of nutritional and physiological importance.
In this report, the peptide Leu-Pro-Gly-Gly was used
in order to further elucidate the mechanisms involved
in the assimilation of proline-containing peptides by
the intestine. With the use of an in vivo perfusion
technique to closely approximate physiological con-
ditions, we were able to demonstrate that intestinal
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brush border membrane postproline dipeptidyl ami-
nopeptidase IV (DAP IV) is of primary importance in
the terminal digestion of Leu-Pro-Gly-Gly and prob-
ably plays a similar role in the digestion of other pro-
line-containing peptides.

METHODS
Chemicals. All amino acids, peptides, and derivatives

used in this study were purchased from Bachem Inc., (Tor-
rance, CA). Bovine serum albumin, p-hydroxymercuriben-
zoate, and p-nitrophenyl phosphate were obtained from
Sigma Chemical Co., (St. Louis, MO). ["4C]polyethylene gly-
col was obtained from New England Nuclear (Boston, MA).
All other chemicals were of reagent grade quality.

Animals. Female rats (Wistar strain, Simonsen Labora-
tories, Gilroy, CA) weighing -250 g and maintained on a
laboratory chow diet (Ralston Purina Co., St. Louis, MO)
were used throughout the study. All experiments were car-
ried out using fed animals.

Perfusion study. A steady state perfusion technique de-
scribed in detail in a previous communication (9) was used.
Test solutions contained the peptide, Leu-Pro-Gly-Gly, at
a concentration of 10 mM, or an equivalent concentration
of the constituent-free amino acids. ['4C]PEG was added to
the test solutions as a nonabsorbable volume marker. The
test solutions were made isoosmotic (300 mosM) by addition
of sodium chloride and the pH was adjusted to 7 by titration
with sodium hydroxide. The solutions were maintained at
37°C and were perfused into a 20-cm long jejunal segment
beginning 5 cm distal to the ligament of Treitz. A flow rate
of 19 ml/h was maintained with a Harvard model 2681 in-
fusion apparatus (Harvard Apparatus Co., Mills, MA). After
an equilibration period of 30 min to achieve steady state
conditions the perfusate was collected for two consecutive
10-min periods and immediately frozen in a plastic tube
maintained in a mixture of solid carbon dioxide in ethanol.
Each animal was perfused with two test solutions, one con-
taining peptide and the other its equivalent amino acid
mixture. The sequence of perfusion of the test solutions was
randomized. At the end of each experiment, the perfused
intestinal segment was removed and the mucosa was scraped
and weighed.

The ['4C]PEG content of test solutions and perfusates was
measured by a previously reported method (9). The absorp-
tion rate of the amino acids during perfusion was calculated
by using the formula described previously (9).

Preparation of brush border membranes. Fed animals
were killed by decapitation and the small intestine distal to
the ligament of Treitz was removed. After a wash with ice-
cold saline, the mucosa was scraped from the proximal half
of the small intestine using a glass slide. Brush border mem-
branes were prepared from the mucosal scrapings by the
method described by Kessler et al. (24). Isolated brush border
membranes were suspended in 4 mMTris-HCI buffer, pH
7.5, stored at -20°C, and used within 3 d.

Enzyme and protein assays. Postproline dipeptidyl
aminopeptidase IV was assayed in 50 mMTris-HCI buffer,
pH 8.4, with 2 mMGly-Pro-fi-naphthylamide as substrate.
Aminopeptidase activity was measured in 50 mMphosphate
buffer, pH 7.0, containing 0.5 mMp-hydroxymercuriben-
zoate, with 2 mMLeu-#-naphthylamide as substrate. The
total volume of the incubation mixture was 400 ul in both
assays. The reactions were initiated by the addition of sub-
strate, incubated for 30 min at 37°C and terminated by the

addition of 300 pl of 32% TCA. A colorimetric assay of the
released 8-naphthylamine was used using the Branton-Mar-
shal reaction (25, 26). Addition of the following reagents to
the assay mixture was done in a sequence: (a) 100 Ml of 0.3%
sodium nitrite; (b) 100 Ml of 1.5% ammonium sulfamate; (c)
300 Mul of 0.1% N-1-naphthylethylenediamine dihydrochlo-
ride in 95% ethanol. The absorbance was read at 560 nm.
Postproline endopeptidase activity was assayed using ben-
zoyloxycarbonyl Gly-Pro-,#-naphthylamide as a substrate
(27) and aminopeptidase activity was measured as described
previously (15) using Leu-j-naphthylamide as a substrate.
Alkaline phosphatase activity was measured by the method
of Fujita et al. (28). Protein concentration was determined
by the method of Lowry et al. (29).

Brush border membrane hydrolysis of Leu-Pro, Pro-Leu,
Gly-Gly, Pro-Gly-Gly, Leu-Gly-Gly, and Leu-Pro-Gly-Gly
was examined by incubating the membranes with 5 mMof
each peptide in 50 mMTris-HCI buffer pH 7.0, for 60 min
at 37°C in a total volume of 2 ml. Control incubations, con-
sisting of either enzyme alone or substrate alone, were also
carried out. The reaction was terminated by the addition of
1 ml of 6% sulphosalicylic acid. The acidified reaction mix-
ture was stored at -20°C until amino acid analysis. When
the time course of hydrolysis of Leu-Pro-Gly-Gly (5 mM)
by the brush border membranes was examined, an aliquot
of the reaction mixture was removed for periods of up
to 3 h.

Amino acid analysis. The amounts of free amino acids
and peptides in the intestinal perfusion sample and brush
border membrane hydrolysis sample were determined by
ion-exchange chromatography with a 119CL amino acid
analyzer (Beckman Instruments Inc., Palo Alto, CA). Sam-
ples were applied to a W-3 column and eluted successively
with sodium citrate buffer as follows: (a) 0.2 M Na citrate
pH 3.25, 12.5 min; (b) 0.4 MNa citrate pH 3.85, 24.5 min;
(c) 1.0 MNa citrate pH 4.50, 28 min. In addition the tem-
perature of the column was linearly increased from 50 to
65°C during the first 20 min of the run. Using this protocol
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FiG,URE 1 Elution profile of Leu-Pro-Gly-Gly and its pos-
sible products of hydrolysis. A Beckman model 1 19CL amino
acid analyzer was used for the analysis. The elution time
(in minutes) of Pro-Gly-Gly and Pro-Gly was the same as
that of Leu-Pro-Gly-Gly.
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a satisfactors separatioln of proline, giycine, Cly-Gly, leu-
tine, Leu-Pro-CGy-Gly, anid Len-Pro was achlieved (Fig. 1).

RESULTS

Perflusiont stutdy. Wheni the al)sorption rates of leu-
ciine, prolinie, anid glycinel frormi Leu-Pro-Gly-Gly and
aii e(quivalent free aniino acid mixture were compared,
all thiree amiino acids ,verec al)sorb)ed by the rat jejunum
at a significaiitln higher rate from the tetrapeptide
thiain fromII the amin0o aci(I IlliXtur e as shownn in Fig. 2.
The rate of luImiInal appearance of the hvdrolvtic prod-
ticts duliriIIg in viv o p)erflusion of Le l-P'ro-Gly-Gly is
siown'Ii in Fig. 3. The three conistituenit anmino acids anid
twso dipeptides, Le -P'ro and (;Gly-Cly, vvere detected
as the inajor hydrolytic products; however, the rate of
appearance of the twto dipeptidles Wclas approximiately
three tiimes higher wlhein comparetd with that for the
aminio acitis. No Leu-Pro-Gly or Pro-Glv^-Gly peptide
products ere detected.

Intact transport of Leu-Pro-Gly -Cly w as inot IIlm)Ii-
tored tiuriing this study. The existence of a tlistinict
tetrapeptide transport sv stemn has been a subject of
cotntrt)versy in the recenit literature (8, 9, 30). There-
fore, additioinal studies in this area are wsarranted in
order to be able to adequately assess the possible phys-
iological importance of initact tetrapeptide tranisport.

IHydrolysis of Leu-Pro-Gly-Gly by the bruish border
mtiemtibra nies. WlheIn a purified brush border menm-
b)raIle preparation was incub)atetl with Leu-Pro-Gly-

lx, for variouis timne periods, the major hydrolytic
p)rodutcts Nere Lenu-Pro anid Gly-GCly for all periods
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Fi(;t IlE 3 Net ltmminial appearance rates (in micromoles per
hour per gram of mucosa) of leucine (LEU), proline (PRO),
glycine (GLY), glvcylgly cinie (GLY-GLY), and leucylproline
(LEU-PRO) durinig intestinal perfusion of Leu-Pro-Gly-Gly.
Each value represents the mean appearanice ratetSENl ob-
tainedl fronm six experimnenits.

exaiiiiedi (Fig. 4). In additiomi, the rate of appearance
of these two dipeptides was linlear with time anid equi-
mlolar. Only small amounits of free leucine, proliine,
anid glycine Nvere released frorn Len-Pro-Gly-Gly by
the brush border membranes. These dlata indicate that
the rat initestinial brush border miie mbranes coontain an
enzyme capable of releasing the dipeptides Leti-Pro
and Gly-G,ly fromii Len-Pro-Cly-Gly.

Detection of dipeptidyl anminopeptidase IV on the
b)rush b)ordIer miietmibranes. The data described above
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F tt iL 2 Absorption rates (micromoles per hour per gramii
of mucosa) of proline (PRO), leucine (LEU), and glycine
(CGY) durinig intestinal perfusion. Leu-Pro-Gly-CGlv (10
mnmol/liter; filled boxes) or a mixture of proline and leucine
each at 10 mmol/liter and glcinie at 20 mmol /liter; (emptyr
boxes) were perfused. Mean of six experiments and SEMare
s hoswn . °P < 0. 05; ° °P < 0.001.
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FIGURm 4 Hydrolysis of Leu-Pro-Gly-Gly bv rat brush bor-
der membranes. The time represents the niumbers of hours
the reaction mixture vvas incubated at 370C. Products are
giv!en in micromoles per hour per milligram of protein.
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TABLE I
Activities of Rat Intestinal Brush Border Membrane Enzymes

Enzyme activity

Dipeptidyl Postproline Alkaline
aminopeptidase IV endopeptidase Aminopeptidase phosphatase

pmol/min/mg protein

Homogenate 0.049±0.001 0.008±0.001 0.060±0.003 0.893±0.042
Brush border membrane 0.745±0.059 0.007±0.001 0.920±0.048 13.168±1.294
Purification factor 15.3±1.3 0.9±0.1 15.3±1.6 14.8±1.0

Values are mean±SD. Four animals were used in this experiment.

strongly indicate that the rat intestinal brush border
membranes contain a postproline dipeptidyl amino-
peptidase IV type enzyme. Therefore, we next sought
to examine if this enzyme would co-purify with other
well established brush border membrane marker en-
zymes. For this experiment, Gly-Pro-O-naphthylam-
ide, benzyloxycarbonyl-Gly-Pro-f,-naphthylamide,
Leu-,B-naphthylamide, and p-nitrophenylphosphate
were used as substrates for postproline dipeptidyl
aminopeptidase IV, postproline endopeptidase, ami-
nopeptidase and alkaline phosphatase, respectively.
Gly-Pro-f,-naphthylamide has been most widely used
as a substrate in the assay for dipeptidyl aminopep-
tidase IV activity (25, 26). As shown in Table I, the
purification factor for brush border membrane dipep-
tidyl aminopeptidase IV was comparable with that for
aminopeptidase and alkaline phosphatase. Only a neg-
ligible amount of postproline cleaving enzyme activity
could be detected in the homogenate and the brush
border membranes.

When Leu-Pro-Gly-Gly was added to the standard
assay mixture for dipeptidyl aminopeptidase IV, hy-
drolysis of Gly-Pro-f,-naphthylamide by the brush bor-
der membranes was significantly inhibited as shown
in Fig. 5. No effect was observed by this peptide on
the activity of brush border membrane aminopepti-
dase. Therefore the data suggest that dipeptidyl ami-
nopeptidase IV is associated with the rat intestinal
brush border membranes and that Leu-Pro-Gly-Gly
is a substrate for this enzyme.

Hydrolysis of peptides by the brush border mem-
branes. To study the mechanisms involved in the in-
testinal assimilation of Leu-Pro-Gly-Gly, the hydro-
lysis of various peptide substrates by the brush border
membranes was examined. All peptides were incu-
bated with brush border membranes at a concentration
of 5 mM. As shown in Table II, the hydrolytic rates
of three proline-containing peptides, Leu-Pro, Pro-
Leu, and Pro-Gly-Gly were very low when compared
with that of Leu-Gly-Gly, which has been shown to

be a very good substrate for aminooligopeptidase (15).
Diglycine was hydrolyzed at a faster rate when com-
pared with these proline-containing peptides, however
the rate was still much lower than that of Leu-Gly-
Gly. With Leu-Pro-Gly-Gly, the rate of hydrolysis was
15-70 times higher than that for the other proline con-
taining peptides tested and was approximately two
thirds the rate of that for Leu-Gly-Gly.

DISCUSSION

As mentioned previously, peptides can be absorbed
into the intestinal absorptive cells by peptide transport
systems and/or by amino acid transport systems after
hydrolysis by brush border membrane peptidases. In
general, the intestinal absorption rates of amino acids
from peptides are higher than from the corresponding
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FIGURE 5 Inhibition of dipeptidyl aminopeptidase IV and
aminopeptidase by Leu-Pro-Gly-Gly. Dipeptidyl aminopep-
tidase IV (solid line) and aminopeptidase N (dashed line)
were assayed with 2 mMGly-Pro-,B-Nap and 2 mMLeu-
a-Nap, respectively, in the presence of varying concentra-
tions of Leu-Pro-Gly-Gly.
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TABLE II
Hydrolysis of Peptides by Brush Border Membranes

Products

Substrates Pro Leu Gly Gly-Cly Leu-Pro

pmnol/h/mg brush border menbrane protein

Leu-Pro 0.58±0.03 0.68±0.09 e
Pro-Leu 1.28±0.24 1.39±0.23 -
Gly-Gly 18.86±2.18 -
Pro-Gly-Gly 3.20±0.37 0.53±0.05 2.85±0.45
Leu-Gly-Gly 71.90±1.22 1.23±0.09 67.80±1.22
Leu-Pro-Gly-Gly 1.95±0.21 2.67±0.26 8.37±0.45 40.66±2.84 46.70±1.71

Values are means±SD. Five different brush border membrane preparations were used.
° Spaces are left blank where values would represent the substrate under investigation or where the
product could not result from hydrolysis of substrate.

amino acid mixture (5, 31) and this has been shown
to be due to the greater absorption capacity of the
peptide transport system (5, 22, 32). This study is in
accordance with these studies and shows that the con-
stituent amino acids were absorbed significantly faster
from the tetrapeptide Leu-Pro-Gly-Gly than from an
equivalent amino acid mixture. These results further
indicate that the absorption of amino acids from Leu-
Pro-Gly-Gly does not occur solely by the amino acid
transport system. Analysis of the hydrolytic products
after in vivo perfusion of Leu-Pro-Gly-Gly demon-
strated that the major products detected in the per-
fusate were two dipeptides, Leu-Pro and Gly-Gly. In-
cubation of Leu-Pro-Gly-Gly with purified brush bor-
der membranes also yielded Leu-Pro and Gly-Gly as
the major hydrolytic products. Only small amounts of
free amino acids were detected in both experiments.
This suggests that brush border membrane aminopep-
tidases do not play a major role in the terminal diges-
tion of Leu-Pro-Gly-Gly and that there is another
brush border membrane enzyme that hydrolyzes Leu-
Pro-Gly-Gly into the two constituent dipeptides. Al-
though brush border aminopeptidases have been shown
to have broad substrate specificity and to hydrolyze
amino acids sequentially from the amino terminus of
a variety of peptides, proline-containing peptides are
not hydrolyzed efficiently by these enzymes (10, 15).
In contrast, dipeptidyl aminopeptidase IV is capable
of releasing aminoacylproline dipeptides from the
amino terminus of proline-containing oligopeptides
(25, 26). This enzyme has been reported to be widely
distributed among many tissues and to be associated
with the intestinal brush border membranes of pig,
rabbit, and man (20, 26, 27, 33, 34). Since the initial
discovery of dipeptidyl aminopeptidase IV by Hopsu-
Havu using synthetic substrates (25), this enzyme has

been postulated to play an important role in the deg-
radation of proline-containing peptides and proteins
in various tissues. However, until this report, no direct
evidence has been presented to substantiate this hy-
pothesis. The data presented here show that dipeptidyl
aminopeptidase IV co-purifies with other known brush
border membrane hydrolases, and is localized to the
rat intestinal brush border membrane, whereas post-
proline endopeptidase activity is negligible in both the
rat intestinal homogenate and brush border mem-
branes. Inhibition studies with a Leu-Pro-Gly-Gly and
Gly-Pro-f3-naphthylamide indicate that these sub-
strates are hydrolyzed by the same enzyme. The pep-
tide Leu-Pro-Gly-Gly was hydrolyzed by the brush
border membranes at a rate comparable with that of
Leu-Gly-Gly, which is a very good substrate for in-
testinal aminooligopeptidase. Thus, data in this study
indicate that intestinal brush border membrane di-
peptidyl aminopeptidase IV plays a major role in the
terminal digestion of Leu-Pro-Gly-Gly.

The major mechanisms involved in the intestinal
assimilation of Leu-Pro-Gly-Gly most likely occur as
follows: (a) Leu-Pro-Gly-Gly is initially hydrolyzed by
brush border membrane dipeptidyl aminopeptidase IV
into Leu-Pro and Gly-Gly; (b) Leu-Pro is then absorbed
primarily intact by the peptide transport system, since
it is not readily hydrolyzed by brush border membrane
aminopeptidases; (c) Gly-Gly may be further hydro-
lyzed in part by brush border membrane aminopep-
tidases and absorbed by the amino acid transport sys-
tem or absorbed intact by the peptide transport system;
(d) absorbed Leu-Pro and Gly-Gly may be further
hydrolyzed by prolidase (12, 35) and other dipepti-
dases (10, 11, 22) present in the cytosol fraction of the
intestinal mucosal cells.

Since dietary proteins rich in proline are readily

614 Morita, Chung, Freeman, Erickson, Sleisenger, and Kim



digested and absorbed in the intestine, it is likely that
a number of different mechanisms occur during the
intestinal assimilation of proline-containing peptides
depending on their structure and sequence. This study
clearly shows that dipeptidyl aminopeptidase IV plays
a significant physiological role in the hydrolysis and
subsequent absorption of peptides containing proline
at the penultimate position. However, further studies
are necessary in order to fully understand the mech-
anisms involved in the digestion and absorption of
other proline-containing peptides. These studies are
currently underway in our laboratory.
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