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Human Fibroblasts Contain a Proteolytic Activity Which Is Inhibited by the
Bowman-Birk Protease Inhibitor1
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ABSTRACT

The Bowman Birk protease inhibitor (BBI) has been shown to be an
effective suppressor of carcinogenesis in rim and in vitro. In this report
we demonstrate that normal human fibroblasts and Bloom cells contain
a BBI-inhibitable proteolytic activity. The enzyme cleaves gelatin, has a
molecular mass of 43 kDa, and is located in the cytosol. This activity has
maximal activity at pH 8 and was inhibited by diisopropylfluorophos-
phate but was not affected by EDTA or 1,10-phenanthroIine, indicating
that this enzyme is a serine protease. We have reported previously that
a similar BBI-inhibitable activity is present in C3H/IOT1/2 mouse em
bryo fibroblast cells. Our results suggest that a common "target enzyme"

of the BBI is present in mouse and human cells.

INTRODUCTION

Protease inhibitors have been shown to be highly effective
suppressors of carcinogenesis in vitro and in several animal
cancer models in vivo (1-12). It is probable that protease

inhibitors also suppress human carcinogenesis because human
populations consuming high levels of legumes, which are rich
in protease inhibitor activity, have lower incidences of breast,
colon, pancreatic, and prostate cancers (13-16). Although the

precise mechanism(s) by which these compounds exert their
anticarcinogenic effects have not been elucidated, we have hy
pothesized that protease inhibitors block carcinogenesis by
inhibiting cellular enzymes involved in the induction and/or
expression of the transformed phenotype (17-19).

We have extensively studied the anticarcinogenic activity of
the soybean-derived BBI2 (1, 4, 8-12). The BBI is an 8000-Da

protein which contains distinct trypsin and chymotrypsin inhib
itory sites (20, 21). BBI has been shown to suppress dimethyl-
hydrazine-induced colon and liver carcinogenesis in mice as
well as dimethylbenz(a)anthracene-induced cheek pouch carci
nogenesis and methylcholanthrene-induced lung carcinogenesis
(8-11). The BBI reduces radiation and chemical carcinogen-

induced transformation in vitro (1, 12). This compound has
also been shown to reduce the incidence of spontaneous chro
mosomal abnormalities in Bloom cells (22). Additionally, the
BBI has been shown to be internalized by C3H/10T1/2 cells
(2, 23). Major goals of our research efforts are to determine the
interaction of anticarcinogenic protease inhibitors with mam
malian cells and identify cellular proteases which are inhibited
by these compounds. To date, no BBI-inhibitable proteases

have been identified in human cells. In the current report, we
demonstrate that 1522 human fibroblasts contain a BBI-inhib

itable proteolytic activity.
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MATERIALS AND METHODS

Chemicals. The BBI was obtained as a crude extract from Central
Soya (Ft. Wayne, IN) and was purified by DEAE ion-exchange chro-
matography as described before (9, 12, 20). Gelatin (300 Bloom) was
obtained from Sigma Chemical Co.

Cells. AG 1522 normal human fibroblasts were derived from a 3-day-
old infant foreskin sample, and Bloom cells (GM2S48) were derived
from a patient with Bloom syndrome. Both cell strains were obtained
from the Genetic Cell Repository at the Institute for Medical Research
(Camden, NJ) and grown in Dulbecco's modified Eagle's medium
containing 10% heat-inactivated fetal calf serum at 37Â°Cin a humidified

atmosphere containing 5% CO2 (19, 22). C3H/10T1/2 mouse embryo
fibroblast cells were obtained from Dr. Ann Kennedy (University of
Pennsylvania) and were grown in basal minimal Eagle's medium con
taining 10% heat-inactivated fetal calf serum (2).

Subcellular Fractionation. Logarithmically growing 1522 cells were
washed twice with ice cold EBSS, scraped from the dishes, and pelleted
by centrifugation at 1,000 x g for 10 min. The cells were resuspended
in ice cold isotonic sucrose buffer (10 mM Tris, pH 7.0-250 HIMsucrose-
1 imi MgClj) and homogenized on ice in a Dounce homogenizer (100
strokes). The homogenate was centrifugea (all centrifugations were
carried out at 4Â°C)at 1,000 x g for 10 min, 10,000 x g for 10 min, and

100,000 x g for 60 min. Each subcellular fraction was assayed for
protease and marker enzyme activity.

Marker Enzymes. The lysosomal enzyme, 0-Glu, was assayed in 0.1
M sodium acetate buffer (pH 4.5) containing 0.5 mM phenolphthalein
glucuronidate as substrate (17). The samples were incubated at 37Â°C

for 12 h, and the release of phenolphthalein was determined spectro-
photometrically at 540 nm. LDH, a cytosolic marker enzyme, was
assayed in 0.2 M Tris (pH 7.3) containing 1 mM pyruvate and 0.22 mM
NADH as substrate. The disappearance of NADH was determined at
340 nm in a SLM-Aminco DW 2000 spectrophotometer (17). The
protein present in each sample was determined by the method of
Bradford (24) by using bovine serum albumin as standard.

Zyntogram Protease Assays. Twelve % polyacrylamide gels (0.75 mm
thickness) were cast containing 0.1% gelatin (25-28). Gelatin solutions
were made up as a 2% stock solution in distilled water and dissolved
by heating. Samples were applied to the gel in standard SDS-gel-loading
buffer containing 0.1% SDS but lacking ti-mercaptocthanol and were
not boiled prior to loading. The gels were run at 200 V for l h in a
Bio-Rad Mini Protean II apparatus and then soaked in 200 ml 2%
Triton X-100 in distilled water on a gyratory shaker for l h at 20"C.

Next, the gels were soaked in reaction buffer (100 mM Tris, pH 8.0-10
mM CaCl2) for 12 h at 37Â°Cand then stained in amido black followed

by destaining in methanol-acetic acid-water (5:5:1, v/v/v).
Trypsin Activation of Cell Homogenates. Cell homogenate. 100 iÂ¡\.

was incubated with 1 n\ trypsin (75 Mg/ml) in 100 mM Tris, pH 8.0-10
mM CaCl2 for l h at 20'C.

Determination of pH Optima. 1522 cell homogenates were activated
with trypsin for 30 min and then run on gelatin-containing zymograms.
The zymograms were incubated in 100 mM Tris (at pH 6, 7, 8 or 9)-10
mM CaCh for 12 h at 37Â°Cand then stained in amido black. The

amount of protease activity present was determined by scanning pho
tographic negatives of each zymogram on an LKB Ultrascan laser
densitometer.

RESULTS

We analyzed homogenates obtained from growing 1522 cells
for protease activity on gelatin-containing zymograms. Using
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PROTEOLYTIC ACTIVITY IN HUMAN CELLS

this technique, we identified several bands of protease activity
with masses ranging from 50-70 kDa (Fig. 1). Treatment of
the cell homogenate preparations with trypsin resulted in the
formation of a new band of protease activity; this enzyme had
a mass of about 43 kDa (Fig. 1, lane 2). This activity was not
observed in samples which were stored overnight at 4Â°Cor
incubated at 37Â°Cfor l h in the absence or presence of 5 M

urea. To determine the intracellular localization of this protease
activity, subcellular fractionation experiments were performed.
Log phase 1522 cells were scraped from the culture dishes and
homogenized in a Dounce homogenizer. Each subcellular frac
tion was isolated by differential centrifugation. Marker enzyme
activity was determined in each fraction (Table 1). Unactivated
and trypsin-activated samples from each subcellular fraction
were analyzed for protease activity on gelatin-containing zy-
mograms. No protease activity in this molecular mass range
was observed in the 1,000 and 10,000 x g pellets, while a small
amount of activity was observed in the 100,000 x g pellet; the
bulk of the 43-kDa proteolytic activity was present in the
100,000 x g supernatant fraction (Fig. 2). These results indicate
that the majority of this enzyme activity is located in the cytosol.
We have not found this protease activity in conditioned medium
obtained from these cells, indicating that this protease is not
secreted (data not shown).

We characterized this proteolytic activity using several pro
tease inhibitors with well-characterized mechanisms of inhibi
tion. For these studies, cell homogenates were run on gelatin
zymograms; the zymograms were incubated in reaction buffer
containing the desired enzyme inhibitor. The 43-kDa activity
was inhibited with DFP but was unaffected by EDTA (Fig. 3).
These results indicate that this activity is a serine protease (29).
In contrast, the proteases present in unactivated cell homoge
nate preparations (Fig. 1, lane 1) were inhibited by EDTA but
not effected by DFP (Fig. 3), indicating that these enzymes are
metalloproteases (28). The 43-kDa protease activity was also
inhibited by BBI (Fig. 3). The effect of other compounds on the
43-kDa proteolytic activity are summarized in Table 2. To
determine the pH optima of this activity, the zymograms were
incubated in buffers of increasing pH; maximal protease activity
was observed at pH 8 (Fig. 4).

The fact that the 43-kDa protease activity requires trypsin
activation to be converted into an active protease could suggest
that this protease is processed from a larger precursor or is
complexed with an endogenous inhibitor. To further address

2 3 6
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Fig. 1. Trypsin activation of proteolytic activity. 1522 cell homogenates were
untreated or activated with trypsin and then run on gelatin-containing zymograms.
Lane I, unactivated cell homogenate; lane 2, trypsin-activated homogenate; lane
3, cell homogenate activated with trypsin and treated with DFP (5 mivi) prior to
being run on the zymogram; lane 4. trypsin control; lane S. trypsin treated with
DFP (5 m.\i) prior to being run on the zymogram; lane 6. molecular mass markers;
and right ordinate, molecular mass in kDa; arrow, position of the 43-kDa protease.

Table 1 Marker enzyme activity in AGI522 human fibroblast subcellular
fractions

Logarithmically growing 1522 cells were washed twice with ice cold EBSS,
scraped from the dishes, and pelleted by centrifugation at 1,000 x g for 10 min.
The cells were resuspended in ice cold isotonic sucrose buffer (10 nm Tris, pH
7.0-250 HIMsucrose-1 mM MgClj) and homogenized on ice in a Dounce homog
enizer. The homogenate was centrifuged (all centrifugation steps were carried out
at 4'C) at 1,000 x g for 10 min. 10,000 x g for 10 min, and 100,000 x g for 60

min. Each subcellular fraction was assayed for marker enzyme activity.

EnzymeactivitySubcellular

fractionIk

x g pellet
10k XÂ£pellet
100k x# pellet
100k x g supernatantÃŸ-Clu"7.21

(1.44)
9.61 (0.25)
3.21 (0.25)
0.39(1.75)LDH*3.07

(0.08)
4.66(0.12)
1.70(0.04)

12.22(0.31)
' tf-Glu activity is expressed as Â±Af4oâ€žm/\2h/mg protein. Numbers in paren

theses, total amount of enzyme activity present in the sample expressed as the
specific activity x total protein present in the sample (A l^n,,,,, 12 h).

*LDH activity is expressed as .i/i^onm/min/mg protein. Numbers in paren

theses, total amount of enzyme activity present in the sample expressed as thespecific activity x total protein present in the sample (A-lM,,,,m'mini.

this problem, cell homogenates were trypsin activated, treated
with DFP, and then run on the gelatin zymograms. Under these
conditions, we observed no inhibition of the 43-kDa proteolytic
activity but complete inhibition of trypsin (Fig. 1). However, as
discussed above, the 43-kDa activity is inhibited when zymo
grams containing trypsin-activated cell homogenates are incu
bated in reaction buffer containing DFP (Fig. 3). These results
indicate that, in solution, the active site of this protease is
inaccessible to DFP. We hypothesize that when the samples
are run on the zymogram, the protease and inhibitor separate,
thus allowing DFP to covalently bind to the serine residue (29)
in the active site of the enzyme.

If this protease were complexed with an inhibitor, then the
size of the protease-inhibitor complex should be larger than the
active protease. We estimated the size of the "unactivated"

gelatinase by passing cell homogenates over a Bio Gel P-100
gel filtration column and assaying each fraction for protease
activity. The unactivated enzyme Ã©lÃ»tesfrom the column with
an apparent mass of 70-80 kDa (Fig. 5).

We also determined whether a similar BBI-inhibitable pro
teolytic activity is present in other cells. Bloom cells were found
to contain a trypsin-activatable proteolytic activity with the
same mass as observed in 1522 cells, which was inhibited by
the BBI and DFP but was not affected by EDTA (Fig. 3). We
have reported previously that C3H/10T1/2 cells also contain a
protease activity in this molecular mass range which is inhibited
by the BBI.3 Comparison of trypsin-activated 1522 and C3H/

10T1/2 cell homogenates revealed that the protease derived
from human cells has a slightly faster mobility than the mouse-
derived enzyme on the gelatin-containing zymograms (Fig. 3)
but appears to be similar to the proteolytic activity in 1522 and
Bloom cells with respect to protease inhibitor sensitivity (Fig.
3).

DISCUSSION

In this report, we have demonstrated that logarithmically
growing 1522 human fibroblasts contain a 43-kDa proteolytic
activity which is inhibited by the BBI. Our subcellular fraction
ation experiments revealed that the bulk of this activity is
present in the 100,000 x g supernatant fraction, indicating that
this proteolytic activity is present in the cytosol. This protease

3 P. C. Billings and J. M. Habres. A protease activity in C3H/10T1/2 cells
which is inhibited by the anticarcinogenic Bowman-Birk protease inhibitor; sub
mitted for publication.
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Fraction

Trypsin Fig. 2. Analysis of subcellular fractions for
protcolytic activity. 1522 cells were disrupted
in a Dounce homogenizer, and subcellular frac
tions were isolated by differential centrifuga-
tion. Each subcellular fraction was analyzed
for protease activity on a gelatin-containing
zymogram. Fraction, subcellular fraction; Ik
P. 1,000 x g pellet: 10k P, 10,000 x g pellet;
100k P, 100.000 x g pellet; 100k S, 100,000
x g supernatant. Trypsin: -, sample was not
activated with trypsin; +, sample was activated
with trypsin prior to being run on the zymo
gram. The bulk of the 43-kDa, proteolytic
activity is present in the 100,000 x g super
natant (arrow). First lane, molecular mass
standards: left ordinate, size markers in kDa;
right lane of the gel contains trypsin as a
positive control.

Control

1 1 6-

Fig. 3. Effect of inhibitors on proteolytic
activity. Cell homogenates were activated with
trypsin and then run on gelatin-containing
zymograms. The zymograms were incubated
in reaction buffer containing the indicated pro
tease inhibitor. Lanes 1-5, control (no inhibi
tor present); lanes 6-8, zymogram was soaked
in reaction buffer containing 25 nc ml BBI:
lanes 9-11, zymogram was soaked in reaction
buffer containing 20 mM EDTA; lanes 12-14,
zymogram was soaked in reaction buffer con
taining 5 mM DFP. Left ordinate, size markers
in kDa; arroM',position of the 43-kDa protease.
Lane I, molecular mass standards; lane 5, tryp
sin control; lanes 2, 6, 9, and 12. C3H/10T1/
2 cell homogenates: lanes 3, 7, 10, and 13.
1522 cell homogenates; lanes 4, 8. 11, and 14.
Bloom cell homogenates. The 43-kDa gelati-
nase activity was inhibited by BBI and DFP.

had maximal activity at pH 8 and was potently inhibited by
DFP (Fig. 3), a highly selective inhibitor of serine proteases
(29).

An intriguing observation from these studies was that this
enzyme was "activated" with trypsin. Two possibilities could

explain this finding: (a) this proteolytic activity is complexed
with an endogenous inhibitor or (b) this activity is processed
from a larger proenzyme into a smaller, mature form which is
proteolytically active. If this proteolytic activity was complexed
with an endogenous inhibitor, then the protease-inhibitor com
plex must form a complex which is stable in the presence of
SDS. A fibroblast-derived urokinase inhibitor (UK-1) has been
described which forms an SDS-stable complex with urokinase
(30). Trypsin could selectively cleave the inhibitor; when this
material is run on the zymogram, the protease and inhibitor
are separated and the protease is active. Further support that
the 43-kDa protease is complexed with an inhibitor comes from
our inhibition studies with DFP. Our observation that DFP
will not inhibit the 43-kDa enzyme in trypsin-activated samples
prior to being run on the zymograms (Fig. 1) may suggest that
the inhibitor is still complexed with this protease. In the SDS-
containing zymogram, the protease and inhibitor are separated
and the protease becomes sensitive to DFP inhibition. If this
proteolytic activity were processed by trypsin from an inactive
(zymogen) to an active form, then one would expect DFP to

BBI EDTA DFP

10 11 1213 14

inhibit protease activity in trypsin-activated samples before they
are run on the zymogram. These results indicate that the active
site of this protease is inaccessible to DFP in solution. Dena-
turation and size fractionation of the complex on the zymo
grams separates the endogenous inhibitor from the protease,
thus allowing DFP to covalently bind to the serine residue in
the active site of the enzyme. Our gel filtration studies suggest
that the unactivated protease complex has a mass of 70-80
kDa. If the size of the endogenous inhibitor of this proteolytic
activity were 30 kDa, this would result in a protease-inhibitor
complex in the appropriate size range (43 + 30 = 73 kDa).
Indeed, protease inhibitors in this size range have been identi
fied (27).

In these studies, we observed that Bloom cell homogenates
contain a BBI-inhibitable proteolytic activity with the same
mobility as that found in 1522 cells. Bloom syndrome is an
autosomal recessive genetic disease; cells obtained from indi
viduals afflicted with this disease show an enhanced state of
chromosomal instability. The relatively high level of chromo
somal aberrations and sister chromatid exchanges observed in
Bloom cells are thought to predispose these individuals to an
increased risk of developing cancer. Work in our laboratory has
shown that the BBI can reduce the incidence of chromosomal
aberrations in Bloom cells (22), suggesting that a protease may
be involved in the genetic instability observed in these cells.
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The 43-kDa proteolytic activity in 1522 and Bloom cells is
similar to a protease we have described in C3H/10T1/2 mouse
embryo fibroblast cells.3 These results suggest that this proteo

lytic activity is a potential target enzyme of the BBI. Our
previous studies have indicated that a limited number of pro
teins from mouse or human fibroblast cells will specifically bind
to a BBI affinity column (19).

The 43-kDa proteolytic activity was not affected by EDTA
or 1,10-phenanthroline, indicating that this activity is not a
metalloproteinase and hence distinct from collagenases (such
as stromelysin), which are potently inhibited by EDTA and
other chelators of metal ions (31). This enzyme is similar to

Table 2 Effect of different compounds on proteolytic activity in AGI 522 cells
Cell homogenates were activated with trypsin and then incubated in the

presence of A'-ethylmaleimide or iodoacetamide for 10 min at 20Â°Cand then run
on gelatin-containing zymograms. For the other inhibitors, the cell homogenates
were activated with trypsin and then run on zymograms. The gels were incubated
in reaction buffer containing the indicated inhibitor.

Effect on proteolytic Type of protease
Compound" activity* inhibited

0.03

Dimethyl sulfoxide(1%)A'-ethylmaleimide(5mM)lodoacelamide

(5mM)DFP
(5mM)cEDTA

(20mM)Antipain
(10Â¿ig/ml)BBI

(25/ig/ml)Soybean
trypsin inhibitor (25ng/ml)(

Immisi. u m (IOeg/ml)1,10-Phenanthroline
(0.5 mM)NoneNoneNoneInhibitNoneInhibitInhibitPartialInhibitNoneThiolThiolSerineMetalloSerine/thiolSerineSerineSerineMetallo

" Numbers in parentheses, concentrations of the indicated reagent present in

the incubation buffer.
* Effect on proteolytic activity: none, no inhibition; inhibit, complete inhibition

of proteolytic activity; partial, . â€¢¿�>()'.inhibition of activity.
r Proteolytic activity was inhibited when the zymogram was incubated in

reaction buffer containing DFP. If samples were trypsin activated, treated with
DFP. and then run on the zymograms, no inhibition of proteolytic activity was
observed.

Protease Activity as a Function of pH

16
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M
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Fig. 4. Proteolytic activity in 1522 cells as a function of pH. 1522 cell
homogenates were activated with trypsin and then run on gelatin-containing
zymograms. The zymograms were incubated in 100 mM Tris buffer-10 mM CaCl2
at the indicated pH and then stained. The amount of proteolytic activity present
was determined by densitometrically scanning photographic negatives of each
zymogram. Enzyme activity is expressed in arbitrary units and was determined
by calculating the area under the curve obtained from each densitometric tracing.
Maximal enzyme activity was observed at pH 8.

0.02

co
1

0.01

0.00

fraction Number

Fig. 5. Gel filtration analysis of proteolytic activity. Cell homogenates were
prepared from growing cells and passed over 1 ml DEAE resin in 10 imi Tris
(pH 8); bound proteins were eluted with 10 mM Tris, pH 8-0.2 M NaCI. The
DEAE-purified material was subsequently passed over a BioGel P-100 column (1
x 50 cm) in 50 mM Tris, pH 7.1-100 mM NaCI collecting 0.7-ml fractions. Each
fraction was activated with trypsin and analyzed for protease activity on gelatin-
containing zymograms. Arrows, positions where molecular mass standards elute
from the column; Void, void volume, blue dextran (approximately 10" kDa); 68,

bovine serum albumin (68 kDa); 43, ovalbumin (43 kDa); 21.5, soybean trypsin
inhibitor (21.5 kDa). Cross-hatched box, position where the trypsin-activatable
proteolytic activity Ã©lÃ»tesfrom the column.

urokinase by virtue of its molecular mass and inhibition by
DFP (32). However, the 43-kDa proteolytic activity differs from
urokinase in that it efficiently cleaves gelatin and is not secreted
into the growth medium (32).

We have proposed that protease inhibitors suppress malig
nant transformation by inhibiting cellular enzymes involved in
the induction and/or expression of the transformed phenotype
(17-19). An intriguing finding is that we have identified similar
proteolytic activities in human-derived (1522 and Bloom) and
mouse-derived (C3H/10T1/2) cells.3 These results suggest that
this protease is a potential common "target" enzyme of the

anticarcinogenic BBI. The fact that these proteolytic enzymes
require trypsin "activation" to be active on the zymograms

implies that the functioning of these proteases is stringently
controlled inside the cell. We have reported that low concentra
tions of certain protease inhibitors are highly effective at sup
pressing carcinogenesis (3, 12); these results may indicate that
very small amounts of this BBI-inhibitable protease are active

in the cells. At the present time, the function that these enzymes
play in the oncogenic transformation of mammalian cells is not
known and will require further study.
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