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Induction and maintenance of mucosal enterokinase
activity in proximal small intestine by a genetically
determined response to mediated sodium transport
N J BETT, D A W GRANT, A I MAGEE, AND
J IIERMON-TAYLOR*

From the Department of Surgery, St George's Hospital Medical School, London

SUMMARY Mucosal enterokinase activity was established at intervals throughout the small
intestine in guinea-pigs; maximum activity was present in the duodenum and proximal jejunum
in new born as well as adult animals. Transposition of 5 cm lengths of small gut from the high
enterokinase containing proximal region to the distal intestine and vice versa showed that
mucosal enterokinase activity in the transposed segments was little changed after several weeks
of healthy life. Isolation of proximal jejunal loops from luminal continuity resulted in the fall
of mucosal enterokinase activity to minimal levels within 16 hours. Low levels of mucosal
enterokinase activity were identified in loops of both proximal and distal jejunum 12 weeks
after isolation. Luminal perfusion studies in vivo in proximal jejunal loops 24 hours after iso-
lation showed that mucosal enterokinase activity could be restored to near normal levels within
four to six hours by luminal sodium in the presence of active pancreatic endopeptidases, oligo-
peptides, L-amino acids, or D-glucose but not D-amino acids or D-fructose. Near normal
mucosal enterokinase activity persisted in the loops for as long as luminal perfusion with
144 mM sodium and L-lysine or trypsin was maintained (24 hours). The time course of the
restoration of mucosal enterokinase activity was compatible with an initial precursor activation
as well as biosynthesis. The requirement for luminal sodium appeared to be absolute regardless
of the co-substrate and supports the conclusion that mucosal enterokinase activity is dependent
on mediated sodium transport. The ability of proximal intestinal enterocytes to respond to
sodium flux with an increase in enterokinase activity is a property determined in intrauterine
life: distal intestinal enterocytes may have functioning structural genes for enterokinase but
appear to be unable to respond.

Enterokinase (enteropeptidase E.C. 3.4.21.9) is a
regulatory enzyme which triggers the activation
of pancreatic exocrine secretion. It is produced by
the enterocytes of the small intestine and is ex-
pressed on the luminal brush border membrane
from which it may be released by bile acids' and
proteolysis2 during digestion.
Immunofluorescent studies in man3 and bio-

chemical assays in man and animals4-6 have shown
that the greatest enterokinase activity is present
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in the duodenum and upper jejunum with low
or undetectable mucosal activity thereafter in the
distal small intestine.7-9
The present study in guinea-pigs was designed to

determine what luminal factors may control
mucosal enterokinase activity; a preliminary re-
port of some aspects of this work has appeared
elsewhere.'0

Methods

Bovine trypsin, acetyltrypsin, bovine chymotrypsin,
porcine pancreatic elastase, amino acids, and other
reagents were all from Sigma Ltd., Poole, Dorset.
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Induction and maintenance of mucosal enterokinase activity

TLCK (Tosyl-lysyl-chloromethyl ketone) trypsir,
was prepared as described by Shaw et al"l; the
a'bsence of residual TLCK or tryptic activity was
established before use. N-acetyl-Tyr-Lys, N-acetyl-
Tyr-Tyr-Lys, and Tyr-Tyr-Lys were kindly syn-
thesised by Dr Brian Austen.

ENZYME ASSAYS
Reproducible assays were developed for mucosal
enterokinase and aminopeptidase (E.C. 3.4.11.2),
the latter to act as an internal control. Two to
6 mg samples of fresh intestinal mucosa were
washed immediately with 0.15 M NaCl, gently
blotted dry and weighed. For enterokinase, the
mucosal sample was placed in 0.2 ml 70 mM-Na
succinate buffer pH 5.6 containing 6.8 mM glyco-
deoxycholate (GDOC), 025 ml of a solution of
bovine trypsinogen 1 mg/ml in 1 mM HCI con-
taining 2 mM CaCl, and incubated for 30 minutes
at 300C. The reaction was stopped by the addition
of one drop of 2 M HCI, and 0*2 ml of the incubate
assayed for trypsin using N-a-benzoyl-L-arginine
ethyl ester (Bz-Arg-OEt) as substrate.3 Specific
enterokinase activity was expressed as units where
1 unit is that amount of mucosal enterokinase
activity resulting in 1 pmol trypsin/min/mg wet
weight mucosa in the incubaite. Control tubes
containing washed mucosal biopsies and Bz-Arg-
OEt showed no tryptic activity. For aminopepti-
dase assay the mucosal sample was placed in 1 ml
50 mM-Na phosphate buffer pH 7.2 to which
0.1 ml 16.6 mM leucine-p-nitroanilide (Leu-
NHPhNO2) was added.12 After incubation for
15 minutes at 300C the reaction was stopped by
the addition of one drop of 2 M-HCI and the ab-
sorbance of the liberated p-nitroaniline read at
405 nm. Specific aminopeptidase activity was ex-
pressed as units where 1 unit is that amount of
mucosal aminopeptidase activity resulting in
1 pm.ol nitroaniline/min/mg wet weight mucosa
in the incubate.
Mucosal enterokinase and aminopeptidase ac-

tivities at 5 cm intervals throughout the small
intestine distal to the duodenojejunal flexure were
established by multiple biopsies in three adult
and three newborn guinea-pigs.

B I L I ARY D IV ERS ION
In six guinea-pigs at operation mucosal enzyme
activities were established by biopsy immediately
distal to the duodenojejunal flexure and at a point
about half way along the small gut. The common
bile duct was ligated and the biliary stream di-
verted to the site of distal biopsy by cholecysten-
'terostomy. Mucosal enzyme activities close to the

original jejunal biopsy site and immediately distal
to the cholecystenterostomy were determined
three months later when the patency of the anas-
tomosis was also checked.

INTESTINAL TRANSPOSITION
Dunkin Hartley specific pathogen free guinea-pigs
300-500 g were used. In each of six adult guinea-
pigs at operation, a 5 cm segment of distal small
intestine with a low mucosal enterokinase activity
was transposed on its intact mesentery into the
divided proximal jejunum where mucosal entero-
kinase activity was high. The transposed segment
was inserted in luminal continuity with the je-
junum immediately distal to the duodenojejunal
flexure. Anaesthesia and operative details of such
procedures in guinea-pigs are reported eleswhere. 1 3

At the time of operation mucosal enzyme activi-
ties were established in duplicate biopsies at the
proximal and distal ends of the transposed segment
and in the jejunum at the site of its insertion. The
animals were allowed to recover and given their
normal diet (RGP, Labsure Animal Diet, Poole,
Dorset) on which they continued to thrive. Three
months later mucosal enterokinase and amino-
peptidase activities were determined in the trans-
posed segment and throughout the small intestine
in each animal. In six guinea-pigs, a similar oper-
ation was carried out transposing a 5 cm length of
jejunum from immediately distal to the duodeno-
jejunal flexure into a low enterokinase secreting
region about half way along the small intestine.
Three months later mucosal enzyme activities in
the transposed segment and small intestine were
determined as before. The values for mucosal
enzyme activities before and after transposition
were compared using Student's paired t test and
the results expressed as 95% confidence intervals.
Intervals not including zero were significant at the
5% level.

In 21 guinea-pigs at operation, a 5 cm length
of high enterokinase secreting proximal jejunum
on its intact mesentery was isolated from luminal
continuity as a Thiry-Vella loop, each end being
brought out as a separate stoma on the anterior
abdominal wall. Mucosal enzyme activities at each
end of the isolated segment were established at
the time of operation. Continuity of the remain-
ing small intestine was restored by end to end
anastomosis. Mucosal enzyme activities in the
isolated jejunal loops were measured in duplicate
in each of three animals at four, eight, 12, 16, 20,
and 24 hours after operation. Tissue from the
loop was obtained at the time of operation and 24
hours after isolation for histology. Mucosal en-
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zyme activities in the isolated loops of three ad-
ditional animals were determined three months
later.

LU MI N AL PERFUSION OF ISOLATED

J EJUNAL LOOPS
In vivo luminal perfusion of isolated small intes-
tinal loops was carried out in a series of animals
to identify factors which might restore mucosal
enterokinase activity after it had fallen to minimal
levels as a result of being isolated from luminal
continuity. The loop was fashioned at operation
as before; a fine Teflon tube was inserted along
its length and the distal stoma closed. After oper-
ation the loop was flushed out with distilled
water, the animal fitted with a collar to prevent it
biting the tube and returned to its cage. Perfusion
was carried out 24 hours later at a flow rate of
3 ml/h for 24 hours, the perfusate being allowed
to run to waste from the proximal stoma. Restor-
ation of enterokinase activity in' the mucosa of
jejunal loops three months after isolation was also
tested in three guinea-pigs. Mean mucosal entero-
kinase acitivities were determined in duplicate
biopsies near each end of the loop at operation
and after 24 hours' perfusion; the mean mucosal
enterokinase activity in the loop after perfusion
was expressed as a percentage of the initial value.
The principal substances tested and details of their
concentrations and the buffers used are given in
Table 4.
The time-course of the restoration of mucosal

enterokinase activity in the isolated jejunal loops
in response to luminal perfusion using sodium and
active trypsin or sodium and L-lysine was studied
in an additional series of experiments using three
animals for each point tested (Figure).

Results

MUCOSAL ENZYM E ASSAYS
Catalytic assay of enterokinase with minimal delay
in fresh mucosal biopsies gave consistently reliable
results; this was not the case for snap-frozen
samples. It is probable that intracellular as well as
cell surface enterokinase activity was detected.
Although luminal enterokinase itself is resistant
to tryptic cleavage,'. 1' considerable lysis of the
mucosal sample took place during the assay on
incubation with trypsinogen. Enterokinase was
released into the supernatant and transfer of the
partly digested biopsy to a second incubate showed
minimal residual enterokinase activity in the
tissue. The aminopeptidase assay in fresh tissue
was less consistent, considerable variation being
found in adjacent biopsies.
Mean mucosal enterokinase activities (1 SD)

at each level of the intestine in the three normal
adult guinea-pigs the small intestinal enzyme pro-
files of which were determined were 33.5+±2'1,
30a1±2*1, and 29.1+3.6 units for about 15 cm
distal to the duodenojejunal flexure. Mucosal
enterokinase activity then fell sharply over about
10 cm to 01-16 units, a level of activity which
was then maintained throughout the rest of the
small intestine. Mucosal aminopeptidase activity
was more evenly distributed throughout the small
gut, the range in each animal being 0.9-15, 0 4-
0.8, and 04-1l1 units. In the three newborn ani-
mals mean mucosal enterokinase activities were

31-8±3-1, 342+4-44, and 28.8±3.7 units in the
proximal jejunum, falling sharply to 04-1-4 units
in the rest of the small gut. Mucosal aminopepti-
dase levels in each animal were 0-6-0-9, 0-7-1-0,
and 0-8-1-0 units.

Table 1 Mucosal enterokinase and aminopeptidase activities in duplicate biopsies from proximal jejunium
and distal small gut before and three months after biliary diversion

Activity in proximaljejunum Activity at site of cholecystenterostomy

Enterokinase Aminiopeptidose Enterokinase Aminopeptidase

Before After Before After Before After Before After

1 21.8,20-7 20-7,202 09,08 09,09 1-4, 15 1-5, 12 0-6,0-6 08,0-8
2 327,30-1 31-6,29-7 05,05 0-3,0-4 0-6,0-5 100,8 09, 08 0-9,0-8
3 18-5, 16-8 19-8,20-3 1 1, 1-0 0-6,0-7 1-2, 1-3 1-00,8 1-1, 1-1 0-9,0-9
4 13-5, 13-0 15-3, 14-7 0 6, 0.6 0.6,0-5 0-7, 0-8 0-9, 1-1 1-0, 0-9 0-6, 0-6
5 14-6, 13-7 15-2, 15.6 0-7, 0-7 0.6, 0-6 1-0, 0-9 0-7, 0-7 0-7, 0-7 0-9, 0.9
6 254,22-7 210, 197 0-6,06 07,08 07,06 09,0-6 0-5,0-5 08,0-8
95% con- -2.4 to +2.3 -0-1 to +0.3 -0-3 to +0-2 -0-3 to +0-2
fidence
interval

Mucosal enzyme activities given as units as defined in the text under enzyme assays, and in Tables 2 and 3.
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EF F E CT OF B I L I A RY D I V ER S I ON

In the biliary diversion studies mucosal entero-
kinase and aminopeptidase activities in duplicate
biopsies from the proximal jejunum and immedi-
ately distal to the site of cholecystenterostomy
were not significantly changed three months after
biliary diversion (Table 1).

EFF ECT OF SEGMENTAL

TRANSPOSITION

Mucosal enterokinase and aminopeptidase activi-
ties in duplicate biopsies from the recipient region
of intestine, and the small intestinal segments
before and three months after their transposition
in luminal continuity, are shown in Tables 2 and
3. Mucosal enzyme activities in the transposed
segments and recipient regions of intestine were
not significantly changed except in the case of
the distally transposed proximal jejunum in which
mucosal enterokinase activity fell by about 10%
of the control value.
Mucosal enterokinase activity in proximal je-

junal loops isolated from luminal continuity fell

sharply to <2.3 units within 16 hours. Mean
aminopeptidase levels in the loops fell from 0.85+
025 units before isolation to 065-+-020 units in
the animals four to 12 hours after operation, and
from 0.85+0*17 to 0.56+0*12 units in the animals
16 to 24 hours after operation. The fall in amino-
peptidase, though small by comparison with en-
terokinase, was statistically significant in both
periods (P<0001). Histology of the loops 24 hours
after isolation showed no evidence of tissue
damage. Mean enterokinase levels in the proximal
jejunal loops ithree months after isolation from
luminal continuity were 09, 0.8, and 1I1 units;
mean aminopeptidase levels were 0.5, 0.5, and
0.3 units.

L UMI NAL PERFUSION OF I SOL ATEI)
JEJUNAL LOOPS
The percentage restoration of mucosal entero-
kinase activity in isolated proximal jeunal loops
after 24 hours in vivo luminal perfusion with
pancreatic endopeptidases, amino acids, oligopep-
tides, and sugars is shown in Table 4. With pancre-

Table 2 Mucosal enterokinase and aminopeptidase activities in duplicate biopsies from segments of small
intestine before and three months after distal to proximal transposition in luminal continuity

Activity in transposed segment Activity in recipien7t initestitne

Enterokitnase Aminiopeptidase Enterokinase Amitnopeptid*se

Before After Before After Before After Before After

1 14, 15 08,06 05,04 08,08 232,222 34-0,277 0-6,06 07,0-8
2 23, 29 18, 17 08, 07 0-6, 06 337, 362 343, 321 06, 05 06, 06
3 09, 06 06, 07 05, 04 04, 04 283, 278 342, 32-6 04, 04 04, 0-5
4 02, 03 04, 03 06, 06 04, 03 150, 135 143 124, 05, 05 04, 0-4
5 04, 07 04, 05 07, 07 03, 03 170, 165 125, 133 06, n.7 03, 03
6 06,07 03,04 06,06 05,05 114, 107 122, 109 0-5,0-6 04,04
95%. con- -0-1 to +0-7 -0.2 to +0.4 -6-0 to +3-5 -0-1 to +0.2
fidence
interval

Table 3 Mucosal enterokinase and aminopeptidase activities in duplicate biopsies from segments of small
intestine before and thfree months after proximal to distal transposition in luminal continuity

Activity in transposed segments 4ctiiity in recipient initestinie

Enterokinase Aminiopeptidoise Enterokitnose Aminopeptidase

Before After Before After Before After Before A4fter

1 22-8,22-4 215,20-9 08,08 04,04 15, 19 09, 13 09,08 05,04
2 31.7,302 30-7,293 04,05 04,04 04,02 03,03 04,05 04,05
3 151, 142 13-7, 111 0-5,05 08,07 06,0-5 07,05 0-8,09 08, 08
4 23-4,21-7 208, 186 09,08 0-7,06 1-4, 11 07, 11 08,0-9 06, 06
5 129, 105 77, 63 07, 05 04, 04 05, 09 09, 09 05,04 0-6, 05
6 141, 12-1 11-7, 8-7 09,09 08,08 09,07 09,06 09,08 08,09
95 °con- 1-1 to 3-9 -0.1 to +0.3 -0.2 to +0.4 -0.1 to +0-3
fidence
interval
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Table 4 Percent re.storation (%) of mucosal enterokinase activity in isolated loops of proximal jejunuum
by in vivo luminal perfusion in guinea-pig.s

Perjustie Per]uswte * PerJusate

Water 2* Na L-Ala 83 Na Tyr-Lys 88
Na 2* Na L-Arg 41 Na acetyl-Tyr-Lys 58

trysin 3* Na L-Asp 81 Na Tyr-Tyr-Lys 64
Na trypsin 79* Na L-Gln 61 NA acetyl-Tyr-Tyr-Lys 34
Li trypsin 3* Na L-Glu 87 Na pyroGlu-His-ProNH2' 10*
Na TLCK-trypsin 4* Na L-Gly 64
Na acetyl-trypsin 59* Na L-His 78 D-glucose 1*
Na chymotrypsin 38* Na L-lle 74 Na D-glucose 47*
Na elastase 62* Na L-Leu 69 Lil D-glucose 1*

Na trypsin; 12* Na L-Met 61 Na D-fructose 17*
Na L-Phe 83

L-Lys 13* Na D-Phe 13*
Na L-Lys 90* Na L-Pro 91
Li L-Lys 2* Na L-Trp 74
Na D-Lys 13* Na L-Tyr 77*

Na L-Val 61

Enzymes perfused at 1 mg/nil in 144 mM NaCI, 10 nmM Na acetate, 2 nmM CaCI2 pH 6.5. Amino acids (200 pM), D-glucose (10 mM) and
oligopeptides perfused in the samile bufler but without CaCI... Oligopeptide concentrations Tyr-Lys 200 NM, a-N-acetyl Tyr-Tyr-Lys 300 pM.
Tyr-Tyr-Lys 67 pM, a-N-acetyl Tyr-Tyr-Lys 300 gM, and pyroGlu-His-ProNH2 (TRH) 10 mg/mil. All perfusions carried out 24 hours after
isolation of proximal jejunal loops except three months after isolation in iio. *Mean value fronm studies in three guinea-pigs.

atic proteinases restoration was greatest using a
combination of trypsin and sodium, appeared less
with chymotrypsin and sodium or elastase and
sodium, and did not occur when lithium was sub-
stituted for sodium or when the trypsin had been
inactivated with TLCK. Restoration of entero-
kinase activity in the loops by luminal perfusion
with trypsin and sodium was independent of pH
in the range 5 to 8. Mucosal enterokinase activity
was not restored by luminal perfusion with either
trypsin or sodium alone. The ability of the mucosa
in the proximal jejunal loops to respond to lumi-
nal perfusion with itrypsin and sodium three
months after isolation was lost. Recently isolated
distal small intestinal loops showed no increase in
mucosal enterokinase activity in response to per-
fusion with trypsin and sodium, the mean value
for each animal before and after perfusion being
1[2 and 1.1 units, 0.7 and 0.7 units, and 09 and
0.8 units respectively.

All the L-amino acids that were tested restored
mucosal enterokinase activity in the presence of
sodium, but not on their own or when lithium
was substituted for sodium; perfusion with D-
amino acids and sodium was without effect. Both
di- and tri-peptides tested were active, though in
each case restoration by the N-acetylated deriva-
tive (which would protect against degradation by
mucosal aminopeptidases in the loop) appeared
to be lower. Thyrotropin releasing hormone
(TRH), the tripeptide-amide pyroGlu-His-ProNH2.
and sodium was inactive. Mean restoration of
mucosal enterokinase activity by D-glucose and
sodium in the three perfusions was 47% and by D-

fructose and Na was 17%. Once again, substitu-
tion of lithium for sodium or the use of D-glucose
alone abolished the effect.
The time course of the restoration of mucosal

enterokinase activity in proximal jejunal loops in
response to luminal perfusion with trypsin and
sodium or L-lysine and sodium is shown in the
Figure. In each case, between 25% and 40%
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Figure Time course of the percentage re.storation
of mucosal enterokinase activity in isolated proximal
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restoration occurred after 20 minutes luminal
perfusion, and maximal levels in the range 70%
to 95% were reached in four to six hours.

Discussion

As biosynthetically complete enterokinase is re-
sistant to tryptic digestion and the mucosal
samples became extensively degraded during in-
cubation with trypsinogen, it is probable that the
assay reported total trypsin-resistant enterokinase
activity in the mucosa both as mature brush
border enzyme and biosyntheitic precursor. Mu-
cosal enterokinase activity in guinea-pigs showed
remarkably little change after small intestinal
transposition in continuity as well as after biliary
diversion, despite what must have been consider-
able changes in the local environment of the
lumen. The rapid fall in activity after isolation of
high enterokinase secreting segments in the ab-
sence of a similar reduction in aminopeptidase
activity or histological evidence of tissue damage,
suggested that the maintenance of enterokinase
in proximal intestine depended on the presence of
a luminal stimulus. Trypsin releases enterokinase
from the brush border on the luminal surface of
the enterocyte.31' Luminal perfusion with active
trypsin (in 2 mM Ca2+) did not restore mucosal
enterokinase activity, so that the main'tenance
of high levels of enterokinase in jejunal mucosa
was not simply a response to the loss of cell sur-
face enzyme.17
The luminal perfusion studies show that the

high levels of enterokinase activity in proximal
small intestinal mucosa are dependent on medi-
ated sodium transport, a conclusion compatible
with the information available in the field of
electrolyte and non-electrolyte absorption.l127 In
the present study the requirement for luminal
sodium was absolute; the cosubstrate was an
amino acid of correct stereospecificity, a sus-
ceptible oligopeptide of appropriate configuration,
a mixture of protein degradation products pro-
duced in the loops by a pancreatic endopeptidase
with brush border aminopeptidases and oligopep-
tidases,2S or D-glucose. TRH may have been
neither hydrolysed nor transported as it contains a
C-terminal proline-amide and lacks a free a-amino
group shown to be necessary for the transport of
-some dipeptides.2'" Furthermore, unlike D-glucose,
the uptake of D-fructose, which had little entero-
kinase restoring activity, is not sodium driven.1'

Intestinal aminopeptidases have been shown to
exist in the cytosol of rat jejunal enterocytes in
precursor form10 and the sucrase-isomaltase com-

plex is the subject of limited proteolytic process-
ing at the luminal surface by pancreatic elastase..:"
There is some preliminary evidence in man32 to
suggest that enterokinase may exist intracellularly
as an incompletely active precursor of high mole-
cular weight. There is also preliminary evidence
that this may be the case in the pig,:' although
'these authors used low concentrations (02%) of
Triton XlOO to extract freeze dried mucosa and
similar low concentrations of this detergent pro-
duced an artefactual form of brush border di-
peptidyl peptidase IV in the rat.34 The time course
of the restoration of mucosal enterokinase activity
within the first 20 minutes of luminal perfusion
in guinea-pigs is, however, difficult to explain on
the basis even of translational control, as it was
faster, for example, than the induction of orni-
thine decarboxylase (a high turn-over protein) in
fetal rat liver cells or rat hepatoma cells in re-
sponse to dibutyral cyclic AMP.3 :' The rapid
response to luminal perfusion is more compatible
with the activation of an enterokinase precursor
as suggested to explain glucagon-induced stimula-
tion of mucosal enzyme activity in man. Near
normal levels of mucosal enterokinase in the
loops after 24 hours luminal perfusion with tryp-
sin and sodium, however, signify transcriptional
activity, although additional studies using inhibi-
tors of transcription and translation are clearly
indicated.
Records of electrical potential across the brush

border membrane of intestinal enterocytes in the
mudpuppy Necturus maculosus have demonstrated
the membrane depolarisation associated with the
sodium dependent transport of L-leucine and its
dimer.a38 If similar events occurred in guinea-pig
enterocytes in the present study it would be one
of few examples so far as enzyme induction linked
to membrane depolarisation. Induction of tyrosine
hydroxylase activity has been reported in mouse
sympathetic ganglia in organ culture after de-
polarisation due to high extracellular potassium.:!'
It remains to be shown whether the regulation of
other brush border enzymes, such as sucrase in-
duction by sucrose,"' is associated with a similar
mechanism.

Enterokinase first appears in fetal mucosa in
the 26th week of human gestation and after the
20th day in the rat.41 12 The presence of an adult
type enterokinase profile in 1 day old guinea-pigs
suggests that the ability of enterocytes to respond
to sodium transport with enterokinase synthesis
is determined in intrauterine life for any level of
the developing intestine and is a property which
is thereafter refractory to induction. The persist-
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ence for months of a low level of enterokinase
activity in unstimulated isolated loops of proximal
jejunum in the guinea-pig suggests that this activity
reflects a basal rate of expression of enterokinase
structural genes. Enterokinase activity in isolated
loops of distal jejunum suggests basal activity of
a similar nature and shows that enterocytes in this
region of the intestine in guinea-pigs also possess
functioning enterokinase genes; the enzyme is not
present merely as a consequence of adsorption to
the glycocalyx from luminal content. Mucosal
enterokinase activity in the proximal intestine ap-
pears to be determined by the ability of the entero-
cytes to respond, and not by the presence or
absence of a functioning structural gene. Like
bacteria, therefore, gene control in eukatryotic
enterocytes may be achieved by regulation of a
regulator; congenital enterokinase deficiency' -'13
may be a consequence of abnormalities in genes
associated with such regulatory components.
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Professor J S Kelly, and Professor A W Cuthbert
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support for this investigation was kindly provided
by the Wellcome Trust and the St George's
Hospital Medical Research Committee.

References

'Rinderknecht H, Nagaraja MR, Adham NF. Effect
of bile acids and pH on the release of enteropepti-
dase in man. Dige.st Dis 1978; 23:3.32-46.
2Nordstrom C. Release of enteropeptidase and other
brush-border enzymes from the small intestinal wall
in the rat. Biochim Biophly.s Acta 1972; 289:367-77.
:'Hermon-Taylor J, Perrin J, Grant DAW, Appleyard
A, Bubel M, Magee Al. Immunofluorescent local-
isation of enterokinase in human small intestine.
Gut 1977; 18:259-65.
'Maroux S, Baratti J, Desnuelle P. Purification and
specificity of porcine enterokinase. J Biol Chlem
197 1; 246:5031-9.
3Nordstrom C, Dahlqvist A. Rat enterokinase: the
effect of ions and the localization in the intestine.
Biochiim Biophys A cta 1971; 242:209-25.
"Baratti J, Maroux S, Louvard D. Effect of ionic
strength and calcium ions on the activation of tryp-
sinogen by enterokinase. A modified test for the
quantitative evaluation of this enzyme. Biochim
Biophys A cta 1973; 321:632-8.
7Holmes R, Lobley RW. The localisation of entero-
kinase to the brush border membrane of the guinea
pig small intestine. Proc Physiol Soc 1970; 211:50-1.
8Nordstrom C, Dahlqvist A. Localisation of human
enterokinase. Lancet 1972; 2:933-4.

9Louvard D, Maroux S, Baratti J, Desnuelle P. On
the distribution of enterokinase in porcine intestine
and on its subcellular localization. Biochinm Biophlys
Acta 1973; 309:127-37.

10Bett NJ. Regulation of enterokinase synthesis in
animal and human small intestine by luminal sig-
nals: its implication in upper gastro-intestinal
surgery. Br J Surg 1979; 66:708-1 1.

"Shaw E, Mares-Guia M, Cohen W. Evidence for an
active centre histidine in trvpsin through use of a
specific reagent, l-chloro-3-tosylamido-7-amino-2-
heptanone, the chloromethyl ketone derived from
N-a-tosyl-L-lysine. Biochemwi.stry 1965; 4:2219-24.

'2Wachsmuth ED, Fritze I, Ffleiderer G. An amino-
peptidase occurring in pig kidney. 1. An improved
method of preparation. Physical and enzymic pro-
perties. Biochemwistry 1966; 5:169-74.
-.Bett NJ, Hynd JW, Green CJ. Successful anaesthesia
and small bowel anastomosis in the guinea pig. Lab
Anim 1980; 14:225-8.

'4Yamashina I. The action of enterokinase on tryp-
sinogen. Acta Ceiem Scand 1956; 10:739-43.

'-Grant DAW, Hermon-Taylor J. The purification of
human enterokinase by affinity chromatography and
immunoadsorption. Biochem J 1976; 155:243-56.

'0Nordstrom C, Dahlqvist A. Intestinal enterokinase.
Lancet 1971; 1:1185-6.

'7Alpers DH, Tedesco FJ. The possible role of pan-
creatic proteases in the turnover of intestinal brush
border proteins. Bioclitim Biophys A cta 1975; 401:
28-40.

'Cheeseman CI. Factors affecting the movement of
amino acids and small peptides across the vascularly
perfused anuran small intestine. J PIhysiol (Lond)
1979: 293:457-68.

'9Crane RK. The gradient hypothesis and other models
of carrier-mediated active transport. Rev, Physiol
Biochem Pharmacol 1977; 78:99-159.

20Himukai M, Hoshi T. Mechanisms of glycyl-L-
leucine uptake by guinea pig small intestine: rela-
tive importance of intact-peptide transport. J Phlysiol
1980; 302:155-69.

21Kimmich GA. Coupling between Na+ and sugar
transport in small intestine. Biochim Biophys Acta
1973; 300:31-78.

22Lucke H, Berner W, Menge H, Murer H. Sugar
transport by brush border membrane vesicles iso-
lated from human small intestine. Pfluegers Arcli
1978; 373:243-8.

2:3Matthews DM. lecture: protein absorption-then
and now.. Gas.troenterology 1977; 73:1267-79.

"2.Paterson JYF, Sepulveda FV, Smith MW. Two-
carrier influx of neutral amino acids into rabbit ileal
mucosa. J Ply.siol 1979; 292:339-50).

2'Schultz SG, Curran PF. Coupled transport of sodium
and organic solutes. Plhy.siol Rev 1970; 50:637-718.

2E;Sigrist-Nelson K, Hopfer U. A distinct D-fructose
transport system in isolated brush border membrane.
Biochim Biophys Acta 1974; 367:247-54.

27Wacker H, Semenza G. A brush-border-bound pep-

 on M
ay 19, 2023 by guest. P

rotected by copyright.
http://gut.bm

j.com
/

G
ut: first published as 10.1136/gut.22.10.804 on 1 O

ctober 1981. D
ow

nloaded from
 

http://gut.bmj.com/


Induction and maintenance of mucosal enterokinase activity 811

tidase and amino acid transport. Ciba Found Symp
1977; 50:109-21.

2SWells GP, Nicholson JA, Peters TJ. Subcellular
localisation of di- and tripeptides in guinea pig and
rat enterocytes. Bioc.him Biophys Acta 1979; 569:
82-8.

2"9Rubino A, Field M, Schwachman H. Intestinal
transport of amino acid residues of dipeptides. J
Biol Chemn 1979; 246:3542-8.

'0Maze M, Gray GM. Intestinal brush border amino-
oligopeptidases: cytosol precursors of the membrane
enzyme. Biochlemistry 1980; 19:2351-8.

3lHauri HP, Quaroni A, Isselbacher KJ. Biogenesis
of intestinal plasma membrane: post-translational
route and cleavage of sucrase-isomaltase. Proc Nail
Acad Sci 1979; 76:5183-6.

32Schmitz J, Preiser H, Maestracci D, Crane RK,
Froesch V, Hadorn B. Subcellular localisation of
enterokinase in human small intestine. Biochlim
Biophys Acta 1974; 343:435-9.

:'3Barns RJ, Elmslie RG. Isolation of a high mole-
cular w.eight form of porcine enteropeptidase with
Triton X1(H). Proc Aust Biochlem Soc 1975; 8:10.

:3.1Erickson RH, Kim YS. Effect of Triton XIOO on
the electrophoretic mobility of solubilized intestinal
brush border membrane dipeptidyl peptidase IV.
Biochim Biophys Acta 1980; 614: 210-4.

35Rupniak HT, Paul D. Factors regulating the induc-
tion of ornithine decarboxylase in fetal rat liver
cells in culture. Biochlim Biophys Acta 1978; 543:
10-5.

36Canellakis ZN, Theoharides TC. Stimulation of
ornithine decarboxylase synthesis and its control by
polyamines in regenerating rat liver and cultured

rat hepatoma cells. J Biol Chem 1976; 251:4436-1.
37Rutgeerts L, Tytgat G, Eggermont E. Glucagon-
induced increase of enterokinase activity in human
duodenal mucosa. Digestion 1973; 8:389-95.

38Ward MR, Boyd CAR. Intracellular study of ionic
events underlying intestinal membrane transport of
oligopeptides. Nature 1980; 287:157-8.

39Mackay AVP, Iverseti LL. Trans-synaptic regulation
of tyrosine hydroxylase activity in adrenergic
neurones: effect of potassiUni concentrations on
cultured sympathetic ganglia. Aauny,n Sclnliede-
bergs A.rch Phlarmacol 1972; 272:225-9.

40Raul F, Simon PM, Keninger M, Grenier JF,
Haffen K. Effect of sucrose refeeding on di-
saccharidase and amino-peptidase activities of in-
testinal villus and crypt cells in adult rats. Evidence
for a sucrose-dependent induction of sucrase in the
crypt cells. Biochim Biophys Acta 1980; 630:1-9.

'1Antonow'icz I, Lebenthal E. Developmental pattern
of small intestinal enterokinase and disaccharidase
activities in the human foetus. Ga.stroenterology
1975; 72:1299-303.

42Lebenthal E. Induction of fetal rat enterokinase in
utero by hydrocortisone and actinomycin D. Pediatr
Res 1977; 11:282-5.

43Hadorn B, Tarlow MJ, Lloyd JK, Wolff OH. In-
testinal enterokinase deficiency. Lanicet 1969; 1:
812-3.

44Haworth JC, Gourley B, Hadorn B, Sumida C.
Malabsorption and growth failure due to intestinal
enterokinase deficiency. J Pediatr 1971; 78:481-90.

45Tarlow MJ, Hadorn B, Arthurton MW, Lloyd JK.
Intestinal enterokinase deficiency. Arch Dis Child
1970; 45:651-5.

 on M
ay 19, 2023 by guest. P

rotected by copyright.
http://gut.bm

j.com
/

G
ut: first published as 10.1136/gut.22.10.804 on 1 O

ctober 1981. D
ow

nloaded from
 

http://gut.bmj.com/

