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Abrupt Induction of a Membrane Digestive Enzyme by Its

Intraintestinal Substrate

Abstract. The regulation of amino-oligopeptidase (AOP), an intestinal brush
border hydrolase essential for the surface digestion of peptide nutrients, was
examined in rats in vivo. Short-term (30-minute) intraintestinal perfusion of a
tetrapeptide substrate, Gly-Leu-Gly-Gly, or a synthetic substrate, leucyl-B-naphthyl-
amide, induced a doubling in the incorporation of PH)leucine into the AOP in
association with intracellular membranes. The subsequent conversion of AOP from
nascent to mature enzyme and its membrane-associated transport to the brush

border occurred at normal rates.

Amino-oligopeptidase (AOP), an inte-
gral digestive enzyme of the intestinal
brush border surface (1), hydrolyzes the
oligopeptides produced by luminal pan-
creatic proteases at the intestinal mem-
brane surface in preparation for the in-
testinal transport of the final dipeptide
and amino acid products. This hydrolase
plays an essential role in the assimilation
of dietary protein in mammals (2).

Fig. 1. Comparison of the incorporation of
[*Hlleucine into AOP in ERG and BB frac-
tions of paired rats receiving intraintestinal
2 mM Gly-Leu-Gly-Gly (GLGG) or its con-
stituent amino acids (G+L). Rats were per-
fused with tetrapeptide or amino acid solution
for 30 minutes and then pulse-labeled with
[*Hlleucine intraluminally and chased with
the peptide or amino acid solution for 30, 60
or 180 minutes. AOP was specifically immu-
noprecipitated from the Triton-solubilized
ERG and BB fractions, and the total amount
of label in the enzyme was determined by
allowing for the fractional solubilization by
Triton X-100 and the yield of the marker
enzyme (3). The arrows connect paired ani-
mals at times after the [*Hlleucine pulse;
ratios of the amount of label in AOP from rats

Studies of the intact rat have shown
that rapid synthesis of AOP as a nascent
protein occurs within 15 minutes after an
intraintestinal amino acid ‘‘pulse-chase’’
(short-term perfusions with labeled and
unlabeled substrate) in association with
the endoplasmic reticulum (ER). Within
30 to 45 minutes, apparent post-transla-
tional glycosylation and transfer to Golgi
membranes (the site of fucosylation)

ERG BB
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Total disintegrations per minute in AOP (x 1075)

G+L GLGG  G+L GLGG G+L GLGG
[ ) . TR )
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perfused with tetrapeptide to that from rats perfused with amino acid (control) are given over
each arrow. Perfusion with Gly-Leu-Gly-Gly significantly increased incorporation of label into
AOP in the ERG (see text). Similarly, in two of the three experiments, the total amount of label
in AOP in the BB from the substrate-perfused rats at 180 minutes was twice that in control, and
the specific amount of label in AOP (disintegrations per minute per milliunit) in the BB fraction
was increased significantly (see text). Statistical analysis was by the paired s-test; data are

‘reported as the mean + standard error.
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takes place. Final vectorial transfer to
the luminal brush border (BB) surface is
not achieved until 3 hours after the intra-
luminal amino acid pulse (3, 4). Although
the activity of the BB aminopeptidase in
rats is decreased by starvation and in-
creased by a high protein diet (5), the
mechanism of dietary protein or peptide
action on regulation of the aminopepti-
dase is unknown. We examined the regu-
latory role of high-affinity specific sub-
strates of the AOP, the tetrapeptide Gly-
Leu-Gly-Gly, and leucyl-B-naphthyla-
mide (LeuNA), in the synthesis,
intracellular assembly, and transport of
AOP to the BB surface.

Male Sprague-Dawley rats, paired by
age and weight (200 to 300 g) and fed a
protein-deficient diet (6) for 12 days,
were anesthetized, and jejunal loops (25
cm long) were isolated and cannulated as
described (2). The intestinal loop of the
paired rats was simultaneously perfused
for 30 minutes with 150 mM NaCl con-
taining either 2 mM L-Gly-Leu-Gly-Gly
or the equivalent amino acid solution
(6 mM glycine and 2 mM L-leucine; con-
trol). After a S5-minute intraluminal
“pulse” with L-[*H]leucine (2.5 mCi)
and a 30-, 60-, or 180-minute ‘‘chase’’
with the substrate or amino acid solu-
tion, BB and ER-Golgi (ERG) mem-
branes were prepared (3) and their purity
assessed by use of sucrase (as a marker
for the BB) and aryl esterase (for the
ERG). The average purification factors
were 13 for the BB and 4.1 for the ERG;
the fractional yields were 0.40 for the BB
and 0.08 for the ERG. Leucyl-B-naph-
thylamide hydrolase, sucrase, aryl ester-
ase, and protein were assayed as de-
scribed (3). After solubilization of the
BB and ERG membranes with 0.5 per-
cent Triton X-100, AOP and sucrase
were isolated by specific immunoprecip-
itation with monospecific rabbit antibod-
ies to AOP, and the total and specific
amount of label in the immune precipi-
tates obtained by centrifugation was de-
termined by scintillation counting (3, 4).
Purification factors, fractional vyields,
and percent solubilization of the mem-
brane fractions were similar to those
reported (3, 4) and were not different for
animals perfused with either substrate or
amino acid. Several experiments were
done at each time after the pulse (see
Fig. 1).

Although the rats’ dietary protein in-
take was restricted, the AOP activity in
the BB (1260 = 120 mU per milligram of
protein) was similar to that for animals
fed a regular diet (1290 = 90 mU per
milligram). The total amount of label
incorporated into AOP in the ERG frac-
tions from rats perfused with Gly-Leu-
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Gly-Gly was greater than that from con-
trol animals by 89 * 17 percent
(P <0.025) at 30 minutes and by
124 *= 14 percent (P < 0.01) at 60 min-
utes. The mean ratios of the total amount
of label in AOP from animals perfused
with tetrapeptide to that from animals
perfused with amino acid were 1.9 (30-
minute ERG fraction) and 2.2 (60-minute
ERG fraction). In two of the three ex-
periments, the total amount of label in
AOP from tetrapeptide-perfused rats
was twice that from control animals in
the BB fraction after 180 minutes, a time
when newly synthesized AOP reaches a
significant concentration in this fraction
(3). Also, the specific amount of label in
the BB at 180 minutes was significantly
increased by perfusion of substrate (tet-
rapeptide-perfused, 178 * 32 dis/min per
milliunit of AOP; amino acid-perfused,
128 £ 23  dis/min  per  milliunit;
P < 0.05). The total AOP activity in the
BB did not change detectably in peptide-
perfused animals in these short-term
studies, probably reflecting a relatively
stable large pool of this hydrolase in the
surface membrane.

Several features of this increase in the
incorporation of [*HJleucine indicate
that it represents a true increase in AOP
synthesis rather than artifact. (i) No sig-
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Fig. 2. Kinetics of incorporation of [*H]leu-
cine into AOP in ERG and BB membranes.
The mean values taken from data in Fig. 1 for
the total amount of label in AOP in rats
perfused with GLGG (@) or G+L (O) are
plotted as a function of the duration of chase.
In the ERG, both groups of rats showed
maximum incorporation of label into AOP at
30 minutes, which reached significant concen-
trations in the BB at 180 minutes. This se-
quence of intracellular transport of AOP mir-
rored the kinetics found under normal condi-
tions (3). Notably, incorporation of label into
AOP was two times greater in the tetrapep-
tide-perfused rats than in the amino acid-
perfused rats.

4 JANUARY 1985

nificant difference in incorporation of
[*H]leucine into sucrase, an unrelated
jejunal BB enzyme, was found in the two
groups; the mean ratios of the total
amount of label in sucrase from tetrapep-
tide-perfused animals to that from amino
acid-perfused animals were 1.2 (30-min-
ute ERG fraction) and 1.0 (60-minute
ERG fraction). (ii) There was no statisti-
cal difference in incorporation of
[*H]leucine into total protein (10 percent
trichloroacetic acid precipitates) in the
ERG or BB fractions of tetrapeptide-
perfused animals compared to amino
acid-perfused animals (P > 0.1). (iii)
The specific amount of label in the leu-
cine precursor in the 30-minute cytosol
fractions, determined by amino acid
analysis, was not different from the two
groups [(1.2 £ 0.5) x 10* and (1.1 =
0.3) x 10* dis/min per nanomole of leu-
cine for the peptide-perfused and control
animals, respectively; P > 0.25)]. (iv)
The amino acid-perfused rats had a simi-
lar total amount of label in AOP
[9.0 x 10° dis/min at 30 minutes in the
ERG (Fig. 2)] as reported in a previous
study from our laboratory for rats on a
regular diet [9.1 x 10° dis/min (7)].
Thus, the doubling of the incorporation
of [*H]leucine into AOP appears to be
best explained by a twofold increase in
its de novo synthesis induced by intrain-
testinal peptide substrate.

In other pulse-chase experiments, je-
junal loops were perfused with either
1.5 mM LeuNA (another highly specific
substrate for AOP) in 150 mM NaCl or
150 mM NacCl alone. The experimental
design was the same as that described
above except that the animals were treat-
ed with a pulse of [**SImethionine (1
mCi). The total amount of label incorpo-
rated into AOP in the ERG fraction was
greater by a factor of 1.8 (at 30 minutes)
and 3.7 (at 60 minutes) in the rat perfused
with LeuNA than in the control animal.
Thus, substrates such as the high-affinity
tetrapeptide Gly-Leu-Gly-Gly or the
peptide analog LeuNA appear to act
rapidly and specifically, presumably by
virtue of their interaction with AOP at
the intestinal lumen-membrane interface
to enhance the intracellular de novo syn-
thesis of AOP.

Studies of Gly-Leu-Gly-Gly hydroly-
sis in the rat jejunum have shown that its
hydrolytic products in vivo are glycine,
leucine, and the dipeptide Gly-Gly (2).
Because the dipeptide product may be
the inducer of AOP synthesis, pulse-
labeling experiments were carried out as
described except that rats were perfused
with a mixture of glycine, leucine, and
Gly-Gly (2 mM each). In two experi-
ments, the ratio of the total amount of

label incorporated into AOP in the 60-
minute ERG fraction from rats perfused
with amino acid plus Gly-Gly to that
from control rats perfused only with gly-
cine plus leucine was 1.05 = 0.2
(P > 0.2). Thus, the physiological prod-
ucts of Gly-Leu-Gly-Gly hydrolysis ap-
pear to be incapable of inducing AOP
synthesis.

In identifying possible regulatory steps
in the intracellular assembly and trans-
port of AOP to the BB, the kinetics of
[*H]leucine incorporation into AOP in
ERG and BB fractions was examined.
The mean total amount of label incorpo-
rated into AOP in the ERG fractions in
rats perfused intraluminally with the te-
trapeptide or amino acid solutions before
the [PH]leucine pulse and chase was
maximum at 30 minutes (Fig. 2). Newly
synthesized, labeled AOP transported to
the BB was detectable at 60 minutes and
increased further at 180 minutes. Al-

though the total incorporation of [*H]leu-

cine was quantitatively increased by
short-term perfusion of the rats with
tetrapeptide substrate, the Kkinetics of
intracellular assembly and transport of
AOP in both groups of protein-deficient
rats was qualitatively similar to that
which we previously found in rats fed a
normal diet (3).

Possible changes in the assembly of
the enzyme molecule were further as-
sessed by sodium dodecyl sulfate (SDS)
electrophoresis and autoradiography of
AOP specifically immunoprecipitated
from the 30- and 60-minute ERG frac-
tions and from the 60-minute BB fraction
in rats luminally perfused with tetrapep-
tide or the comparable amino acid mix-
ture (Fig. 3). The AOP doublet was visi-
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Fig. 3. SDS acrylamide autoradiography of
the AOP immunoprecipitates obtained from
pulse-chase experiments described in Figs. 1
and 2. The amount of AOP applied was 4 to 8
mU (ERG) and 100 mU (BB). The 6 percent
gel with 2 percent cross-linking was impreg-
nated with EN>’HANCE (New England Nu-
clear) and exposed to Kodak X-AR film (3).
Despite the greater incorporation of label in
the tetrapeptide-perfused (GLGG) rat, the se-
quence and timing of conversion from nascent
(AOP,) to the mature (AOP,) enzyme and
transfer to the BB surface membrane was the
same as observed for normal rats (4).
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ble in the ERG fraction in both animals.
At 30 minutes the smaller, immature
form predominated, whereas at 60 min-
utes it had been converted to a larger
form that comigrated with the mature
130,000-dalton  glycoprotein isolated
from the BB. Neither the molecular
forms nor the kinetic sequence of con-
version from the nascent to the mature
enzyme in ERG in protein-deficient rats
differed from that observed for those fed
a normal diet (3, 4). Hence, despite the
abrupt increase in synthesis induced by
luminal peptide substrate, the intracellu-
lar membrane-associated assembly and
transport processes do not appear to be
altered.

These pulse-labeling experiments in
protein-depleted rats show that luminal
exposure of substrate to the AOP at the
intestinal membrane abruptly and specif-
ically induces the synthesis of AOP on
intracellular membranes. The subse-
quent post-translational conversion of
AOQP from the nascent to mature enzyme
in the ERG and the kinetics of intracellu-
lar transport from the ERG to the cell
surface remain unchanged. Because the
amino acid and dipeptide products re-
leased from AOP hydrolysis of the tetra-
peptide substrate did not induce synthe-
sis, the signal is probably generated by
virtue of the substrate as it interacts with
the AOP.

In a study of sucrase, another intesti-
nal BB digestive enzyme, incorporation
of intraluminal [*H]leucine into the cyto-
solic and BB enzyme increased 3 hours
after simultaneous administration of su-
crose and the amino acid tracer to rats
(8). Although parameters of intracellular
synthesis were not assessed at earlier
times in that study, sucrase synthesis
may be precisely regulated by luminal
substrate in a manner similar to that
shown for the aminopeptidase.

Because only a short hydrophobic seg-

ment of the aminopeptidase is embedded

within the BB membrane whereas most
of its domains are exterior to the cell
surface, transduction of a signal to the
intracellular synthetic machinery may
require a secondary messenger; howev-
er, it is clear that the absorbable amino
acid and peptide products do not carry
the information for aminopeptidase in-
duction. Whatever final mechanism of
signaling is responsible for the induction
of synthesis of the membrane aminopep-
tidase, the abrupt enhancement of diges-
tive enzyme synthesis by its luminal sub-
strate constitutes a precise local mecha-
nism for regulation of intestinal nutrient
digestion. The question of whether this is
a general phenomenon of substrate-hy-
drolase regulation for nutrients present-
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ed to the intestinal surface must await
analysis of other digestive and absorp-
tive processes.
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Enzyme Regulation in a Trypanosomatid: Effect of Purine

Starvation on Levels of 3'-Nucleotidase Activity

Abstract. Crithidia fasciculata, a nonpathogenic relative of the leishmanial and
trypanosomal pathogens of humans and animals, showed a 3'-ribonucleotidase
activity similar to that in Leishmania donovani. The level of 3'-nucleotidase activity
in Crithidia was regulated by the availability of purines in the culture medium.
Specifically, organisms obtained from culture medium depleted of purines contained
elevated levels of enzyme activity compared to those grown in complete medium. The
3'-nucleotidase, located at the cell surface, may serve as a first step in purine
salvage for these protozoa, which are unable to synthesize the purine ring de novo.

Trypanosomatid protozoa, including
human pathogens of the genera Leish-
mania and Trypanosoma, are dependent
on an exogenous supply of preformed
purines because they are incapable of de
novo purine synthesis (/). Knowledge of
the mechanisms by which the organisms
acquire or ‘‘salvage’’ these essential nu-
trients is therefore of significance in un-
derstanding the host-parasite relation
and may lead to improved chemothera-
peutic strategies against these parasites
of public health importance (2).

This dependence on purine salvage
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pathways has led to studies of the trans-
port and metabolism of nucleosides and
nucleobases in various trypanosomatids.
Less, however, is known of salvage initi-
ated by purine nucleotides. Evidence has
accumulated for the existence of a poten-
tially unusual 3’-nucleotidase activity in
Leishmania donovani (3), African try-
panosomes (4), and the nonpathogenic
trypanosomatid Crithidia fasciculata.
The 3’-nucleotidase activities in these
related organisms share several charac-
teristics, including substrate preference,
optimum pH, effects of divalent cations
and chelators, and resistance to fluoride,
tartrate, and molybdate ions. Results
from enzymatic studies with living cells
and from cytochemical studies (5) indi-
cate that the trypanosomatid 3’-nucleo-
tidase is an ectoenzyme capable of hy-

Fig. 1. Kinetics of increase of 3’-nucleotidase
activity upon transfer of C. fasciculata to
adenosine-depleted medium. Cells were har-
vested from medium containing 75 wM adeno-
sine and washed with tris-buffered saline.
Washed organisms were resuspended in fresh
medium either lacking (A) or containing (B)
100 wM adenosine. Samples were removed at
indicated times and cell density was deter-
mined by hemacytometry. Cells removed at
these times were assayed for 3’-nucleotidase
as described in the legend to Table 1. (@) Cell
density; (O) 3'-nucleotidase activity.
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