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SUMMARY Zymogram studies of peptide hydrolases from the human intestinal brush border and
cytoplasmic fractions produced multiple bands-that is, up to seven-while the brush border
membrane produced only a single band of enzyme activity. With all of the substrates tested except
L-leucyl-L-leucyl-L-leucine, a band having anodic mobility identical with that produced by the
brush border enzymes was produced by the cytoplasmic enzymes. With L-trileucine as a substrate,
no overlapping band was produced. This band in the cytoplasmic fraction was heat sensitive, while
that in the brush border fraction was not. Thus it would appear that there is a single human intestinal
brush border peptide hydrolase capable of hydrolysing a variety of di- and tri-peptides. This
zymogram data together with other previously reported biochemical data strongly indicate that the
peptide hydrolases of the brush border and the cytoplasmic fraction of human intestine are distinct.

Peptide hydrolases in the intestinal mucosal cells of
man, rat and the guinea-pig have been reported to be
localised in two subcellular locations, the brush
border and the cytoplasm (Peters, 1970; Heizer et al.,
1972; Kim etal., 1972; Kim etal., 1974a, b; Nicholson
and Peters, 1978). Studies on the substrate specifi-
cities and the physiochemical properties of these two
groups of enzymes indicate that they are distinct
(Peters, 1970; Heizer et al., 1972; Kim et al., 1972,
1974). Although their precise function has not been
firmly established, they are thought to be important
in the final stage of digestion of dietary peptides at
the mucosal cell surface and within the cytoplasm
respectively (Peters, 1970; Kim et al., 1972, 1974a;
Matthews, 1975).
Zymogram and biochemical studies of these

enzymes in the rat and guinea-pig indicate that these
two groups exist in multiple forms (Kim et al., 1972;
Donlon and Fottrell, 1972; Fottrell et al., 1972;
Schiller et al., 1977; Kim and Brophy, 1976). The
electrophoretic mobilities of peptide hydrolases from
the brush border and cytoplasmic fraction have been
reported to be distinct in the rat intestine (Kim et al.,
1972). Other investigators, however, using a similar
zymogram method did not observe electrophoretical-
ly distinct brush border enzymes in the rat and
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guinea-pig (Donlon and Fottrell, 1972). Studies on
the cytoplasmic fraction using a limited number of
peptide substrates have indicated that multiple forms
of peptide hydrolases also exist in man (Heizer et al.,
1972; Kim, 1976; Dolly and Fottrell, 1969). How-
ever, more comprehensive studies similar to those in
animals have not been carried out in human
mucosa.
The present study was carried out (1) to compare

zymogram patterns of brush border and cytoplasmic
fraction of human intestinal peptide hydrolases
using 20 peptides as substrates, and (2) to find a
substrate that can distinguish these two groups
electrophoretically so that this substrate can be used
in the purification of these enzymes from human
intestinal mucosa.

Methods
Ten mucosal biopsy specimens and three surgical
specimens all freshly obtained were used for this
study. The brush border fraction was prepared from
the mucosal scrapings (Schmitz et al., 1973). and the
cytoplasmic fraction obtained by homogenising the
mucosal scraping in 15% glycerol and centrifuging
the homogenate at 100 000 x g for one hour at 4°C.
As a control, the cytoplasmic fraction was also
obtained by homogenising the mucosal scrapings in
Tris-mannitol buffer, followed by Ca++ treatment
and 100 000 xg centrifugation for one hour at 4°C.
The brush border membrane was purified 22- and
24-fold respectively with regard to trehalase and
L-leucyl B-naphthylamidase activities. Trehalase
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activity was determined by the method of Dahlqvist
(Dahlqvist, 1964) and peptide hydrolase activity was
assayed by the method previously reported from this
laboratory (Nicholson and Kim, 1975). The enzymes
were solubilised from the brush border membrane
by papain digestion and then centrifuged at 100 000
xg for one hour at 40C. Zymogram studies were
carried out as described previously (Kim et al.,
1972).

Results
As shown in Fig. 1, when L-leucyl-L-leucine or
L-leucyl-L-leucyl-L-leucine was used as substrate, a
single band with anodic mobility was observed with
solubilised brush border membrane peptidases. This
band was somewhat polydisperse. Peptidases asso-
cited with the brush border membranes remained at
the origin without papain treatment.

Zymograms of the cytoplasmic fraction show
multiple zones of enzyme activity with anodic
mobility. The most prominent band was in the inter-
mediate zone; it had similar electrophoretic mobility
to that of the brush border membrane when L-leucyl-
L-leucine was the substrate. Papain treatment of the
cytoplasmic fractions abolished the activities of the
fast and slow moving bands, but reduced the activity
of the intermediate major band only moderately with
L-leucyl-L-leucine as a substrate, while the treatment
completely inactivated the enzyme activity when
L-leucyl-L-leucyl-L-leucine was used. Although lon-
ger incubation time was necessary for the adequate
development of zymograms due to reduced enzyme
activity, the cytoplasmic fraction prepared in Tris-
mannitol buffer gave zymogram patterns identical

with those given by the same fraction prepared in
glycerol.

Figure 2 illustrates diagrammatically the repre-
sentative results of a series of zymograms from
cytoplasmic and brush border fractions of human
small intestine using 15 dipeptides and five tripep-
tides as substrates. The cytoplasmic fraction of
human jejunal mucosa yielded zymogram patterns
which could be broadly classified into seven different
types. Dipeptides such as L-phenylalanyl-L-leucine,
L-methionyl-L-leucine and L-phenylalanyl-L- tryo-
sine and L-leucyl-L-alanine gave patterns similar to
those shown by L-leucyl-L-leucine. Dipeptides such
as glycyl-L-leucine, L-valyl-L-leucine, and L-prolyl-
L-phenylalanine gave patterns similar to those shown
by L-prolyl-L-leucine. There were four fast migrating
bands produced when L-leucylproline was the sub-
strate; these were also seen with L-leucyl-glycine,
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Fig 2 Schematic diagram of representative zymograms of cytoplasmic and brush border peptidases using different subs-
trates. Intense activity (i_), moderate activity (i), low activity (CO), and trace activity ).

Fig. 3 Zymogram pattern using
L-leucyl-L-leucine (A) and
L-leucyl-L-leucyl-L-leucine (B) as
substrates for brush border (BB)
and cytoplasmic peptidases (C).

L-leucyl-L-leucyl-L-leucine were the substrates. The
brush border enzymes gave a band with electro-
phoretic mobility indistinguishable from that pro-
duced by the cytoplasmic enzymes when L-leucyl-L-
leucine was the substrate. In contrast, when L-leucyl-
L-leucyl-L-leucine was used as a substrate, cyto-
plasmic enzymes failed to produce a band with
electrophoretic mobility similar to that produced by
the brush border membrane peptidases.

Differential effects of heat treatment on the activi-
ties of peptide hydrolases of the brush border and
cytoplasmic fractions are shown in Fig. 4. The brush
border membrane peptidases were more stable than

the cytoplasmic enzymes. After 20 minutes of heat
treatment at 60°C, over 60% of the brush border
enzyme activity still remained, while the cyto-
plasmic enzyme activity was completely abolished.
The effect of heat treatment on the activities of
different iseoenzyme bands of peptide hydrolases of
the brush border and cytoplasmic fractions is shown
in Fig. 5. The band of activity produced by the
solubilised brush border membrane showed con-
siderable resistance to heat treatment and remained
as a single band even after prolonged heat treatment.
All the isoenzyme bands of the cytoplasmic fraction
showed a similar pattern of heat inactivation and at
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Fig. 4 The effect of heat treatment on the activities of
cytoplasmic (o) and brush border (a) peptidases when
L-leucyl-L-leucine was the substrate.

higher temperature the remaining enzyme activity
consisted solely of the major band with intermediate
mobility.

Discussion
It has previously been reported that peptide hydro-
lases of the intestinal mucosal cells exist in mutiple-
molecular forms (Dolly and Fottrell, 1969; Dolly et
al., 1971; Kim et al., 1972; Donlon and Fottrell,
1972; Fottrell et al., 1972). In the rat, zymogram
studies indicated that up to nine molecular forms
of peptide hydrolases may exist within the cytoplasm
and two major forms within the brush border
(Kim et al., 1972).

Recent isolation and characterisation of different
molecular forms of the enzymes from the rat intesti-
nal mucosa have substantiated these observations
(Kim et al., 1972; Schmitz et al., 1973; Kim and
Brophy, 1976). Furthermore, in the rat, these two
enzyme groups do not give overlapping bands but
have distinct electrophoretic mobilities on both

starch gel (Kim et al., 1972) and polyacrylamide gel
electrophoresis (Kim and Brophy, 1976).
However, Fottrell and his associates observed that

the zymogram produced by the cytoplasmic peptide
hydrolases obtained from both rat and guinea-pig
intestine contained a band with electrophoretic
mobility identical with that produced by the brush
border enzymes (Donlon and Fottrell, 1972;
Fottrell et al., 1972). Using two dipeptides as sub-
strate they observed only a single band with the
brush border of rat and guinea-pig intestine (Fot-
trell et al., 1972). Furthermore, they noted that the
activity of guinea-pig cytoplasmic enzymes failed to
be inhibited completely by 10-4M p-choromercuri-
benzoate (Fottrell et al., 1972), unlike that of the
cytoplasmic enzymes of the rat intestine, the activity

.... . .............................

... ...... g... ..

Fig. 5 The effect of heat treat-
ment on the zyogram patterns

~~ ~~~ of cytoplasmic (A) and brush
borderpeptidase activities (B) when

.........L-leucyl-L-leucine was the
.. ~~substrate. Numbers indicate the

conditions of incubation: (1)
control, (2) 370C for 30 minutes,
(3) 37°Cfor 60 minutes, (4) 40°C
for 10 minutes, (5)40'C for 30

for 30 minutes, (9) 60'C for 60
:|,. f .- 2 minutes, (10)704 Cfor 10 minutes.

of which was completely abolished by this agent
(Heizer et al., 1972). From these observations, these
workers raised the possibility of whether there were
species differences or differential contributions by the
adsorbed pancreatic enzymes to account for these
observed differences.
The present study indicates clearly that there is at

least one molecular form of the peptide hydrolase
capable of hydrolysing a variety of di- and tri-
peptides in the human intestinal brush border, where-
as there are two such molecular forms of the enzyme
in rat intestine (Kim et al., 1972-; Kim and Brophy,
1976). It indicates further that, within human
intestine, unlike that in the rat, there is a band pro-
duced by the cytoplasmic enzymes, the electro-
phoretic mobility of which overlaps that of the brush
border enzymes (Kim et al., 1972; Kim and Brophy,
1976). The polydisperse nature of the brush border
membrane enzyme band may in part be due to the
microheterogeneity in oligosaccharide side-chains of
this glycoprotein enzyme.
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Recent quantitative analytical subcellular frac-
tionation studies (Nicholson and Peters, 1978)
demonstrated the presence of a substantial amount of
tri-leucine hydrolysing activity but the total absence
of di-leucine hydrolysing activity in human intestinal
brush borders. Our studies indicate the presence of
peptide hydrolase activity against both peptides in
the human intestinal brush borders. Although our
studies are primarily qualitative, demonstration of
a distinctly different heat stability property of peptide
hydrolases from two subcellular fractions when di-
leucine is used as a substrate suggests that the
enzyme activity for the dipeptide is likely to be
present in the human intestinal brush border. The
reasons for these apparently different results are not
clear at the present time. Additional studies are
necessary to elucidate the substrate specificity and
the kinetic property of the human brush border
membrane peptide hydrolase.
The conclusion that the band produced by the

brush border membrane is distinct from that pro-
duced by the cytoplasmic enzymes in man can be
drawn from the following observations: first, when
tri-leucine was the substrate, no band overlapping
with the cytoplasmic enzymes was produced. L-
leucyl-L-leucyl-L-leucine will thus be a very useful
substrate when determining the cross-contamination
with cytoplasmic enzymes during the course of
purification of human intestinal brush border pep-
tide hydrolase; second, the heat inactivation studies
showed a marked difference in the heat resistance of
the respective bands produced by the two subcellular
fractions.
The previously reported biochemical findings that

the cytoplasmic enzymes of human small intestinal
mucosa are capable of hydrolysing di- or tri-peptides
but not higher length peptides, whereas the brush
border enzymes can readily hydrolyse these longer
molecules (Kim et al., 1974a; Kim and Brophy,
1976; Nicholson and Peters, 1978) are consistent
with our conclusion that the peptide hydrolases of
human intestinal brush border are distinct from
cytoplasmic enzymes.

This investigation was supported by GrantAM 17938
from the United States Public Health Service.
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