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iv.

Abstract

The existence of a specific transformed cell surface-plasminogen
interaction which has been implicated in many phenotype changes that
occur in cells upon transformation was studied. In addition, the fate
of the plasmin in cell culture medium activated by a cell-derived
plasminogen activator was investigated.

As an initial step, the plasminogen binding to Balb/c 3T3 and
SV3T3 cells was studied using '2°I-labeled dog plasminogen. The bind-
ing appears to be independent of the protease-dependent morphological
change which is exhibited by many transformed cells. The ?°1-
plasminogen which bound to the SV3T3 cells was completely degraded
during three days of incubation to macromolecules which were the same
size as the large and small chains of active plasmin, and to smaller
fragments including 3-iodo-L-tyrosine. The plasminogen which bound to
the 3T3 cells was only partially degraded to 3-iodo-L-tyrosine with
intermediate conversion to plasmin-size peptides.

The results of a sublethal cell-surface trypsinization assay,
developed to determine whether the processing of plasminogen by cells
was a cell-surface phenomenon or an internal process, suggest that the
cell-associated plasminogen was primarily bound to the surfaces of the
3T3 and SV3T3 cells while the macromolecular degradation products were
inside the cells.

Therefore, the 3T3 and SV3T3 cells bound, endocytosed and degraded

serum plasminogen. The overall rate of this processing was



approximately twice as fast for the SV3T3 cells as the 3T3 cells. This
binding and processing of plasminogen does not appear to be a specific
plasma membrane-plasminogen interaction and is known to be independent
of the protease-dependent morphological change.

Essentially none of the plasminogen in the 3T3 growth medium was
activated to plasmin, while a significant amount of the plasminogen in
the SV3T3 growth medium was activated to plasmin, and subsequently
complexed with a serum inhibitor of 47,000 molecular weight. This
inhibitor is covalent, forming a hydroxylamine-dissociable bond.

To investigate whether any active plasmin remained in SV3T3
growth medium, a model system of uﬁpkinase in situ activation of plas-
minogen designed to mimic the levels of plasminogen activation observed
in a 48-hour incubation of plasminogen with SV3T3 cells was developed.
Some of the plasmin in this model system incorporated 3*2P-labeled di-
isopropylfluorophosphate, implying that active plasmin exists in
SV3T3 cell culture medium and thus may be responsible for the protease-
dependent morphological change expressed by these cells and other

phenotypic changes which occur upon virus transformation.
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Preface

This thesis summarizes work which is reported in detail in

reprints and preprints appearing in the Appendices.
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The hypothesis that cancer cells produce degradative enzymes
which facilitate their invasive properties is not new. As early as
1925, Fischer (1) noted degradation of fibrin clots in the presence
of cultured tumor tissues. Later, it was found that in some cases of
prostatic cancer the fibrinolytic capacity of the blood increased
(2,3) and that fibrin degradation products are often demonstratable
in patients with malignant diseases (4,5).

These observations lead to a series of in vitro studies whose

goal was to ascertain whether untransformed cells exposed to proteo-
lytic enzymes took on phenotypic characteristics of virus-transformed
cells. Burger (6) first showed that untransformed mouse 3T3 cells
subjected to proteolytic enzyme treatment increased their agglutina-
bility by wheat germ agglutinin to levels equivalent to those of
virus-transformed cells. This observation was extended to fibroblasts
of several different origins whose agglutinability was mediated by
lectins of several different sources (7-12). Thus, that protease
treatment of untransformed cells increases lectin agglutinability to
levels similar to that of transformed cells appears to be a general,
reproducible phenomenon.

Viral transformation of fibroblasts is almest invariably accompa-
nied by the loss of the iodinatable plasma membrane LETS (for Large,
External Transformation-Sensitive) glycoprotein (13). When untrans-
formed cells are exposed to low concentrations (less than that re-
quired to remove the cells from the substratum) of the proteases,

trypsin or plasmin, the LITS protein is removed from their cell



surfaces (14-16).

Virus-transformed cells have an increased rate of glucose uptake
compared with dense or growing cultures of untransformed cells. In
general, the rate of glucose transport is lowest in confluent untrans-
formed cultures, greater in growing cultures, and greatest in cultures
of virus-transformed cells (17). When confluent cultures of untrans-
formed chick embryo cells are treated with trypsin (18), plasmin (19),
thrombin (20), or collagenase (20), the glucose uptake increases but
does not reach the level of uptake observed in chick embryo cells
transformed by Rous sarcoma virus (19). Thus, the protease-treated
untransformed cells approach but do not exactly mimic the glucose
uptake of transformed cells.

Cyclic adenosine 3',5'-monophosphate (cAMP) levels are lower in
virus-transformed fibroblast cells than their confluent untransformed
counterparts (21). The intracellular level of cAMP appears to
influence phenotypic characteristics such as cell motility, transport
of nutrients across the plasma membrane, growth in agar, and agglutina-
bility by plant lectins (21,22). Therefore, many of the characteristic
phenotypic changes observed upon viral transformation of cells may be
secondary consequences of low cAMP levels. Untransformed cells treated
with trypsin exhibit a transient decrease in cellular cAMP levels
(23-26). So once again protease treatment of untransformed cells
produces characteristics similar to virus-transformed cells.

Virus-transformed cells grow to high or indefinite saturation

densities in culture, while untransformed cells exhibit density



dependent inhibition of growth (27). Burger observed that confluent
mouse 3T3 cells could be released from density-dependent inhibition of
growth by treatment with trypsin or pronase (28-30). However, other
laboratories have been unable to stimulate cell proliferation of 3T3
cells by protease treatment (31-33). On the other hand, several
laboratories have been able to reproducibly stimulate growth of con-
fluent chick embryo fibroblasts by treatment with proteolytic enzymes
including trypsin (34,35), pronase (33,34), thrombin (20,36), and
collagenase (20). Thus at least in chick embryo fibroblasts, protease
treatment bestows growth characteristics similar to those of virus-
transformed cells.

So, in terms of agglutinability by plant lectins, loss of external
transformation sensitive glycoprotein (LETS protein), increase in
glucose uptake, decrease in cAMP levels, and possibly release from
density-dependent inhibition of growth, protease treatment of untrans-
formed cells produces phenotypic characteristics common to virus-
transformed cells.

lg_ﬁiggg_studies were also undertaken to answer the reverse
question; that is, if proteases are responsible for the expression of
certain phenotypic characteristics of virus-transformed cells, what
effects do protease inhibitors have on these properties of transformed
cells? Many experiments were performed to determine the effects of the
class of protease inhibitors which are derivatives of chloromethyl
ketones on changes in cellular morphology (19,37-41), lectin agglutina-

bility (38,40,42,43), hexose transport (19), surface LETS glycoprotein



expression (41), growth rate, and cell density (19,37-41,44-46) in
both DNA and RNA virus-transformed cells and their untransformed
counterparts. Unfortunately, chloromethyl ketone derivatives have been
shown to inhibit protein synthesis in both untransformed and trans-
formed cells (47,48). Thus the observations made in these experi-
ments cannot be interpreted as simply the result of the inhibition of
proteolytic enzymes. In fact, many of the observations can be mimicked
by using cycloheximide, a known protein synthesis inhibitor, rather
than the chloromethyl ketone derivatives (19,41,45).

Because of the difficulties in interpreting the results of studies
using chloromethyl ketone protease inhibitors, only the results of
studies using macromolecular protease inhibitors will be discussed.

Goldberg (43) found that transformed mouse, chick, and human cells
became less agglutinable by wheat germ agglutinin when ovomucoid, a
protease inhibitor from chicken egg white, was included in the growth
mediuﬁ. In contrast, Collard and Smets (42) found no reduction in
agglutinability of transformed mouse cells grown in ovomucoid-contain-
ing medium.

Growing transformed hamster cells in the presence of ovomucoid,
pancreatic trypsin inhibitor (PTI), or soybean trypsin inhibitor (STI),
did not permit these transformed cells to express the LETS glycoprotein
on their plasma membranes (41). However, as Hynes (41) points out,
this does not rule out the involvement of proteases in the loss of
LETS protein upon transformation.

Soybean trypsin inhibitor or ovomucoid had no effect on the high



levels of glucose transport observed in a transformed chick cell line
(19). Other cell lines have not been investigated.

The growth properties of transformed 3T3 (38,42) and hamster
kidney (38,46) cells were effected by ovomucoid and PTI. However, in
some of these experiments it was shown that even though these cells
stopped growing, they were not arrested in the G; phase of the cell
cycle and thus this arrest did not represent a reversion to density-
dependent inhibition of growth (42). Ovomucoid and PTI had no effect
on another transformed hamster cell line (NIL8-HSV6) (41) or hamster
tumor cells (37). Soybean trypsin inhibitor did inhibit the growth
of hamster tumor cells (37), but had no effect on transformed 3T3 cells
(38, Appendix I), transformed hamster kidney (38), or another trans-
formed hamster cell line (NIL8-HSV6) (41).

In general, even when macromolecular protease inhibitors do have
an effect on growth properties of transformed cells, the effects are
small (a reduction in cell density of 20 to 30 percent (37,38)) and do
not represent a reversion to density-dependent inhibition of growth
(42).

The virus-transformed cell phenotypic characteristics in which
protease inhibitors have been shown to have the greatest reversional
effect are morphology, adhesiveness to the substratum, and proteolytic
activity in the growth medium (assayed as fibrinolysis or caseinolysis).
PTI and STI inhibit caseinolysis and fibrinolysis observed in trans-
formed chick, mouse, and human cell cultures (49-52). STI also

inhibits the plasminogen-independent fibrinolysis described by Chen and



Buchanan (53). Weber (19) has observed increased cellular adhesive-
ness in transformed chick cells grown in the presence of STI and that
these cells tend to grow with a flatter, untransformed-like, morphology
when STI is included in the growth medium. This change in morphology
in the presence of PTI and STI has been observed by other laboratories
for several different transformed cell lines (50-52, Appendix I).

The conclusions which can be drawn from these experiments with
macromolecular inhibitors are somewhat limited, because even if pro-
teases are responsible for certain characteristics of virus-transformed
cells, the protease inhibitor chosen for the experiment may not
inhibit the protease involved. Because the three inhibitors used in
the experiments described all inhibit proteases with trypsin-like
specificity, one may conclude that a trypsin-like enzyme which is
inhibited by ovomucoid, STI, or PTI 1) may be involved in the
increased agglutinability of transformed cells, 2) apparently is not
involved in the loss of the LETS protein (at least in NIL8-HSV6 cells),
3) is not involved in the high levels of glucose transport (in trans-
formed chick cells), 4) probably is not involved in the release from
density-dependent inhibition of growth, and 5) is most certainly
responsible for some of the increased proteolytic activity in trans-
formed cell growth medium, the decrease in cellular adhesiveness, and
some morphological changes (which hereafter will be referred to as
protease dependent morphological change or PDMC).

Considerable evidence has been collected suggesting that virus-

transformed cells have higher levels of proteolytic enzymes than their



untransformed counterparts (54-56), and that this enzymatic activity
may play a role in changing the phenotype of transformed cells. The
question remains, however, as to what proteolytic enzymes are respon-
sible for this activity.

Reich's laboratory (39,50) established that fibroblast cultures
from chick, hamster, mouse, and rat embryos, transformed by either
oncogenic DNA or RNA viruses, produced an enzymatic activity capable
of hydrolyzing !2°I-labeled fibrin, whereas untransformed embryo or
3T3 cultures did not possess this fibrinolytic activity. The fibrino-
lytic activity was shown to be produced by the interaction of two
factors; a cell factor released into the medium of transformed cells,
and a serum protein component. The serum factor was identified as
plasminogen (57) and the cell factor as a serine protease which
functions as a plasminogen activator (58). Through the interaction of
these two factors, plasmin is generated in the transformed cell
cultures and thus plasmin is thought to be responsible for the fibrino-
lytic activity observed in these cultures.

Even though the production of a high level of plasminogen activator
in culture has become recognized as a distinct property of many trans-
formed cells, some normal cells have been shown to produce this enzyme.
Activated macrophages and cells from the lung, heart, vascular endo-
thelium, and kidney produce plasminogen activators (59-63). Recently,
it has been learned that cultured normal low-passage embryo fibroblasts
from several different species elaborate increasing amounts of plasmin-

ogen activator as they approach confluence, and then lose this



plasminogen activator activity after reaching confluence (64,65).
However, even when at their peak values, the plasminogen activator
activities of the low-passage untransformed cells remains well below
those of the corresponding virally or spontaneously transformed
cells (64).

Plasminogen activators have been purified from transformed chick
(58), mouse (62), hamster (66), rat breast carcinoma (67), human
melanoma (52), human ovarian carcinoma (68), and human pancreatic
carcinoma (69). All plasminogen activators of mammalian cells have a
major component of 48,000 - 50,000 daltons, suggesting that these
cell-derived plasminogen activators may be identical with urokinase,
a plasminogen activator found in the urine (54,700 M.W.) (70). In
fact, the plasminogen activator from human ovarian carcinoma has been
shown to be immmologically identical with human urokinase (68).

Efforts to understand the increased proteolytic activity associ-
ated with transformed cells have concentrated on the plasminogen/
plasmin system first defined by Reich's laboratory and elaborated by
many others. However, the prothrombin/thrombin system has been con-
sidered by some investigators. Low concentrations of thrombin are
known to produce changes in platelet plasma membranes (71,72). In
addition, thrombin has been shown to be a mitogen (36) and to stimulate
glucose uptake (20) in chick embryo cells. There is evidence that
chick embryo cells can supply the thromboplastin activity (clotting
factor III) required for prothrombin activation (72). Thrombin

activity has yet to be demonstrated in cultures of untransformed and



virus-transformed cells grown in the presence of serum, however.
Regardless of the protease responsible for the phenotypic changes
which occur upon transformation, if, in the simplest model, these
changes are triggered by the hydrolysis of a specific cell surface
protein, the plasma membrane is the most logical location for the
activation of the protease so that it can function without being
immediately inactivated by serum inhibitors. Indeed, in the case of
the plasmin/plasminogen system there is some suggestive evidence that
plasminogen can bind to the plasma membrane (50,51). Also, the
plasminogen activator activity of cell homogenate fractions has been
observed to increase after the addition of detergent (58,64,65), and
the activator activity co-purifies with plasma membrane-rich
fractions (73,74). These observations indicate that at least some
portion of the total plasminogen activator activity is membrane bound
and when considered in light of the plasminogen binding observations
suggest the possibility of a specific cell surface-plasmin interaction.
To investigate Bow plasminogen does interact with cells in
culture, Monty Krieger, Bob Stroud and I studied the binding and
processing of '2°I-labeled dog plasminogen by untransformed and simian
virus 40 (SV40) transformed Balb/c 3T3 cells. The experiments, which
are described in detail in the appendices, were designed to answer
three questions. First, is there a specific interaction of plasminogen
with transformed cell surfaces (Appendix I)? Second, is the inter-

action of plasminogen with transformed cells related in some way to the

protease-dependent morphological change (Appendix I1)? Third, what
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happens to plasminogen in the cell culture medium (Appendix II)?

As an initial step in answering the first of these questions, the
overall binding of '25I-plasminogen to the 3T3 cells was investigated.
The amount of plasminogen associated with the 3T3 cells on a per-cell
basis decreased exponentially over the three days of incubation, while
the amount associated with the SV40 transformed 3T3 cells (SV3T3) was
about the same on the third day as on the first. These overall binding
data were not affected by inhibitors to the protease dependent morpho-
logical change, such as STI, and thus the binding of plasminogen is in-

dependent of PDMC.

The plasminogen which bound to the SV3T3 cells was completely de-
graded during the three days of incubation to macromolecules which were
the same size as the large and small chains of active plasmin and to
smaller fragments including 3-iodo-L-tyrosine (isolated by microstep
exclusion chromatography; Appendix III). The plasminogen which bound
to 3T3 cells was only partially degraded to 3-iodo-L-tyrosine, with
intermediate conversion to plasmin-sized peptides. Through the use of
STI, this processing of plasminogen was shown to be independent of PDMC.

To determine whether the processing of plasminogen by the cells
was a cell surface phenomenon or an internal process, a sublethal cell-
surface trypsinization assay was developed. The cell-associated
plasminogen was trypsin-sensitive and thus assumed to be primarily
bound to the surfaces of the 3T3 and SV3T3 cells. The macromolecular
degradation products werc not trypsin-sensitive and thus assumed to be

inside of the cells.
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Therefore, during the three-day incubation, 3T3 and SV3T3 cells
bound, endocytosed, and degraded serum plasminogen. The overall rate
of this processing was approximately twice as fast for SV3T3 cells as
3T3 cells. This binding and processing of plasminogen does not appear
to be a specific plasma membrane/plasmin interaction, however. These
data do not allow differentiation between plasminogen being trans-
ported into the cell by pinocytosis or site-specific binding and up-
take. Regardless of which of these processes are responsible for the
internalization of plasminogen, the overall binding and processing of
plasminogen is known to be independent of PDMC.

As to what happens to plasminogen im the incubation medium, essen-
tially none of the plasminogen incubated with the 3T3 cells was acti-
vated to plasmin, indicating that these cells do not elaborate plasmin-
ogen activator into the growth medium. Some of the plasminogen which
was incubated with the SV3T3 cells was activated to plasmin and subse-
quently complexed with a serum inhibitor of 47,000 MW. This inhibitor
is covalent, forming a hydroxylamine-dissociable bond and is thought to
be similar to the antiplasmin which has been described for human plasma
(75-77).

The question then arose whether all of the plasmin generated in
the SV3T3 incubation medium was inhibited. Through the use of a model
system of urokinase in situ activation of plasminogen designed to mimic
the levels of activation observed in a 48-hour incubation of plasmino-
gen with SV3T3 cells, it was found that some plasmin incorporated

32p-labeled diisopropylfluorophosphate, a covalent inhibitor of serine
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proteases. The implication of the result is that active plasmin does

exist in growth medium and thus may be responsible for the protease

dependent morphological change and other phenotypic changes which occur

upon virus transformation.
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SUMMARY

Plasminogen binding to Balb/c 3T3 and SV3T3 cells was studied
using '?°I-labeled dog plasminogen. The binding appears to be inde-
pendent of the protease-dependent morphological change (PDMC)1 which is
exhibited by many transformed cells. The !?°I-plasminogen which bound
to the SV3T3 cells was completely degraded during three days of
incubation to macromolecules which were the same size as the large and
small chains of active plasmin, and to smaller fragments including
3-iodo-L-tyrosine. The plasminogen which bound to 3T3 cells was only
partially degraded to 3-iodo-L-tyrosine with intermediate conversion to
plasmin-size peptides. The SV3T3, and to a somewhat lesser extent, the
3T3 cells, accumulated 3-iodo-L-tyrosine during the course of the in-
cubation. In the incubation media, only a small fraction of plasmino-
gen was degraded to the level of individual amino acids (5%).

The results of a sublethal cell-surface trypsinization assay sug-
gest that the cell-associated plasminogen was primarily bound to the
surfaces of the 3T3 and SV3T3 cells while the macromolecular degrada-
tion products were inside the cells. There were significant differences
in the rates of macromolecular degradation exhibited by the 3T3 and
SV3T3 cells which presumably reflect differences in endocytosis or
lysosomal hydrolysis, or both.
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INTRODUCTION

The enhanced proteolytic activity of cells transformed by
oncogenic DNA and RNA viruses, or chemical carcinogens, can be
important in mediating certain morphological changes characteristic of
transformation (1,2). Several neoplastic and virally transformed cells
have been shown to synthesize an enzyme which can activate serum
plasminogen to plasmin (3-10). The increased proteolytic activity of
transformed cells and the protease-dependent morphological change
(PDMC) may be due to plasminogen activation (11,12). Cells which have
undergone PDMC are spherical, tend to clump, and retract from the sub-
stratum (1,2). When simian virus 40 transformed hamster embryo fibro-
blasts (SVHEF) are grown in media supplemented with plasminogen-depleted
serum (13), or in serum containing high concentrations of plasmin
inhibitors (2), the morphological changes do not occur (12).

Ossowski et al. (13) reported that SVHEF cells bound more '?°I-
labeled plasminogen (or possibly plasmin) than their normal counter-
parts, and that soybean-trypsin inhibitor (STI) decreased binding to
the transformed cells. These binding data and reports of proteolytic
activity associated with the plasma membranes of transformed cells (14)
suggested the possibility of a specific cell surface-plasmin inter-
action. We have studied the binding and processing of '2°I-labeled dog
plasminogen by untransformed and SV40-transformed Balb/c 3T3 cells and

its relationship to the PDMC exhibited by the transformed cells.
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used for UV and visible spectrophotometry. The enzymatic activity of
the plasminogen (20) activated with Varidase (Lederle, Lot 406-334) or
urokinase (Calbiochem, Lot 501639), 2330 plough units/vial, was unaf-
fected by the iodination.

To determine the appropriate conditions for urokinase activation,
100 pl of iodinated plasminogen (0.5 mg/ml in PBS) were incubated with
70 ul of urokinase (1 vial/0.25 ml Tris buffer) at room temperature.
At varipus times the extent of plasminogen activation was assayed
spectrophotometrically by following the hydrolysis of Na—carbobenzoxy-
L-lysine-p-nitrophenyl ester (Cyclo Chemicals Lot D-1308) (20), and by
electrophoretic determination of the molecular weight distribution

of the iodinated species in the reaction mixture.

Gel Electrophoresis

Radiolabeled samples were electrophoresed in 5 mm diameter glass
tubes on a 9 cm 10% polyacrylamide separating gel allowed to polymer-
ize for three to four days, overlayered with a 1 cm 3% stacking gel
prepared according to Laemmli (21). Samples were reduced and denatured
in 3% SDS-BME-Tris buffer by immersion in boiling water for three
minutes immediately before electrophoresis. The volume of the sample
loaded on the gels ranged from 10-200 ul. When the samples were radio-
active, they contained 5,000 - 30,000 cpm. The gels were electro-
phoresed at 2 mA per tube for approximately five hours. The schlieren

line due to the stacking buffer system was not allowed to run out of
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the gel during electrophoresis. The gels were frozen immediately after
electrophoresis, sliced into 1-mm long pieces, and counted. For all
electrophoretograms presented, the electrophoretic mobility scale (Rf)
is based on the mobility of the bromophenol blue marker dye and the
radioactivity in the gel. The smooth curves in the figures pass
through all of the observed data (80-90 slices).

The dependence of the Rf on molecular weight was determined from
Coomassie blue-stained gels (staining solution: 0.25% Coomassie blue,
25% propanol, 10% acetic acid; destaining solution: 10% acetic acid)
using myosin (210,000 daltons), phosphorylase A (92,000 daltons),
bovine serum albumin (68,000 daltons), catalase (57,000 dalton subunit),
aldolase (40,000 dalton subunit), and myoglobin (17,200 daltons) as
molecular weight standards. Samples of these proteins were provided by
Dr. Richard Vandlen. ‘

The molecular weights of dog plasminogen and the light chain of
dog plasmin (see Results) were found to be 93,000 £6,500 and 25,000
+800, respectively. The errors represent the standard deviations
determined from nine (plasminogen) and eleven (plasmin) independent
electrophoretograms. These molecular weights were used as internal
standards to calibrate the other electrophoretograms because the extent
of polyacrylamide polymerization, and thus the electrophoretic

mobilities of the samples, were not identical for all gel preparations.
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Binding Studies

The Balb/c 3T3 and Balb/c SV3T3 cells used were obtained from Dr.
G. Todaro and were maintained in an incubator (37°C, 5% CO, atmosphere)
in Dulbecco's modified Eagle's medium (Gibco) with 4.5 times the
glucose concentration and supplemented with 10% fetal calf serum
(10% FCS). The cells were periodically checked and found to be free of
mycoplasmal infection (22,23). All cell incubations were carried out
in a 37°C incubator (5% CO, atmosphere), and all other procedures were
conducted at room temperature unless otherwise noted.

To determine the extent and the time course of plasminogen binding
to the cells, the cells were plated at 4 x 10° cells/60 mm petri dish
(Nunclon) in 5 ml of 10% FCS-supplemented medium. After one day, the
medium was removed and the cultures were washed twice with isotonic
Tris buffer. Fresh medium supplemented with either 10% dog serum
(Gibco) (10% DS) or 2% dog serum (2% DS), and '2°I-labeled dog plasmin-
ogen in PBS was added. The final concentration of '2°I-plasminogen was
100 nM. The plasminogen concentration in 5% dog serum-supplemented
medium has been estimated to be 34 pg/ml (12); therefore, approximately
12% of all plasminogen in the incubation medium was '2?°I-labeled.

After incubation periods of 24, 48, and 72 hours, the cell
morphology was scored to determine the extent of PDMC according to the
criteria of Ossowski et al. (12), the incubation medium was removed,
and the cells were detached from the petri dish using a rubber police-

man. The cells were washed in 20 ml Tris buffer suspensions and
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pelleted (2500 rpm for five minutes) between each wash until they were
free of unbound radiolabeled material ("Off-Plate' washing procedure).
Ten to fifteen wash cycles were normally required to bring the super-
natant counts down to background levels. After resuspension in a one-
to-one mixture of 10% FCS-supplemented medium and a 1% solution of
trypsin (Worthington Biochemical Corp. Lot TRL35M960) in PBS, the
number of cells was determined using hemocytometers (at least four
independent determinations), and the radioactivity in the suspension
was measured. The results of the binding studies will be presented as
equivalent molecules of plasminogen bound per cell. These data are
calculated from the specific activity of the plasminogen and the amount
of cell-associated radioactivity. The standard deviation in cell-
associated radioactivity for any one experiment determined from repli-
cate samples was about 20% of the total binding. Nine binding experi-
ments were conducted, each one involving two to eight replicate dishes
per cell type per day.

Similar binding studies were also conducted with SVHEF cells
kindly provided by Dr. D. Rifkin. The SVHEF cells were maintained
under conditions identical to those for the Balb/c cells. For the
binding studies, the SVHEF cells were incubated in 2% DS-supplemented
medium and were washed in one of two ways. In one set of experiments,
the cells were washed free of unbound radiolabeled material while
attached to the substratum (''On-Plate' washing procedure). The cells
were then released from the plate by trypsinization, suspended in the

trypsin solution and counted. In other experiments, the Off-Plate
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wash was used.

Because a change in plasminogen binding to the SV3T3 and SVHEF
cells might accompany PDMC on the third day of the binding experiments,
a number of PDMC inhibitors and an accelerator of PDMC were included
in the incubation media to assess the relationship between plasminogen
binding and PDMC. STI (1,2) and PTI (pancreatic-trypsin inhibitor)
can inhibit the PDMC expressed by SV3T3 and SVHEF cells grown in DS-
supplemented medium. PDMC is also inhibited if the cells are incubated
in FCS rather than DS-supplemented medium (2). In order to inhibit
the PDMC during plasminogen binding experiments, STI (Worthington
Biochemical Corp. Lot 54J358) or PTI (Sigma Lot 81C-8200) was added
to the DS-supplemented incubation medium at t = 0, or 10% FCS was
substituted for DS in the medium. The concentrations of STI (14.6 uM
for SV3T3 cells) and PTI (6.7 uM for SV3T3 and 14 uM for SVHEF cells)
used were the minimum concentrations necessary to inhibit PDMC and
were determined by dose-response studies. The commercial STI was
chromatographed on Sephadex G-75 at 4°C to remove contaminants.
Varidase, which contains the plasminogen activator streptokinase, was
used to accelerate the time course of PDMC by one day during a plas-
minogen binding experiment. The Varidase concentration required to
do this (83.3 streptokinase units per dish) was determined by dose-
response analysis. If a higher Varidase concentration was used, the
cells were reduced to debris within 24 hours.

The binding of other '2°I-labeled proteins to the 3T3 and SV3T3

cells was measured to compare with the binding of plasminogen. The
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proteins, their specific activities, and their concentrations in the
incubation media were: PTI (1.5 x 10° cpm/mg, 0.61 uM); STI

(1.2 x 107 cpm/mg, 14.5 WM); avidin-biotin complex (9.1 x 107 cpm/mg,
0.16 uM); ovalbumin (4.4 x 107 cpm/mg, 0.21 1M, two-times recrystal-
lized, Worthington Biochemical Corp. Lot 0435A953). The avidin-biotin
complex was made by mixing an excess of biotin (Sigma Lot 94C-0187)
with avidin (Sigma Lot 104C-0117) and purifying the iodinated complex
on a Sephadex G-25 column at 4°C. The experimental procedure for the
binding assay was identical to that used for plasminogen. The cells
were growing logarithmically throughout the duration of all binding

studies.

Characterization of Cell-Associated '2°I-Labeled Material

The molecular weight distributions of the cell-bound iodinated
molecules were analyzed by gel electrophoresis. After the radiolabeled
cells were washed free of umbound radioactivity, they were dissolved in
3% SDS-BME-Tris buffer, and the macromolecules were denatured and re-
duced. To decrease the viscosity of the samples, the solutions were
then vigorously passed through a Pasteur pipette. The cell solutions
were then electrophoresed.

To further characterize the very low molecular weight iodinated
molecules found associated with the SV3T3 cells, the LMW was isolated
using micro-step-exclusion chromatography (24) and analyzed by

ascending paper chromatography (25).



28,

Characterization of !'25I-Labeled Material in the Incubation Media

The molecular weight distributions of iodinated molecules in the
incubation media were analyzed by denaturing gel electrophoresis and
gel filtration of Sephadex G-150 (90 cm x 4.9 cm®, 0.1 M ammonium
bicarbonate buffer, pH 7.9). Samples of the incubation media were
mixed in the 3% SDS-BME-Tris buffer and reduced and denatured. In one
experiment the incubation media were also denatured in 3% SDS-BME-Tris
buffer lacking B-mercaptoethanol so that the unreduced electrophoretic
pattern could be detected.

The iodinated low molecular weight molecules in the incubation
media were isolated using Bio-Gel P-2 micro-step-exclusion chromatog-
raphy (24). Twenty-five ul samples of the incubation media were loaded
on micro-step-exclusion chromatography columns which were equilibrated
with PBS, and the LMW molecules were eluted in 50 and 100 ul steps. The
LMW material was eluted after passing 350 pl of PBS through the
colums. The LMW was then subjected to descending paper chromatography
(n-butanol:acetic acid:H,0); 4:1:2; v/v/v, (25)) on Whatman No. 3MM
paper. Standard samples of 3-iodo-L-tyrosine (MIT, Aldrich Lot 082837)
and 3,5-diiodo-L-tyrosine (Aldrich Lot 071537) were co-chromatographed.
The locations of the MIT and diiodo-L-tyrosine were determined by
ninhydrin spray staining (0.2% v/v) and the paper was cut and the
Pieces counted in a gamma spectrometer to determine the mobilities of
the iodinated species. The mobilitiy of I  was determined in a separate

experiment in which the I™ was visualized by staining with I, vapor.
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To compare the results from the above procedure with those
obtained by the more usual trichloroacetic acid (TCA) precipitation
assay, the acid solubility of the radiolabeled molecules in the incuba-
tion media was measured. One ml of cold (0°C) 10% TCA was added to
25 yul of incubation medium and allowed to stand at 0°C for 90
minutes. The sample was then centrifuged at 10,000 g and 4°C for 30
minutes, and the amounts of radioactivity in the pellet and super-

natant were determined.

Trypsinization Assay

A sublethal cell-surface trypsinization assay was developed in an
attempt to determine what fraction of the cell-associated radioactive
material was cell-surface bound, and how much was internalized. 3T3
and SV3T3 cells washed free of unbound radioactivity were resuspended
in a one-to-one solution of 10% FCS-supplemented medium: 1% trypsin
(w/v in PBS). At various time intervals, aliquots were assayed for
release of cell-associated radioactivity by pelleting the cells at 4°C
for 30 minutes at 7000 g and determining the relative amounts of
radioactivity in the supernatant and in the pellet. Cell viability
under these conditions was checked by Trypan Blue exclusion (26) and by
measuring the relative plating efficiency and growth of the cells in
10% FCS-supplemented medium after the trypsinization treatment. A
twenty-minute trypsinization removed 90% of the radiolabeled material

which could be removed without affecting cell viability (see Results).
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To determine the effects of the trypsinization, cells were washed
thoroughly after incubation with !?°I-plasminogen and trypsinized for
twenty minutes. The mixture was then diluted four to twenty times
with TD buffer, and the cells were pelleted, dissolved in the 3%
SDS-BME-Tris buffer, prepared for electrophoresis, and electrophoresed,
as described above. The TD buffer diluted supernatant was counted to
find the amount of radioactivity released by the trypsin treatment.

In one of the three trypsinization experiments that were performed,
twenty-minute control incubations in which trypsin was omitted were

conducted at 0°C and at room temperature (approximately 22°C).

RESULTS

Plasminogen Activation and the Molecular Weights of Plasminogen and

the Subunits of Plasmin

The plasminogens of several different species have been shown to
be single polypeptide chains with molecular weights of about 90,000
(27,28). During urokinase activation, two peptide bonds in plasminogen
are cleaved (29). One cleavage yields a two-chained, disulfide-linked
molecule with the smaller (trypsin-like) active-site-containing subunit
(25,000 daltons) derived from the carboxyl terminus of plasminogen.
The second cleavage which occurs near the N-terminus releases a

6,000-8,000 dalton peptide. In the presence of macromolecular trypsin
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inhibitors (30,31), the second cleavage which is due to hydrolysis by
plasmin itself does not occur.

Urokinase treatment of '?°I-labeled dog plasminogen produced a
rapid increase in plasmin activity which began to plateau after five
minutes of incubation; however, electrophoretograms showed that there
were small, yet significant amounts of plasminogen after 30 minutes
of incubation. Essentially, no plasminogen remained after 60 minutes
of incubation (Figure 1), and there was no evidence of autolysis.
Therefore, an hour incubation was adopted as the standard time for
urokinase activations.

An electrophoretogram of the urokinase-plasminogen activation
mixture reduced and denatured after one minute of incubation shows five
distinct components (Figure 1): plasminogen (MW 93,800); B;, plasmin
heavy chain (MW 74,100); B,, plasmin heavy chain derived from B,

(MW 66,500); C, plasmin light chain (MW 25,000); and a low molecular
welght component, L, with an electrophoretic mobility (R.f = 0.98) which
is slightly less than the bromophenol blue marker dye. The B; chain
does not appear in electrophoretograms of the reaction mixture taken
after 16, 30, and 60 minutes of incubation. Electrophoresis of samples
which have not been reduced shows that the B and C proteins are cross-
linked by at least one disulfide bond. We conclude that the C-chain

is the active site containing trypsin-like small subunits of dog
plasmin, that the B; and B, chains are the large subunits before and
after the N-terminal cleavage which accompanies urokinase activation,

and that a small peptide, L, is the N-terminal peptide with a molecular



53.

weight of approximately 7,600 daltons (the difference in molecular
weight between the Bi and B2 chains). The early, transient appearance
of the B, chain is consistent with the suggestion that plasmin is
responsible for the cleavage of the 8,000 MW N-terminal peptide,

B, » B, + L (30,31).

In addition to providing the molecular weights of the plasmin
subunits, the electrophoretograms of activation mixtures also show the
relative extent of '23%1 incorporation into the subunits. From the
electrophoretogram of the one-minute incubation mixture, the ratios of
specific activities (cpm/mole) are calculated to be
B;:By:L:C =0.97:0.71:0.26:1.0. The ratio of B,:C, determined from
ten electrophoretograms of three independent iodinations of plasmino-
gen, is 0.70 +0.09:1.0, which indicates that the '2°I-labeling pattern
is reasonably reproducible, and that the small subunit contains more

accessible tyrosines than does the large subunit.

Protease-Dependent Morphological Change

Dog serum is an "activating serum" (2) for SV3T3 and SVHEF cells
because the cells undergo PDMC when they are grown in dog serum-
supplemented media. We found that the SVHEF cells exhibited a dramatic
PDMC between the second and third days of incubation in either 10% DS
or 2% DS-supplemented medium. A less marked PDMC occurred in the
SV3T3 cultures between 24 and 48 hours after transfer to DS-supple-

mented medium. A more obvious PDMC occurred between the second and
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third days; however, the PDMC was not as dramatic with the SV3T3 cells
as with the SVHEF cells. 14.6 uM STI or 6.7 uM PTI were required to
completely inhibit PDMC expressed by the SV3T3 cells (Figure 2).
Fifteen uM PTI were required to inhibit the PDMC occurring with the
SVHEF cells, and 0.6 uM PTI was sufficient to inhibit the PDMC mani-
fested by a line of mycoplasma-infected Swiss SV3T3 cells. Swiss SV3T3
and Swiss 3T3 cells were provided by Dr. J. Vinograd and maintained in
culture as described for the Balb/c cells. These results are consis-
tent with the findings that PDMC depends upon serum protease activation
by a cell synthesized activator (1,2). The different cell lines may
require different concentrations of inhibitors to prevent PDMC because
the concentration of protease required to elicit PDMC or the rates of
protease activation depend on the cell type.

Fetal calf serum is a ''nonactivating serum' (2) for SV3T3 and
SVHEF cells, and no PDMC was observed when the cells were grown in 10%
FCS. 1In contrast to previous reports of the effects of trypsin
inhibitors on cell growth (32), we found no differences in the doubling
times for Balb/c SV3T3 (16.3 hours) or SVHEF (14 hours) cells grown in
media which included either 2% DS, 10% DS, or 10% FCS alone, or 2% or
10% DS supplemented with STI or PTI. Varidase, which contains the
plasminogen activator streptokinase, could accelerate the onset of PDMC
in Balb/c SV3T3 cells; however, the concentrations of Varidase
necessary to produce a one-day shift in the PDMC time course (83.3

streptokinase units/dish) completely inhibited cell growth.
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The untransformed Balb/c and Swiss 3T3 cells do not exhibit a PDMC;
however, trypsin inhibitors did delay the detachment of the cells from
the petri dishes when the cells were allowed to grow for extended
periods (five to eight days). This suggests that a trypsin-like serine
protease may be involved in the detachment process for untransformed

cells.

Plasminogen Binding

After incubation for one, two, or three days in '?®I-plasminogen
and 10% DS-supplemented medium, the Balb/c 3T3 and SV3T3 cells were
removed from the petri dishes by scraping, thoroughly washed using
the Off-Plate procedure, and counted to determine their specific
activity. The results from nine separate experiments expressed in
plasminogen molecules per cell for all experiments are shown in
Figure 3. With few exceptions, the data for the SV3T3 cells fall into
a shallow V-shaped pattern with the greatest spread in the data at
24 hours. There is much greater variability in the 3T3 binding data,
even though the standard deviation in binding for replicate dishes from
any one experiment was about the same for both cell types. The plas-
minogen binding per 3T3 cell decreased exponentially over the three-day
incubation period. Again, the greatest spread in the data occurred at
24 hours. During the incubations, the SV3T3 and 3T3 cells doubled in
number every 16.3 and 16.5 hours, respectively. Binding curves for

SVHEF cells (Figure 4) show that plasminogen binding increased
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throughout the three-day incubation with the largest increase occurring
between the second and third days.

The concentration dependence of plasminogen binding was not deter-
mined, however the extent of binding (10" - 10° molecules/cell), deter-
mined using the Off-Plate procedure, was not remarkably different from
that of other proteins (Table I).

Inhibitors of PDMC (STI, PTI, and FCS) were added to the incuba-
tion media in several binding experiments in order to assess the
relationship between PDMC and plasminogen binding. The ratios of the
extent of plasminogen binding in the presence of inhibitors to that
observed without the inhibitors are listed in Table II. The values in
the table are the averages of the ratios observed on each of the three
days of the experiments. The effect of PTI on plasminogen binding was
found to depend on when the inhibitor was added to the incubation
media, and the cell-washing procedure. The amount of PTI added was
sufficient to inhibit PDMC (see above). A '‘pulse'" of PTI added two
hours before the cells were assayed for plasminogen binding had no
effect on the binding regardless of the washing procedure. When the
PTI was added at t = 0 and left in the medium throughout, it had little
if any statistically significant effect on the plasminogen binding to
the Balb/c 3T3, Balb/c SV3T3 or SVHEF cells washed using the Off-Plate
procedure. When the On-Plate wash was used, PTI added to the incuba-
tion media of Balb/c SV3T3 or SVHEF cells at t = 0 reduced the apparent
plasminogen binding by about 50%. Ossowski et al. (13) reported that

STT blocked the uptake of '?°T-labeled plasminogen by SVIEF cells when
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the binding was assayed using the On-Plate wash procedure. Their ex-
periments differed from those reported here in that the dog serum used
to supplement the incubation medium was subjected to affinity chroma-
tography and dialysis to remove endogenous plasminogen, and the time
course of binding was followed for 24 hours rather than 72 hours.

STI had essentially no effect on the plasminogen binding to
Balb/c SV3T3 cells and apparently induced a slight increase in binding
to Balb/c 3T3 cells (Table II). In these experiments, STI was added
at t = 0 and the cells were washed with the Off-Plate technique. The
effects of FCS on plasminogen binding are difficult to assess because
of the substantial variability in the results (Table II).

The differences between the Off-Plate and the On-Plate assay
results may be due to two problems associated with the On-Plate
technique:

1) The On-Plate wash assay may monitor dish-associated as well as
cell-associated radioactivity. This possibility is suggested by the
following controls: SV3T3 cells which were incubated for three days in
1257-plasminogen and 10% DS-supplemented medium were washed while
attached to the petri dish, then removed from the dish with a rubber
policeman. The cell-free plates were extensively washed with Tris
buffer and then trypsinized. The trypsinization solution contained
125T-radioactivity. In addition, the measure of '"plasminogen binding"
was higher when SVHEF cells were washed on the plates than when the

Off-Plate wash was used.
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2) Another problem with the On-Plate wash is that free-floating
or loosely bound cells are washed away, thus possibly biasing the cell
population with a large percentage of firmly attached cells. This
selection might be particularly significant after PDMC occurs when
many cells have retracted from the petri dish. In contrast, the entire

cell population is assayed when the Off-Plate procedure is used.

Characterization of the Cell-Associated Radiolabeled Molecules

1257_radiolabeled molecules associated with the cells were
analyzed by reducing and denaturing polyacrylamide gel electrophoresis,
Bio-Gel P-2 micro-step-exclusion chromatography and paper chromatog-
raphy. Electrophoretograms of 3T3 and SV3T3 cells revealed the same
five predominant species in varying relative amounts (Figure 5). These
include plasminogen (93,800 MW) and two peaks of lower molecular weight
designated B; (74,600 MW) and C (25,000 MW). There is also a peak of
very low electrophoretic mobility (HMW), and a broad peak of low
molecular weight. The molecular weight of the B: protein is very
similar to that of the large fragment B; of plasmin, and the molecular
weight of the C protein is identical to that of the C chain of plasmin,
suggesting that these peaks are due to activation products of plasmin-
ogen. The HMW must be due either to contaminants in the iodinated
plasminogen or to an artifact of the electrophoretic system.

The broad LMW peak appears to be mostly monoiodotyrosine based on

the following single experiment. 55% of the total radioactivity in
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Balb/c SV3T3 cells solubilized after 72 hours of incubation was
associated with molecules small enough to be retained by a Bio-Gel P-2
(<1800 MW) micro-chromatographic colum (24). This material co-
migrated with monoiodotyrosine during ascending paper chromatography.
Since approximately 60% of the total radioactivity in these Balb/c
SV3T3 cells migrated as LMW during gel electrophoresis, almost all of
the cell-associated IMW in this case was MIT. The electrophoretograms
for the Balb/c 3T3 cells for a typical experiment (Figure 5) show that
plasminogen is the major iodinated cellular component. The relative
amount of plasminogen diminished with increasing time of incubation
while the B', C' and IMW peaks developed. The relative intensities of
these peaks expressed as a percentage of total macromolecules (>7000
daltons) and averaged over four independent experiments are depicted
in Figure 6.

The data in Figure 5 show that there is a more pronounced change
in the molecular weight distributions of the SV3T3 cell-associated
1257-1abeled macromolecules over the course of the incubation. Most
strikingly, there was no plasminogen associated with the SV3T3 cells
after three days of incubation even though plasminogen was present in
the medium (55 nM). All of the SV3T3 cell-associated plasminogen
appears to have been completely degraded. This apparent degradation
was accompanied by an increase in the relative amounts of C' protein
and a minor increase in the B' protein when expressed as a fraction of

all macromolecules.
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Concomitant with these changes in the relative amounts of these
macromolecular species, there was an overall increase in the amount of
IMW and an overall decrease in the total amount of cell-associated
macromolecules (Figure 7). Therefore it appears that the Balb/c SV3T3
associated plasminogen was degraded to low molecular weight fragments
as small as monoiodotyrosine, via B' and C' intermediates, and that
the rates of formation and/or degradation of the B' and C' proteins
were different. The degradation of plasminogen bound by SV3T3 cells
was much faster than for 3T3 cells. By the third day of incubation,
75% of the SV3T3 cell-associated radioactivity was in the form of LMW
while this was only 35% for the 3T3 associated radioactivity (Figure
7). At the same time there was almost no plasminogen remaining
associated with the SV3T3 cells, whereas 45% of all 3T3 associated
material was in the form of undigested plasminogen. Unlike the case
with the SV3T3 cells, the rates of formation and/or degradation of the
B and C proteins associated with the 3T3 cells appear to be identical.

The addition of STI to the incubation media of both 3T3 and SV3T3
cells at a concentration sufficient to inhibit PDMC had essentially no
effect on the molecular weight distribution of the cell-associated
1257-1abeled molecules (Figure 8). Therefore, it is unlikely that an
STI-inhibitable protease--for example, plasmin--in the media is respon-
sible for the degradation of the cell-associated plasminogen. The STI
results also show that the cell-associated plasminogen degradation is

independent of PDMC.
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Localization of Cell-Associated Radiolabeled Macromolecules

To localize the cell-bound '2°I-labeled protein, cells were
trypsinized with the goal of removing cell-surface proteins without
affecting molecules which had been internalized. The molecular weight
distribution of the remaining cell-associated radiolabeled molecules
was determined by electrophoresis.

The time course of '2°I release from labeled cells showed an ex-
ponential release of radioactivity which plateaued when approximately
50-80% of the cell-bound radioactivity was released by the trypsiniza-
tion (Figure 9). The kinetics of release were similar for the
Balb/c 3T3 and SV3T3 cells. Half of the counts which could be released
by the trypsin treatment were released after six minutes, and the
plateau was reached by approximately 50 minutes of trypsinization. If
the period of trypsinization was extended beyond 100 minutes, there
was an additional release of radioactivity. However, cell viability
assayed by relative plating efficiency began to fall after 60 minutes
of trypsinization, so the increased release of radioactivity after
prolonged trypsinization was probably caused by cell damage and release
of internalized radioactivity. There was no indication of cell damage
assayed by Trypan Blue exclusion for up to 120 minutes of trypsiniza-
tion. A twenty-minute standard trypsinization incubation time was
used because approximately 90% of the trypsinizable counts were

released after this period without loss of cell viability.
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To assess the effect of the twenty-minute trypsinization, samples
of cells taken before the trypsin incubation, after incubation with
trypsin at 22°C, and after control incubations without trypsin at 22°C
and at 0°C, were electrophoresed. The electrophoretograms show that
all of the '2°I-plasminogen and the HMW bound to the 3T3 cells is
removed by the tryptic hydrolysis (Figure 10). The degradation
products remaining on the cells after trypsinization were similar in
molecular weight to the B' and C' proteins and IMW. The control
incubations of 3T3 cells at both 0°C (where endocytosis is known to be
inhibited) and room temperature (22°C) did not alter the electro-
phoretic patterns seen before trypsinization. Thus, it is unlikely
that 3T3 cells themselves degrade plasminogen during the trypsin
treatment. Since the controls without trypsin show no detectable
change in the electrophoretograms (Figure 10), the clear indication is
that all of the plasminogen is located on the cell surface.

Similarly, the degradation of Balb/c SV3T3 cell-associated plas-
minogen by trypsin indicates that plasminogen is cell-surface bound.
After 48 or 72-hour incuation there was little or no cell-bound plas-
minogen, and the only effects of trypsin treatment were diminution in
the amounts of cell-bound B' and IMW. The identical effects, however,
are also seen in the 0°C and room temperature controls where trypsin
is left out, which shows that these changes are not a result of
tryptic hydrolysis. Thus, the indication again is that all plasminogen
was bound on the cell surface. Degradation of plasminogen probably

occurred inside the cell in the lysosomes.
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The effect of the cell-surface trypsin treatment was also moni-
tored by determining the amount of radioactivity released into the
medium (Table III). The radioactivity released included material
whose release was independent of tryptic hydrolysis which can be deter-
mined from the room temperature control and material which was specifi-
cally released from the cell surfaces by trypsin. The amount of
material released specifically by trypsin (heavy line, Figure 11) was
calculated by subtracting the amount of material released during the
room temperature control from the total amount released in the
presence of trypsin (light line, Figure 11). The amount of SV3T3 cell-
bound material which was released specifically by trypsin decreased
with the time of incubation in a fashion similar to that seen for the
SV3T3 cell-associated plasminogen (Figure 6). This is consistent with
the electrophoretic data which suggest that the primary effect.of
trypsinization was the digestion of plasminogen on the cell surface.
When there was essentially no plasminogen on the cells (SV3T3, t = 72),
there was essentially no trypsin-specific release of radioactivity.

The release of radiolabeled material which occurred in the absence
of trypsin was substantial (Table III) and showed a small (highly
variable) temperature dependence. There was a slightly greater release
at room temperature than at 0°C where exocytosis should be inhibited;
however, the electrophoretograms of cells subjected to the 0°C and
room temperature incubations were nearly identical.

It is not possible to make simple generalizations about the kinds

of molecules released during the control incubations. From the
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electrophoretograms it appears that LMW was the principal but not the
sole constituent released by the SV3T3 cells. There is almost no
difference in the electrophoretic patterns of the 3T3 cells before
and after the control incubations which suggest that all of the cell-
surface bound radiolabeled species (primarily HMW and plasminogen)

were released in equal proportions.

Cellular Turnover

The rate of appearance of MIT in the incubation media is a fre-
quently employed measure of cellular digestion of iodinated proteins
(41-44). To determine the amount of MIT in the incubation media of
one experiment, the !'2°I-labeled LMW components of the media were
separated from the macromolecules by micro-step-exclusion chromatog-
raphy using Bio-Gel P-2 (24), and then subjected to paper chromatog-
raphy. Four distinct radioactive species were resolved in the chromto-
grams of all of the IMW samples (Figure 12): one co-migrated with MIT
and one co-migrated with I". Of the other two components, one
migrated near the solvent front and the other remained at the origin.
These components have not been further characterized. The amounts of
separated LMW components in the media versus time of incubation are
listed in Table IV.

The preferential adsorption of MIT or I  or both to the Bio-Gel
P-2 chromatographic colum could introduce artifacts in these results.

However, a TCA precipitation of the 72-hour SV3T3 cell incubation
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medium showed that 4.8% of the radioactivity in the medium was acid
soluble. This is sufficiently close to the value of the amount of
MIT plus I determined by micro-step-exclusion chromatography (5%) to
suggest that preferential adsorption is an unlikely source of error.
If we assume that the rate of plasminogen degradation to LMW
components followed by exocytosis for a given cell type is k, then
the total amount of LMW at time t, due to processing by the cells,

will be given by

t
(W), - (1MW), = [ k No 2D 4,
0

where No is the initial number of cells at time t = 0 (No equals

3 x 10° for the SV3T3 cells and 1 x 10° for the 3T3 cells), and ty is
the doubling time for the logarithmically growing cells (tD equals
16.3 hours for the SV3T3 cells and 16.5 hours for the 3T3 cells).

Thus,

t
_ D t/tD _

The constant background level, (LMW)O, accounts for the initial amount

of IMN in the supplemented medium (and for possible perturbations at

the time of plating (t = 0)). Using the data in Table IV in which con-

centrations are expressed as the percent of the total amount of
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radioactivity in the medium, the value of k, the rate of formation of
S, and (1M0),

is 4.1 #0.4. The rate for 3T3 cells is 1.8 £3.2 x 10'8, and (1MW),

IMW for SV3T3 cells, is calculated to be 3.0 #0.5 x 10

is 4.3 +0.9. Therefore, the overall turnover rate for SV3T3 cells is
about two times greater than for normal 3T3 cells, even though the
doubling time for SV3T3 cells is almost equal to that of 3T3 cells.
If the rates are computed for MIT alone, the rate for SV3T3 cells is
1.5 #0.002 x 10_8, and for 3T3 cells about 2.5 times slower,

0.6 #5.2 x 10—8, with (MIT)O equal to 0.33 *0.0002 and 0.5 #0.9,

respectively.

Characterization of Radiolabeled Protein in the Incubation Media

The '2°I-labeled molecules in the incubation media were analyzed
by electrophoresis and gel filtration. The '2?°I-plasminogen added to
the 3T3 cell incubation media was essentially unaffected by the incuba-
tion.

Reducing and nonreducing electrophoresis of the SV3T3 incubation
media showed that an increasing proportion of the plasminogen (in-
creasing to 45% after three days of incubation) is degraded. The
degradation generated smaller polypeptides of molecular weights 74,000,
12,000 and 10,000 (see Figure 13), which are linked together by
disulfide bonds. There was essentially no 25,000 molecular weight
species in the Balb/c SV3T3 incubation media. It is likely that some

of the plasminogen in the medium was activated to plasmin and that the
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observed peptides were derived from the two subunits of plasmin. If
this was the case, most of the active site containing C subunit of
plasmin must have been modified either by degradation to 10,000 and
12,000 molecular weight species or by covalently binding to a 50,000
molecular weight serum component forming a 74,000 molecular weight
complex. This serum component may be a plasmin inhibitor, and may be
similar to the 50,000 molecular weight inhibitor described by Collen
(45) and Mullertz and Clemmensen (46).

Chromatography on Sephadex G-150 showed that all the plasminogen
hydrolysis products were bound together in a specific complex which
has a molecular weight greater than 210,000. Further analysis of this

complex is described elsewhere (47).

DISCUSSION

Overall Pathway

During the course of a three-day incubation in 10% dog serum-
supplemented medium, Balb/c 3T3 and Balb/c SV3T3 cells bound, endo-
cytosed, and degraded serum plasminogen the serine protease precursor
which has been implicated in the proteolytic modification of trans-
formed cell morphology. The observations which support this overall
pathway are:

1) Intact !?3I-plasminogen and intermediate products of plasmin-

ogen degradation (B' and C' protein, MW = 74,000 and 25,000,
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respectively) were observed to be tightly associated with the cells.
All of the intact plasminogen was removed by sublethal cell-surface
trypsinization while the B' and C' proteins were not. Therefore, all
cell-bound plasminogen was attached to the exterior of the cells and
the B' and C' degradation products were most likely inside the cells.

2) Labeled plasminogen was degraded to molecules as small as
individual amino acids, and these degradation products were found both
in the incubation media and bound to the cells. The only known
mechanism by which cells can mediate this kind of complete protein
degradation involves lysosomal hydrolysis. Therefore, '?°I-plasminogen
must have been internalized either by bulk phase pinocytosis (48) or
endocytosis of surface-bound plasminogen. Endocytic vesicles contain-
ing plasminogen then fused with lysosomes and the plasminogen was
degraded via B' and C' intermediates to low molecular weight material
which included MIT. The MIT produced cannot be used for protein
synthesis and was exocytosed (49).

3) The molecular weight distributions of radiolabeled molecules
in the incubation media (Figure 13) were substantially different from
those of the cell-associated molecules. Therefore, bulk phase pino-
cytosis alone cannot account for the presence of B' and C' pieces in
the cells. There must be internal processing of plasminogen, most
likely by lysosomal hydrolysis. It would seem that the B' and C' are
formed inside the cells.

The overall pathway deduced (Figure 14) is consistent with results

for both cell types. Other possible pathways seem much less probable.
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It is possible that the differential effects between Balb/c SV3T3 and
Balb/c 3T3 cells are due to alterations in the rates or mechanisms
within this pathway. Therefore, in the ensuing discussion we retain
this as the most probable situation, and consider the data in the

light of other possibilities.

Plasminogen Binding

The amount of radiolabeled protein associated with 3T3 cells on a
per-cell basis decreased exponentially with the time of incubation,
while the amount associated with the SV3T3 cells was about the same on
the third day as after 24 hours of incubation (Figure 3). Thus the
overall binding to 3T3 cells decreased as the cells grew logarithmi-
cally while the amount of radiolabeled material bound to the SV3T3
cells remained relatively constant. It is therefore puzzling that no
plasminogen was bound to the cell surfaces of SV3T3 after a three-day
incubation. During this time, the cell population had increased about
21-fold, and the medium still contained a high concentration of plas-
minogen. Thus one might have reasonably expected to find that the
newly-formed cells bound plasminogen at their cell surfaces in much
the same way as the cells did after the first 24 hours of incubation.
The 3T3 cells bound plasminogen throughout the incubation although in
decreasing amounts. .

There are several explanations for the decrease in cell-bound

plasminogen which include:
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1) SV3T3 cell-surface-bound plasminogen might have been digested
by plasmin or some other serum protease thus effectively ''trypsinizing"
the SV3T3 cell surface at an increasing rate. This does not seem
likely because trypsin (or plasmin) inhibitors such as STI did not
change the amounts of plasminogen bound to either cell type. Ossowski
et al. (13) found that STI did inhibit the binding of plasminogen to
SVHEF, and that these cells bound substantially more than their
untransformed counterparts. It is not clear whether the discrepancy
between their results and the results reported here is due to differ-
ences in the cell types or in the experimental procedures. In the
experiments reported here, plate washing was used throughout so as
to avoid including plasminogen which was bound to the dish in the
measurement of cell-associated plasminogen. It is unlikely that
plasmin could have been responsible for the digestion of cell-surface-
bound plasminogen. Indeed, if a serum protease had hydrolyzed plas-
minogen on the cell surface, it should have had a similar effect on
the plasminogen in the supernatant; however, this was not the case
(compare Figures 5 and 13). It seems most unlikely that plasmin, or
any other serum protease, is responsible for the diminishing amounts
of plasminogen on the surfaces of SV3T3 cells.

2) The surfaces and the binding characteristics of the cells
may have been altered by the treatment prior to incubation in dog
serun. At t = -24 hours the cells were trypsinized and plated in FCS-
supplemented media. They were washed with Tris buffer, and there was

a change in the type of serum supplementing the media at t = 0.
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Although one can hope that the effects of these manipulations would
be insignificant after the cells have passed through a complete life
cycle (doubling time approximately sixteen hours), the influence of
the manipulations before the incubation cannot be assessed easily and
are currently unknown. These manipulations may have generated plas-
minogen binding sites which would have been diluted as the cells
double if no new sites were generated after t = 0. The exponential
decrease in the overall binding to the 3T3 cells (tl/2 = 18 hours;

Figure 3) which paralleled the cell growth (t = 16.5 hours)

doubling
is consistent with this explanation; however, the relatively constant
level of overall binding to the SV3T3 cells is not.

3) There remains a somewhat remote possibility that there might
be specific cell-surface receptors for plasminogen which are modulated
during the incubations.

4) Plasminogen binding and processing can only be observed after
unbound plasminogen has been removed. Washing the cells in suspension
took several hours, therefore, interpretations of our results must be
considered in the light of the opportunity the cells have had to
transport, modify and perhaps eject bound plasminogen between the time
they were removed from the incubations to the time the assays were
conducted.

In sumary, it seems inescapable that plasminogen is internalized
prior to degradation. Judging from the overall rates of processing

down to MIT by the cells, which are only about two times faster for

SV3T3 cells than for 3T3 cells, we conclude that the initial rates of
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plasminogen incorporation and cleavage to B' and C' chains must be

much faster in the transformed cells.

Cellular Degradation of Plasminogen

1251-plasminogen was internalized, hydrolyzed, and released into
the medium by SV3T3 and 3T3 cells. The rate at which this processing
occurred was approximately two times faster for the SV3T3 cells than
for 3T3 cells. This is perhaps not surprising since it is well
established that transport by transformed cells is generally faster
than for their normal counterparts (50). It is not clear why this
should be, since the growth rates for SV3T3 and 3T3 cells were
similar. The intermediate products of hydrolysis had molecular
weights which were similar to those of the subunits of active plasmin.
This may be because it is necessary for the activating cleavage sites
of zymogens to be readily accessible to enzymatic hydrolysis. During
normal activation, it is important that enzymatically active molecules,
rather than inactive autolysis fragments, be produced. In the case of
trypsinogen activation, this enhanced susceptibility of the activating
cleavage seems to be generated by the loose structure around the site
of the activation cleavage rather than by any preformed substrate-like
structure at that site (51,52). If this is a common feature of
zymogen activation, it would not be surprising for the lysosomal
hydrolases to degrade plasminogen to the level of individual amino

acids via intermediates which were similar in size to the large and
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small subunits of plasmin. There may be significant differences in the
action of the 3T3 and SV3T3 lysosomes because rates of B' and C' degra-

dation (Figure 6) are significantly different for the two cell types.

The Fate of Plasminogen in the Incubation

Reich and co-workers have shown that the fibrinolytic activity ex-
hibited by many different transformed cells depends on the presence of
plasminogen in the incubation medium (13), and that the cells secrete a
plasminogen activator (3,4). However, the activation of plasminogen to
active plasmin in the medium has so far not been shown directly. Reich
(2) and Goldberg (10) have also shown that protease inhibitors, which
are known to inhibit active plasmin, inhibits the protease-dependent
morphological change.

In the experiments reported here, SV40-transformed 3T3 cells medi-
ated the hydrolysis of plasminogen in the media while the untransformed
cells did not (Figure 13). Presumably, the peptides produced by the
hydrolysis are due to the activation of plasminogen to plasmin and sub-
sequent serum modification of the active plasmin. All of the plasmin
was found to be in the form of a >210,000 molecular weight complex, and
not as free plasmin (MW = 86,000). This complex must be due to aggre-
gation of plasmin with itself or with other serum macromolecules.

There are several different plasmin inhibitors in serum (53), and it is

therefore probable that a plasmin inhibitor complex is formed.
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The primary inhibitor of plasmin in human serum has been shown to
be a 50,000 molecular weight "anti-plasmin" which is distinct from
ap-anti-trypsin (45,46). The human plasmin-antiplasmin complex migrates
on SDS denaturing gels as an approximately 130,000 dalton complex,
which on reduction yields polypeptides of 72,000, 66,000 and 9,000
daltons (45,46). Millertz and Clemmensen (46) suggest that the 9,000
dalton peptide might be a fragment of antiplasmin produced by plasmin-
mediated hydrolysis.

Under reducing conditions, the labeled peptides produced from dog
plasminogen are very similar to those found in the human plasmin-anti-
plasmin complex. Certainly in the case of dog plasminogen the !2°I-
labeled +10,000 and n12,000-dalton peptides are derived from plasmino-
gen itself. The same size fragments were obtained when urokinase-
activated plasminogen was added to dog serum-supplemented medium in the
absence of cells (47). Therefore, cell factors are not required to
produce the cleavage resulting in the 10,000 and 12,000-dalton pep-
tides. Urokinase activation of dog plasminogen in the absence of serum
does not yield these peptides (47). Together these factors suggest
that an active protease, other than plasmin or cell-synthesized pro-
teases, such as the plasminogen activator, are involved at least in
producing this plasmin chain cleavage. Further investigations into

this possibility are described elsewhere (47).
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TABLE II

Effect of PDMC Inhibitors on Plasminogen Binding

Plasminogrn Binding Ratiosb

Cell Type Tééii?éue Inhibitor® <o i o /i thout inhibitor)
Balb/c 3T3 Off-Plate  PII 1.65 0.6
prefee 1.15 +0.4
STI 1.8 0.2
FCS 1.1 0.6
Balb/c Off-Plate PTI 1.4 +0.3
SV ppgPulee 0.9 0.2
STI 1.15 +0.4
FCS 1.9 0.7
On-Plate PT1 0.4 0.5
SVHEF Off-Plate  PTI 1.1 0.1
i W 1.2 #0.15
ECS 2.6 +1.8
On-Plate  PTI 0.45 0.2
prrPulse 1.0 0.3
FCS 1.5 +1.0

& The inhibitors were added at t =

0 unless indicated by

the superscript

"pulse'', in which case the inhibitor was added two hours before the

binding assay.

bRatios from the 24, 48, and 72-hour observations were averaged

together.
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TABLE IV

Analysis of Low Molecular Weight Material in the Growth Media

The IMW components of the medium were separated from the macro-
molecules by micro-step-exclusion chromatography using Bio-Gel P-2
and then subjected to descending paper chromatography in which
standard samples of MIT and I were co-chromatographed. All concen-
trations are expressed as the percent of the total amount of radio-

activity in the medium.

Cell Type Lt Sl o MY $MIT %I % Other
ime (Hrs)
Balb/c SV3T3 24 4.6 0.6 1.2 2.8
48 5.2 1.0 1.7 2.5
72 8.5 75 2.5 3.5
Balb/c 3T3 24 4.5 0.5 1.7 2.3
48 4.3 0.5 1.8 2.0

i Bl 0.8 1.9 22
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FIGURE CAPTIONS

FIGURE 1. Urokinase activation of plasminogen. 100 ul af 1251«
plasminogen (0.5 mg/ml in PBS) were incubated with 70 ul of urokinase
(9320 plough units/ml in Tris buffer) at room temperature and after
0 (we=), 1 (—), and 60 (— — —) minutes of incubation, 10 ul aliquots
were removed and mixed with 25 ul of 3% SDS-BME-Tris buffer. 10 ul of
each mixture were prepared for electrophoresis and electrophoresed on
10% polyacrylamide gels as described in the text.

FIGURE 2. The effect of PTI on protease-dependent morpholigical
change. Balb/c SV3T3 cells incubated in 10% dog serum-supplemented
medium for 72 hours (see text for details) exhibit PDMC (a). In the
presence of 6.7 uM PTI, PDMC is inhibited as can be seen by the higher
density of flat substrate attached cells (b)

FIGURE 3. Time course of '?°I-plasminogen binding to Balb/c 3T3
and Balb/c SV3T3 cells. The cells were incubated in medium supple-
mented with 10% dog serum and 100 nM 12SI—labeled dog plasminogen and
assayed for cell-associated radioactivity using the Off-Plate washing
procedure described in the text. The specific radioactivity of the
cells was converted to plasminogen molecule equivalents per cell based
on the specific activity of the plasminogen. Each point represents
the data for one plate and two to eight plates were used in each of
nine separate experiments. The daily averages of all data (16-20
plates per day) are connected by the solid lines. For both types of

cells, the standard deviation for replicate plates within an experiment
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was about 20% of the total binding.

FIGURE 4. Time course of '?°I-plasminogen binding to SVHEF cells.
The cells were incubated in medium supplemented with 2% dog serum and
100 nM '2°I-labeled dog plasminogen and assayed for cell-associated
radioactivity using the Off-Plate washing procedures as described in
the text. The specific radioactivity of the cells was converted to
plasminogen molecule equivalents per cell based on the specific activity
of the plasminogen. The width of the error bars represents two
standard deviations from the mean calculated by averaging this binding
curve and two binding curves in which PDMC-inhibiting concentrations of
PTI (15 uM) were added at t = 0, or two hours before the binding assay.
All three curves were observed during the same experiment and show that
PTI had no statistically significant effect on plasminogen binding.

FIGURE 5. Electrophoretograms of SDS solubilized, B-mercapto-
ethanol reduced Balb/c 3T3 and Balb/c SV3T3 cells. After 24, 48, and
72 hours of incubation in *25I-plasminogen and 10% dog serum-supple-
mented medium, the cells were washed using the Off-Plate technique,
dissolved in a 3% SDS-BME-Tris buffer, boiled for three minutes, and
100-200 ul aliquots containing 5000 to 10,000 counts per minute were
electrophoresed on 10% polyacrylamide gels as described in the text.

FIGURE 6. Time dependence of the relative concentrations of the
Balb/c 3T3 and Balb/c SV3T3 cell-associated !2°I-labeled macromole-
cules. The peaks in electrophoretograms of solubilized and reduced
Balb/c 3T3 (— — —, four experiments) and Balb/c SV3T3 (—, five

experiments) cells were integrated and the relative amounts of each
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macromolecular species (% of total macromolecules) were calculated.
The average values and the estimated errors (width of error bars = two
standard deviations) are presented as a function of incubation time.

FIGURE 7. Time dependence of the relative concentrations of the
Balb/c 3T3 and Balb/c SV3T3 cell-associated '25I-labeled low molecular
weight material. The low molecular weight (<7000 daltons) in the
electrophoretograms of solubilized and reduced Balb/c 3T3 (four experi-
ments) and Balb/c SV3T3 (five experiments) cells was integrated and
the amount of radioactivity relative to the total radioactivity in the
gel was calculated. The average values and the estimated errors
(width of error bars = two standard deviations) are presented as a
function of incubation time.

FIGURE 8. Effect of STI on the relative concentrations of
Balb/c 3T3 and Balb/c SV3T3 cell-associated 12°I-labeled macromole-
cules. After 24, 48, and 72 hours of incubation in !'?SI-plasminogen
and 10% dog serum-supplemented medium, Balb/c 3T3 (= e ew), Balb/c 3T3
incubated with 14.6 M STI (— — -), Balb/c SV3T3 (=), and Balb/c
SV3T3 incubated with 14.6 yM STI (——) were prepared for electro-
phoresis and electrophoresed on 10% polyacrylamide gels as described in
the text. The peaks in the electrophoretograms were integrated and the
relative amounts of each species (% of total macromolecules) are pre-
sented as a function of time.

FIGURE 9. Cell-surface trypsinization assay. Balb/c SV3T3 cells
were incubated in !'2%I-plasminogen and 10% dog serum-supplemented

medium for three days and then washed using the Off-Plate technique.
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The release of radioactivity by a one-to-one solution of 10% FCS-
supplemented medium:1% trypsin (w/v in PBS) was followed as a function
of time (see text). An exponential function was fit to the data by the
method of least squares (solid line) and showed a half-time for the
trypsinization of six minutes. |

FIGURE 10. Effect of trypsinization on '25I-radiolabeled cell-
associated molecules. After incubation in 10% dog serum, '25I-plasmin-
ogen containing medium for 48 hours (Balb/c 3T3) or 24 hours (Balb/c
SV3T3), the cells were harvested and washed (see text). Aliquots of
the cells (Balb/c 3T3, (a); Balb/c SV3T3, (b)) were prepared for
electrophoresis and electrophoresed (see text). The remaining cells
were divided into three parts and incubated at 22°C in either a one-to-
one solution of 10% FCS-supplemented medium: 1% trypsin (w/v in PBS)
(Balb/c 3T3, (c); Balb/c SV3T3, (d)) incubated at 22°C in a one-to-one
solution of 10% FCS-supplemented medium: PBS (——, Balb/c 3T3, (e);
Balb/c SV3T3, (f)), or incubated at 0°C in a one-to-one solution of 10%
FCS-supplemented medium: PBS (— — —, Balb/c 3T3, (e); Balb SV3T3, (£f))
for twenty minutes. The mixtures were then diluted four to twenty times
with TD and the cells were pelleted, dissolved in the 3% SDS-BME-Tris
buffer, prepared for electrophoresis and electrophoresed (see text).

FIGURE 11. Release of Balb/c SV3T3-associated radiolsbeled mole-
cules by trypsinization. After 24, 48, and 72 hours, incubations
which were followed by Off-Plate washings, Balb/c SV3T3 cells were
trypsinized for twenty minutes at 22°C, and the amount of radioactivity

Treleased into the medium was measured (——). By subtracting the amount
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of radioactivity released during a control experiment in which the
trypsin was omitted, the amount of trypsin specific release (emms) was
evaluated (see Table III).

FIGURE 12. Paper chromatography of low molecular weight material
from the Balb/c SV3T3 medium after 72 hours of incubation. The LMW
components of the medium were separated from the macromolecules by
micro-step-exclusion chromatography using Bio-Gel P-2 and then
subjected to descending paper chromatography. Standard samples of
MIT and I were co-chromatographed (see text). The paper was cut and
the pieces were counted to determine the mobilities (Rf) of the
iodinated species relative to that of the solvent front (Rf = 1.0).

FIGURE 13. Electrophoretograms of Balb/c 3T3 and Balb/c SV3T3
incubation media. After 24 (—), 48 (——-), and 72 (==ss) hours of
incubation, samples of the Balb/c 3T3 and Balb/c SV3T3 incubation media
were mixed (1:1) with the 3% SDS-BME-Tris buffer, reduced and de-
natured. 10 pl samples were electrophoresed on 10% polyacrylamide
gels as described in thé text. Only one of the three electrophoreto-
grams of the Balb/c 3T3 cell incubation media is presented because
they were virtually identical.

FIGURE 14. Binding pathway. Proposed pathway of plasminogen
processing by Balb/c 3T3 and Balb/c SV3T3 cells. Pg designates

plasminogen.
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Figure 7
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Figure 11
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Figure 12
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Figure 14
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SUMMARY

The interaction of dog plasmin with dog serum components was
investigated. Through the use of a model system of urokinase in situ
activation of plasminogen in Dulbecco's modified Eagle's medium supple-
mented with 10% dog serum designed to mimic the level of plasminogen
activation observed in a 48-hour incubation of 10% dog serum with
Balb/c SV3T3 cells in culture, it was found that some plasmin incor-
porated *2P-labeled diisopropylfluorophosphate, implying that active
plasmin exists in cell culture medium and thus may be responsible
for the protease-dependent morphological change observed in these
cultures. The incubation of urokinase with 10% dog serum did not
activate detectable amounts of other *2P-labeled diisopropylfluoro-
phosphate inhibitable serine proteases present in dog serum. Most of
the plasmin activated either by urokinase or the Balb/c SV3T3 cell
derived plasminogen activator was inhibited, some by a 47,000 dalton
serum component which was not dissociated from plasmin by boiling in
sodium dodecyl sulfate but could be dissociated by a two-hour incuba-
tion at 37°C with hydroxylamine which suggests that it is an ester-
linked covalent inhibitor similar to the antiplasmin found in human

plasma.
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INTRODUCTION

The enhanced proteolytic activity of cells transformed by
oncogenic DNA and RNA viruses, or chemical carcinogens, which is
important in mediating certain morphological changes characteristic of
transformation (1,2), has been reported to be due to plasminogen
activation (3,4) by a cell-derived plasminogen activator (5-12). From
previous results (13) on the interaction of '2°%I-plasminogen with
Balb/c 3T3 and Balb/c SV3T3 cells in culture, it was suggested that
most, and possibly all, of the plasmin formed in the Balb/c SV3T3 cell
culture medium may be inhibited. We have studied the serum components
responsible for this inhibition and through the use of a model system
of urokinase in situ activation of plasminogen in Dulbecco's modified
Eagle's medium supplemented with 10% dog serum (10% DS)1 determined

whether any active plasmin exists.
EXPERIMENTAL

Purification and Iodination of Dog Plasminogen

The procedures for purification and iodination of dog plasminogen

were as described previously (13).
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Cell Culture

The Balb/c SV3T3 cells used were obtained from Dr. G. Todaro
and were maintained in an incubator (37°C, 5% CO, atmosphere) in
Dulbecco's modified Eagle's medium (Gibco) with 4.5 times the glucose
concentration and supplemented with 10% fetal calf serum (10% FCS).
The cells were periodically checked and found free of mycoplasmal
infection (14,15).

To determine the effect of incubation of SV3T3 cells on serum
plasminogen, the cells were plated at 4 x 10° cells/60 mm petri dish
(Nunclon) in 5 ml of 10% FCS-supplemented medium. After one day, the
medium was removed and the cultures washed twice with isotonic Tris
buffer. Fresh medium supplemented with 10% DS (Gibco) and '2°I-
labeled dog plasminogen in phosphate buffered saline (PBS) was then
added. The final concentration of !2°I-plasminogen was 100 nM.

After incubation periods of 24, 48, and 72 hours in 10% DS, the
cell growth medium was removed and centrifuged at 2500 rpm for five
minutes to remove any cells. The supernatants were frozen until

further use.

Gel Electrophoresis and '2°I, *2P Counting Procedure

Radiolabeled samples were electrophoresed in 5 mm diameter glass
tubes on a 9 cm 10% polyacrylamide separating gel allowed to polymerize

overnight which was overlaid with a 1 cm 3% stacking gel prepared
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according to Laemmli (16). Reduced samples were reduced and denatured
in 3% SDS-BME-Tris buffer by immersion in boiling water for three
minutes immediately before electrophoresis. Nonreduced samples were
denatured in 3% SDS-Tris buffer by immersion in boiling water. The
volume of the sample loaded on the gels ranged from 5-200 pl. The

gels were electrophoresed at 2 mA per tube for approximately five
hours, frozen immediately after electrophoresis, sliced into 1 mm long
pieces on a Mickle Gel Slicer (Brinkmann Instruments), and, if the
samples contained '2°I, counted in a Beckman Biogamma II. Slices of
gels containing *2?P were placed in glass scintillation vials with poly-
seal caps (Wheaton) and heated overnight in a 45°C oven with 700 pl per
vial of NCS tissue solubilizer (Amersham/Searle Lots 731 and 733) to
which 56 ml of water had been added per 500 ml of NCS tissue solubi-
lizer (9:1 solution) (17). After cooling to room temperature, 20 ul
of glacial acetic acid was added to each vial followed by 10 ml of
scintillation fluid (5.5 grams of Permablend III (Packard) per liter
of toluene). All scintillation vials were stored in the dark before
counting on a Beckman LS-250 liquid scintillation counter. Counting
time per sample ranged from 5-20 minutes.

For all electrophoretograms presented, the electrophoretic
mobility scale (RF) is based on the mobility of the bromophenol blue
marker dye and the radioactivity in the gel. The dependence of the
R.F on molecular weight was determined using dog plasminogen (93,000
daltons) and the light chain of dog plasmin (25,000 daltons) as

molecular weight standards (13). When possible these were used as



o1,

internal standards. Otherwise, samples of plasminogen and plasmin
were co-electrophoresed with experimental samples as external

standards.

Gel Filtration

Molecular sieve chromatography was performed on a Sephadex G-150
column (90 cm x 4.9 cm?®) equilibrated with 0.1 M ammonium bicarbonate
buffer, pH 7.9. In all reported data, 7 ml (140 drop) fractions were
collected with an operating pressure of 36 cm of water. The peak
fractions in some cases were pooled lyophilized and the proteins re-
suspended in 3% SDS-BME-Tris buffer in preparation for polyacrylamide
gel electrophoresis.

A calibration curve to determine the molecular weight dependence
on elution volume was obtained using aldolase from rabbit muscle
(Sigma lot 105C-8690) (160,000 daltons), bovine serum albumin (Miles
lot 21) (68,000 daltons), and ovalbumin from chicken egg white

(Worthington lot OA35A953) (45,000 daltons).

Incubation of !'2°I-Plasmin with 10% DS

To determine what effect incubation in 10% DS had on the electro-
phoretic mobility of !'2°I-plasmin, plasminogen was activated to
plasmin by incubating 100 pl of '2?3I-plasminogen (0.5 gm/ml in PBS)

with 70 pl of urokinase (Calbiochem lot 501639, 2330 Plough units/vial)
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(9320 Plough units/ml in PBS) at room temperature for one hour. 30 ul
of this activation mixture was then incubated with 1 ml of 10% DS
(100 nM '2°I-plasmin) at room temperature for 30 minutes.

To ascertain whether so&bean trypsin inhibitor (STI) (Worthington
lot 54J358) competes with the serum component for binding to plasmin, an
aliquot of the incubation mixture was incubated with 100-fold excess

STI by weight for 30 minutes before the 30-minute incubation in 10% DS.

Studies on Nature of Bond Between Plasmin and the Serum Component

To determine whether the bond between plasmin and the serum com-
ponent is susceptible to dissociation by hydroxylamine and therefore
an ester bond, samples of 24, 48, and 72-hour SV3T3 incubation media
were reduced and denatured in a 1:1 mixture with 3% SDS-BME-Tris
buffer by immersion in boiling water for three minutes. These samples
were either mixed 1:1 with 2 M hydroxylamine hydrochloride (Matheson,
Coleman § Bell, lot 7F18) solution which was titrated to pH 7.5 with
concentrated sodium hydroxide immediately before use, or mixed 1:1
with 2M sodium chloride as a control with the same ionic strength as
the hydroxylamine solution. After a two-hour incubation at 37°C,
these samples were mixed 1:1 with 3% SDS-BME-Tris buffer, boiled for
three minutes and electrophoresed. Nonreduced samples were prepared

identically except 2-mercaptoethanol was absent from all buffers used.
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In situ Activation of '2°I-Plasminogen in 10% DS with Urokinase

To determine how much urokinase must be incubated with 10% DS to
mimic the level of plasminogen activation observed in SV3T3 growth
medium after two to three days of incubation, 0, 5, 10, 25, 50, and
100 pl of urokinase (9320 Plough units/ml in PBS) were incubated with
1 ml aliquots of 10% DS supplemented with 100 nM !25I-plasminogen for

one hour and electrophoresed.

Effect of Incubation with Urokinase on DF3?P Inhibitable Enzymes in

10% DS

To ascertain whether any plasmin inhibitable by 3?P-labeled di-
isopropylfluorophosphate (DF32P) exists in urokinase in situ activated
plasminogen in 10% DS, 2 ml of 10% DS supplemented with 100 nM dog
plasminogen was incubated with 20 pl of urokinase (9320 Plough units/
ml in PBS) at room temperature for one hour. 200 pl of DF32P (Amer-
sham/Searle, lot 192, 71 m Ci/m mol) solution (16.6 mg DF32P/ml of
2-propanol) was then added and incubated at room temperature for one
hour with constant stirring. The sample was dialyzed overnight at 4°C
against two changes of a 300:1 volume ratio of isotonic Tris buffer.

So that the extent of plasminogen activation by urokinase could
be determined, a sample treated identically to that described above
was supplemented with 100 nM !25I-plasminogen rather than 100 nM

plasminogen.
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To determine which components in 10% DS incorporate DF®2P without
pre-incubation with urokinase, a sample was treated identically to the
first sample described above, except the initial one-hour incubation
was not supplemented with exogenous urokinase and plasminogen.

To detect what levels of DF®?P incorporation was attained in
urokinase and plasmin in the absence of 10% DS, a 2 ml aliquot of a
100 nM plasminogen solution in PBS was incubated with 20 ul of the
urokinase solution for one hour at room temperature. 100 pl of the
DF*2?P solution was incubated at room temperature for one hour with

constant stirring. The sample was dialyzed as described previously.
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RESULTS

Characterization of Serum Component-Plasmin Complex

Interaction of Urokinase Activated-Plasminogen with Serum

Dog plasminogen has been shown to be a single polypeptide chain
of about 93,000 daltons (13). During urokinase activation, two
peptide bonds in plasminogen are cleaved (13,18). One cleavage yields
a two-chained, disulfide-linked molecule with the smaller active-site-
containing subunit (25,000 daltons) derived from the carboxyl terminus
of plasminogen. The second cleavage which occurs near the N-terminus
releases a 6,000-8,000 dalton peptide.

The polypeptides produced when dog plasminogen is activated to
plasmin by urokinase are referred to as Bi, the plasmin heavy chain
(MW 74,100) which is disulfide linked to C, the plasmin light chain
(MW 25,000) and B,, the plasmin heavy chain derived from B; after the
N-terminal cleavage which accompanies urokinase activation (13).

1257-plasminogen is completely activated to '?°I-plasmin by
incubating with urokinase for one hour (Figure 1A). If '?°I-plasmin
is incubated with Dulbecco's modified Eagle's medium supplemented with
10% DS, the electrophoretic characteristics of the radiolabeled pep-
tides are changed (Figure 1B). A comparison of the electrophoretogram
of plasmin incubated with 10% DS with the electrophoretogram of the

original plasmin solution (Figure 1A,B) reveals a dramatic decrease in
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the amount of C protein after the incubation. This is accompanied by
the formation of a low molecular weight doublet (D protein) and a
broadening of the B, protein peak. The decrease in the C protein

peak is apparently due to two modes of modification. The C protein

is degraded to smaller polypeptides of molecular weight 10,000 and
12,000 (D protein) and some of the C protein is complexed with a serum
component such that its electrophoretic mobility becomes slightly less
than the B, protein, thus producing the observed shoulder (Figure 1B).

The molecular weight of the B, protein shoulder due to the C
protein-serum component complex is determined to be 72,000. Since the
C protein has a molecular weight of 25,000, the apparent molecular
weight of the serum component is 47,000, which is similar to the
molecular weight of the antiplasmin found in human plasma (19-21).

If the serum component which complexes with the C protein binds
in the catalytic binding pocket, plasmin inhibitors should compete
with the serum component for binding with the C protein. To determine
whether the serum component would bind to plasmin which is inhibited
with STI, !'2°I-plasmin was incubated with excess STI before being
incubated in 10% DS. The electrophoretograms of the original plasmin
(Figure 1A) and of STI-inhibited plasmin incubated with 10% DS
(Figure 1C) are virtually identical. Thus STI prevents the serum
component from binding to the C protein implying that the serum
component and STI bind to the same site on plasmin, and that the

serum component is a plasmin inhibitor.



97«

The inhibition of '2%I-plasmin with STI before incubation in 10%
DS not only prevents the formation of the C protein-serum component
complex, but also prevents the formation of C protein degradation

products (D protein) (Figure 1C).

Studies on Balb/c SV3T3 Cell Supernatants

When SV3T3 cells are grown in medium supplemented with !2°I-
plasminogen, some of the plasminogen is activated to plasmin, presum-
ably by the cell derived plasminogen activator (13). From the very
small amount of C protein observed on electrophoretograms of the SV3T3
growth medium (Figure 2), one may conclude that the C subunit of
plasmin is modified by degradation to the 10,000 and 12,000 dalton
species (D protein) and by binding to the 47,000 dalton serum component
similar to what is observed when urokinase activated plasminogen is
incubated with 10% DS.

These data suggest that the plasmin in the SV3T3 growth medium is
in three forms: 1) the heavy chain (B,) disulfide linked to the light
chain (C) [native plasmin]; 2) the heavy chain (B,) disulfide linked
to the split light chain (D) [degraded plasmin]; and 3) the heavy
chain (B,) disulfide linked to the light chain (C) which in turn is
bound to the serum component [complexed plasmin]. The native plasmin
and degraded plasmin forms may also be complexed with serum components,

but these complexes are dissociated in SDS.
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If nonreduced samples of the 24, 48, and 72-hour incubations of
SV3T3 growth media supplemented with '2°I-plasminogen are electro-
phoresed, three radiolabeled species are observed (Figure 3). These
have an apparent molecular weight of 153,000, 127,000 and 94,000.

The 153,000 and 127,000 dalton species, which are not dissociated in
SDS, may be plasmin-serum component complexes. The 94,000 species is
presumably plasminogen. The amount of the 153,000 dalton species
increases significantly between the second and third day of incubation,
while the amount of the 127,000 dalton species increases gradually
over the three days of incubation.

The electrophoretic characteristics of the plasmin-serum component
complex does not offer any information as to what plasmin species exist
in solution. To acquire this information, samples of the 24, 48, and
72-hour incubation media supplemented with '2°I-plasminogen from SV3T3
cultures were fractionated on a Sephadex G-150 colum. The SV3T3
growth medium migrates as two radiolabeled peaks on a Sephadex G-150
colum (Figure 4), with the apparent molecular weights of
212,200 +5,500 and 98,000 +5,650, where the errors represent the
standard deviation determined from four independent chromatograms.

During the three days of incubation with SV3T3 cells, the amount
of the 98,000 dalton species decreases while the amount of the 212,200
dalton species increases. This is similar to the observed decrease of
the plasminogen peak and increase of plasmin peaks on electrophoreto-
grams of reduced and denatured SV3T3 cell media during the three-day

incubation period (Figure 2). To compare the chromatographic data
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with the electrophoretic data, the radioactivity under the 98,000
dalton peak on each chromatogram was determined and expressed as a
percent of the total radioactivity. Similarly, the area under the
plasminogen peak on each electrophoretogram was determined and
expressed as a percent of the total radioactivity on the electropho-
retogram. The good agreement (Table I) of the percent radiocactivity
under the 98,000 dalton peak from the chromatograms with the percent
of radioactivity which is plasminogen on a reduced and denatured gel,
suggests that the 98,000 dalton peak is essentially all plasminogen
and that the 212,200 dalton peak is essentially all plasmin.

To further characterize the radiolabeled species contained in the
212,200 dalton and 98,000 dalton peaks observed on the chromatogram of
72-hour SV3T3 growth media, the peak fractions were pooled, lyophilized,
and electrophoresed. As predicted, the 98,000 dalton material is
primarily plasminogen with a small amount of plasmin (Figure 5B). The
electrophoretogram of the 212,200 dalton material (Figure 5A), when
reduced and denatured, has six major radiolabeled peaks. Based upon
their molecular weights, these peaks are identified as: plasminogen,
B, protein and C protein-serum component complex, C protein, D protein
produced when the C protein is split, and some low molecular weight
material. Thus, the 212,200 dalton species is primarily plasmin in

various forms and a small amount of plasminogen.
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Nature of Serum Component Binding to Plasmin

The fact that the plasmin-serum component complex, whether
reduced or nonreduced, is not dissociated when denatured by SDS
suggests that a covalent bond may be formed between the inhibitor and
the C protein of plasmin. The covalent bond may be a carboxylic
ester formed between the serine in the active site of plasmin and the
carboxyl terminus of the inhibitor as has been proposed for the
plasmin-human antiplasmin complex (19-21). To test this possibility,
both reduced and nonreduced, denatured samples of 24, 48, and 72-hour
SV3T3 incubation media were incubated with hydroxylamine, a nucleo-
phile, which should break any ester bonds between plasmin and the serum
component. As a control similar incubafions were performed in sodium
chloride of the same ionic strength as used in the hydroxylamine
incubations.

The incubation in sodium chloride had no effect on the 153,000,
127,000 and 94,000 dalton peaks of nonreduced samples of SV3T3 growth
media (Figures 6A,B,C, and Figure 3). The incubation with hydroyl-
amine caused the disappearance of the 153,000 and 127,000 dalton peaks
in electrophoretograms of nonreduced samples and the concomitant in-
crease in a plasminogen shoulder which is presumed to be plasmin
(Figure 6D,E,F). Thus, incubation with hydroxylamine apparently
causes the dissociation of the serum component from plasmin changing
the electrophoretic mobility of the radiolabeled species from that of

a 153,000 and 127,000 dalton plasmin-serum component complex to that
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of a v90,000 dalton plasmin molecule.

As is found for nonreduced samples, incubation of reduced samples
with sodium chloride had no effect on the electrophoretic mobility of
the radiolabeled species of SV3T3 growth media (Figure 7A,B,C and
Figure 2). In reduced samples, the serum component is complexed with
the C protein of plasmin, and the complex has an electrophoretic
mobility similar to that of the B, protein of plasmin. When reduced
samples of SV3T3 growth media are incubated with hydroxylamine, the
peak marked B, in the electrophoretograms becomes less broad and the
amount of C protein increases (Figure 7D,E,F). Thus, the C protein-
serum component complex which migrates near the B, protein of plasmin
is apparently dissociated when incubated with hydroxylamine, causing
an increase in the C protein material.

The data from both reduced and nonreduced samples of SV3T3 growth
media are therefore consistent with the plasmin-serum component com-
plex being a covalent, ester-linked complex which is dissociable when

incubated with a nucleophile such as hydroxylamine.

Effect of Preincubation with Urokinase on DF3?P Inhibitable Enzymes

in 10% DS

Even though some of the plasminogen in SV3T3 growth medium is
activated to plasmin, essentially all radiolabeled material with the
mobility of the 25,000 dalton, active-site-containing subunit of

plasmin is absent from electrophoretograms of reduced and denatured
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samples (Figure 2). This observation begs the question whether any
active plasmin exists in SV3T3 growth medium.

To facilitate the resolution of this question, a model system of
urokinase in situ activation of plasminogen in 10% DS which would
mimic the level of plasminogen activation observed in SV3T3 growth
medium after two to three days of incubation was developed. The
electrophoretograms of 10% DS supplemented with !?°I-plasminogen and
incubated with various concentrations of urokinase (Figure 8) contain
the peaks characteristic of conversion of plasminogen to the three
forms of plasmin observed in electrophoretograms of SV3T3 growth
medium (Figure 2).

To aid in the comparison of the level of plasminogen activation in
SV3T3 cultures to that in urokinase incubation, the area under the
peaks in the electrophoretograms of SV3T3 growth medium (Figure 2) and
urokinase in situ activation of plasminogen (Figure 8) were determined.
The amount of plasminogen which was activated to plasmin may be deter-
mined from the percent of the total counts on each electrophoretogram
which is under the plasminogen peak, and from the original *25I-plas-
minogen concentration (100 nM), the concentration of plasmin may be
determined. The concentration of each of the plasmin forms also may
be calculated,2 and the results for the SV3T3 growth media and the
urokinase in situ activation of plasminogen are presented in Tables II
and IIT, respectively.

By comparing Table III with Table II, one observes that a one-hour

incubation of 93.2 Plough units/ml of urokinase with 10% DS
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results in a plasmin activation level and distribution of plasmin
species very similar to that of a 48-hour incubation of 10% DS with
SV3T3 cells. So this urokinase concentration was adopted for the
studies which follow.

It is also of interest to note in Table II that the degraded
plasmin concentration in the growth medium of SV3T3 cells increases
dramatically between the second and third day of growth. This in-
crease is accompanied by a decrease in the complexed plasmin concen-
tration. A similar increase in degraded plasmin concentration with a
concomitant decrease in complexed plasmin concentration is observed
in the urokinase in situ activation of plasminogen in 10% DS at high
total plasmin concentrations (>50 nM) (Table III).

To resolve the question whether any active plasmin exists in the
model system and thus in SV3T3 growth medium, the urokinase incubation
with 10% DS was followed by a one-hour incubation with *2P-labeled
diisopropylfluorophosphate. DF32P binds covalently to the active-site
serine of serine proteases, so any active serine protease should be-
come radiolabeled with *2?P including urokinase and plasmin. An elec-
trophoretogram (Figure 9, dark line) of a reduced sample of 10% DS
incubated with urokinase and then with DF®2?P contains five major sub-
stances which incorporated DF32P. These include a high molecular
weight material which only slightly entered the gel, a 60,000 dalton
species, a 47,900 dalton species, a 25,000 dalton species, and a

23,500 dalton species.
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To determine which of these peaks are due to the urokinase incuba-
tion, a reduced sample of 10% DS which was incubated with DF32P without
preincubation with urokinase was electrophoresed (Figure 9, light
line). The electrophoretogram contains the same five major peaks; how-
ever, the electrophoretogram of the sample preincubated with urokinase
differs from the electrophoretogram of the sample which was not pre-
incubated with urokinase by the existence of a 29,000 dalton peak and
an increase in the 25,000 dalton peak.

The 29,000 and 25,000 dalton peaks are also observed on electro-
phoretograms (Figure 10A) of reduced samples of urokinase incubated
with plasminogen in the absence of 10% DS followed by an incubation
with DF32P. The 25,000 dalton peak is presumably the active-site
containing subunit of plasmin while the 29,000 dalton peak is the
active-site containing subunit of urokinase which has been reported to
have a molecular weight of 28,000 (22).

To determine if indeed the increase in the 25,000 dalton peak in
reduced samples of 10% DS preincubated with urokinase is due to the C
protein of plasmin, nonreduced electrophoretograms in which plasmin
migrates as a 94,000 dalton species were obtained. Electrophoreto-
grams (Figure 11, light 1line) of 10% DS not preincubated with uro-
kinase contain three major substances which incorporated DF3?P.

These include a high molecular weight material, a 60,000 dalton
species, and a 23,000 dalton species. An electrophoretogram (Figure
11, dark line) of 10% DS which was preincubated with urokinase contains

the same three substances and in addition a 32,000 dalton peak and a
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94,000 dalton peak. From electrophoretograms of nonreduced samples of
urokinase incubated with plasminogen in the absence of 10% DS (Figure
10B), the 94,000 dalton peak is identified as plasmin and the 32,000
dalton peak is presumably the active proteolytic fragment of urokinase
reported to have a molecular weight of 31,500 (23).

Therefore, by comparing electrophoretograms of both reduced and
nonreduced samples of 10% DS which were preincubated with urokinase to
samples which were not exposed to urokinase, a net incorporation of
DF32P is observed in plasmin-sized material in those samples preincu-
bated with urokinase suggesting that active plasmin exists in solution
in this model system and thus presumably in SV3T3 growth medium.

In what form does this DF®2P inhibitable plasmin (active plasmin)
exist in solution? From chromatographic and electrophoretic data of
SV3T3 growth media (Figures 4 § 5), it is known that most of the
plasmin-sized material in these cultures migrates with a 212,200 dalton
peak of a Sephadex G-150 column while a small amount of plasmin
migrates with the 98,000 dalton peak. These observations were con-
firmed for wurokinase in situ activated 125I—plasminogen.3 To learn
in which of these chromatographic peaks DF32P inhibitable plasmin
migrates, samples of 10% DS incubated with DF3®2P, both with and without
preincubation with urokinase, were fractionated on a Sephadex G-150
colum. Those fractions known to comprise the plasmin-plasminogen
peaks from a previous fractionation of an identical sample which con-
tained !'2%I-plasminogen (Figure 12) were pooled and electrophoresed.

It should be noted that the chromatogram of the in situ urokinase



106.

activated '2°I-plasminogen (Figure 12) differs from the chromatograms
of SV3T3 growth media (Figure 4) by the appearance of material in the
void volume. This void volume peak in addition to the 212,200 peak and
the 98,000 peak was investigated for plasmin activity.

Electrophoretograms of reduced samples of the fractions com-
prising the void volume peak of 10% DS incubated with DF®2P and either
preincubated or not preincubated with urokinase had no 3%P containing
peaks. Thus no active serine proteases, including plasmin, migrate in
the void volume peak.

The electrophoretograms of a reduced sample of the 212,200 dalton
peak material, obtained when a sample of 10% DS incubated with DI32p
was fractionated, have two *?P containing peaks (I'igure 13A) with rela-
tive molecular weights of 47,900 and 25,000. The corresponding elec-
trophoretogram of the fractionated material of a sample which had
been preincubated with urokinase has the same two peaks in the same
relative proportion (Figure 13A) indicating that urokinase incubation
had no effect on the serum components which incorporate DF32P and
fractionate as a 212,200 dalton peak. To ascertain whether the 25,000
dalton peak in these electrophoretograms is due to plasmin, nonreduced
samples in which plasmin would exist as a 94,000 dalton molecule were
electrophoresed. No peak is observed in the region of the electropho-
retograms (Figure 13B) where plasmin would migrate (RF =0.28). So
within the detectability of this experiment none of the plasmin in the
212,200 dalton peak incorporates DF32P and therefore no active plasmin

exists in this peak.
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The electrophoretogram of a reduced sample of the 98,000 dalton
peak material obtained when a sample of 10% DS incubated with DF32P
was fractionated has one 32P containing peak (Figure 14A) with a
molecular weight of 60,000. The corresponding electrophoretogram
(Figure 14B) of the fractionated material of a sample which had been
preincubated with urokinase has the same 60,000 dalton peak, plus a
25,000 dalton peak presumably due to the incorporation of DF32P into
the active-site containing subunit of plasmin. Therefore, the active
plasmin produced when urokinase is incubated with 10% DS migrates as
a 98,000 dalton protein on a Sephadex G-150 colum and apparently

exists as a monomer in solution.

DISCUSSION

The dog plasmin-serum component complex has a molecular weight of
127,000 as determined by polyacrylamide gel electrophoresis and, upon
reduction, migrates as a 72,000 dalton species suggesting that the dog
serum component complexed with the active-site-containing subunit of
plasmin has a molecular weight of 47,000. These results are very
similar to those found for the plasmin inhibitor in human plasma (19-
21).

In addition to the 127,000 dalton complex observed both in SV3T3
growth media and in urokinase activated plasminogen incubated with dog
serum, a 153,000 dalton species is observed in SV3T3 growth medium

after three days of incubation. This species is apparently also a
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STI and the serum component as demonstrated by the lack of formation
of the complex when plasmin is preincubated with STI (Figure 1) before
incubation in dog serum and by the lower concentration of plasmin-serum
component complex formed when STI is included in the incubation
m.edium.3 Thus, the dog serum component appears to be indeed an anti-
plasmin.

The concentration of the plasmin-antiplasmin complex is observed
to decrease with a concomitant increase in the concentration in
plasmin which has a proteolytic cut in the active-site containing
subunit (degraded plasmin) as the total plasmin concentrations in-
creases. The reduced affinity of the antiplasmin for plasmin which
has a proteolytic cut in the active-site-containing subunit is deemed
the most likely reason for this decrease in the complex concentration.
This degraded plasmin form does not incorporate DF®*2?P (Figure 13)
suggesting that the active-site serine is not accessible, and that the
degraded plasmin is inhibited. This conclusion is supported by the
chromatographic data which indicate that the degraded plasmin migrates
with a 212,200 dalton peak and thus is presumably complexed with anti-
plasmin or complexed with some other serum component. Whether the
cleavage in the active-site subunit of plasmin causes the antiplasmin
to act as a noncovalent inhibitor or by the lowered antiplasmin-plasmin
binding constant allows other serum inhibitors to become more important
cannot be differentiated from these data.

The protease responsible for this cleavage in the active-site sub-

unit of plasmin at high plasmin concentrations remains somewhat of a
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mystery. No cell derived material other than the cell plasminogen
activator is required for formation of degraded plasmin in serum, for
degraded plasmin is formed when plasmin is incubated with serum in the
absence of cells. STI inhibits the formation of the degraded plasmin
suggesting that the responsible enzyme is trypsin-like in activity.
Neither of the trypsin-like enzymes urokinase or plasmin is responsible
alone because long incubations of plasminogen with urokinase does not
result in the cleavage in plasmin which is observed after only a 30-
minute incubation of plasmin with serum (TFigure 1). One of the serum
enzymes, possibly one of those detected by DF*?P incorporation, is
apparently responsible for the cleavage. Specifically which enzyme is
responsible is not yet known.

Of primary importance to this investigation is whether any active
plasmin exists in SV3T3 growth medium, and thus whether plasmin may be
the protease responsible for the protease-dependent morphological
change exhibited by many neoplastic and virus transformed cells. DF®2P
inhibitable plasmin is present in the urokinase in situ activation of
plasminogen model system designed to mimic SV3T3 growth medium after 48
hours of incubation, implying that active plasmin exists in the cell
culture medium. Within the limit of detectibility of the methods
used, urokinase and plasminogen do not activate other DF®2P inhibitable
serine proteases present in dog serum. However, other dog serum com-
ponents incorporate DF3?P at significant levels whether preincubated
with urokinase or not. These serum components are probably not re-

sponsible for the observed differences in morphology of normal and
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transformed cells in culture (13) since both cell types would be
exposed to them. Although these results must be considered in light
of the fact that the model system used in these investigations assumes
that only a plasminogen activator is released by the transformed cells
in culture, the implication from the model system is that plasmin is

responsible for the protease-dependent morphological change.
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NaCl, 0.0027 M KC1, 0.00049 M MgCl,, 0.0009 M CaCl,, pH 7.4); 3% SDS-
BME-Tris buffer, 3% sodium dodecyl sulphate, 0.1 M Tris, 2.5% glycerol,
5% 2-mercaptoethanol, 0.002% bromophenol blue, pH 6.8; 3% SDS-Tris
buffer, 3% sodium dodecyl sulphate, 0.1 M Tris, 2.5% glycerol, 0.002%
bromophenol blue, pH 6.8; STI, soybean trypsin inhibitor; DF®2P,
32phosphorous-1labeled diisopropylfluorphosphate (diisopropylphosphoro-

fluoridate).

. Calculation of concentration of plasmin forms: since the three
plasmin forms only differ by modifications of the C protein subunit of
plasmin, if the relative amounts of the three variations in the C
protein are determined, the relative amounts of the three plasmin forms
will be likewise determined. These three variations in C protein are:
1) cleavage to 10,000 and 12,000 dalton doublet (D); 2) formation of a
complex with the serum component (C-I); and 3) no change (C). This

may be expressed as

CT=C+D+C-I @8]

where CT is equal to the amount of C protein which would be observed
if no modifications had occurred.

From peak integration values of electrophoretograms of reduced
and denatured samples (Figures 2 § 8), the quantities C and D are
directly determined. The C protein-serum component complex, however,
has the same electrophoretic mobility as the B, subunit of plasmin

thus preventing the direct determination of C-I. This means that
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B35 = B, + C-I (2)
where ngs is the area under the peak designated B, in the electro-
phoretograms. Neither of the quantities B, or C-I are known, so
another independent equation is necessary to evaluate C-I.

| It is known that the B, protein and the C protein of dog plasmin
incorporate iodine in a reproducible mamner such that the ratio
of the specific activity of the B, protein to the C protein is 0.7 (13),

thus
—= = 0.7 (3

By substituting equations 1 and 2 into equation 3, the quantity C-I
is determined and the relative amount of the three forms of plasmin
are specified. From the total concentration of plasmin, the concen-
tration of each plasmin form may be determined.

8 J. Tobler, M. Krieger, and R.M. Stroud, unpublished data.
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TABLE I

Comparison of Chromatographic and Electrophoretic Data of SV3T3 Growth

Media

The radioactivity in the 98,000 dalton peak on the Sephadex G-150
chromatograms in Figure 4 of 10% DS supplemented with 100 nM 1231-
plasminogen and incubated with SV3T3 cells for 24, 48, and 72 hours
was determined and expressed as a percent of the total radioactivity
of the peaks in each of the chromatograms. The radioactivity in the
94,000 dalton plasminogen peak on the electrophoretograms in Figure 2
of the same samples was determined and expressed as a percent of the

total radioactivity of the peaks in each of the electrophoretograms.

. . Sephadex G-150 Column Polyacrylamide Gel
Incubgglgn L % of Total Radioactivity % of Total Radioactivity
urs in 98,000 Dalton Peak in 94,000 Dalton Peak
24 85 78
48 64 61

72 46 45
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FIGURE LEGENDS

Figure 1: Effect of incubation in 10% DS on electrophoretic
mobility of '?°I-plasmin. Urokinase activated '2°I-plasminogen (a)
was incubated with 10% DS (100 nM !23I-plasmin) for 30 minutes (b),
and was incubated with 100-fold excess STI for 30 minutes and then
incubated with 10% DS for 30 minutes (c). The samples were mixed (1:1)
with 3% SDS-BME-Tris buffer, reduced and denatured, and electrophoresed
on 10% polyacrylamide gels. The standard curve of log molecular weight
as a function of RF for the electrophoretograms in Figs. 1, 2, and 5 (g).

Figure 2: Electrophoretograms of SV3T3 reduced and denatured
growth media. After 24 (a), 48 (b), and 72 (c) hours of incubation,
samples of SV3T3 growth media (10% DS) supplemented with 100 nM *?31I-
plasminogen were mixed (1:1) with the 3% SDS-BME-Tris buffer, reduced
and denatured. 10 pl samples were electrophoresed on 10% polyacryl-

amide gels.

Figure 3: Electrophoretograms of SV3T3 nonreduced growth media.
After 24 (a), 48 (b), and 72 (c) hours of incubation, samples of SV3T3
growth media (10% DS) supplemented with 100 nM !?5I-plasminogen were
mixed (1:1) with the 3% SDS-Trus buffer and denatured. 10 uyl samples

were electrophoresed on 10% polyacrylamide gels.

Figure 4: Sephadex G-150 chromatograms of SV3T3 growth media.

After 24 (—), 48 (——--), and 72 (wmss) hours of incubation, 100 ul
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samples of SV3T3 growth media (10% DS) supplemented with 100 nM !25I-
plasminogen were fractionated on a Sephadex G-150 colum equilibrated
with 0.1 M ammonium bicarbonate buffer, pH 7.9. 7 ml fractions were
collected and 100 ul aliquots were counted in a gamma spectrophotom-
eter. The arrows designate the elution volume of blue dextran 2000,
aldolase, plasminogen, bovine serum albumin, ovalbumin and tyrosine

as observed on independent chromatograms.

Figure 5: Electrophoretograms of reduced and denatured samples
of pooled peak fractions of Sephadex G-150 chromatographic separation
of radiolabeled species in SV3T3 growth medium. The 212,200 dalton
peak fractions (a) and the 98,000 dalton peak fractions (b) of the
Sephadex G-150 chromatographic separation of radiolabeled species
observed in SV3T3 growth medium (10% DS) supplemented with 100 nM
125T-plasminogen after 72 hours of incubation were pooled, lyophilized,
suspended in 3% SDS-BME-Tris buffer, prepared for electrophoresis, and

electrophoresed on 10% polyacrylamide gels.

Figure 6: Effects of hydroxylamine incubation on electrophoretic
characteristics of SV3T3 nonreduced growth media. After 24 (a,d), 48
(b,e), and 72 (c,f) hours of incubation, samples of SV3T3 growth media
(10% DS) supplemented with 100 nM !'2°I-plasminogen were mixed (1:1)
with the 3% SDS-Tris buffer and denatured by immersion in boiling
water for 3 minutes. These samples were either mikxed (1:1) with 2 M

sodium chloride (a,b,c) or mixed (1:1) with 2M hydroxylamine
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hydrochloride, pH 7.5 (d,e,f) and incubated two hours at 37°C. The
samples were then mixed (1:1) with 3% SDS-Tris buffer and denatured.

25 ul samples were electrophoresed on 10% polyacrylamide gels.

Figure 7: Effects of hydroxylamine incubation on electrophoretic
characteristics of SV3T3 reduced and denatured growth media. After
24 (a,d), 48 (b,e) and 72 (c,f) hours of incubation, samples of SV3T3
growth media (10% DS) supplemented with 100 nM '2°I-plasminogen were
mixed (1:1) with the 3% SDS-BME-Tris buffer and reduced and denatured
by immersion in boiling water for three minutes. These samples were
either mixed (1:1) with 2M sodium chloride (a,b,c) or mixed (1:1) with
2M hydroxylamine hydrochloride, pH 7.5 (d,e,f) and incubated two hours
at 37°C. The samples were then mixed (1:1) with 3% SDS-BME-Tris
buffer and reduced and denatured. 25 ul samples were electrophoresed
on 10% polyacrylamide gels. The standard curve of log molecular weight
as a function of RF for the electrophoretograms in Figs. 7-10,13,14 (g).

Figure 8: In situ activation of '?°I-plasminogen in 10% DS with
urokinase. 0 (a), 5 (b), 10 (c), 25 (d), 50 (e), and 100 (£) ul of
urokinase (9320 Plough units/ml PBS) were incubated with a 1-ml
aliquot of 10% DS supplemented with 100 nM !2°I-plasminogen for one
hour. The samples were mixed (1:1) with 3% SDS-BME-Tris buffer,

reduced, denatured and electrophoresed on 10% polyacrylamide gels.

Figure 9: Effect of preincubation of 10% DS with urokinase on

DF®2P incorporation into serum components. A 2-ml aliquot of 10% DS
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supplemented with 100 nM dog plasminogen was either incubated for one
hour with 93.2 Plough units of urokinase/ml (=), or incubated for
one hour without urokinase addition (——). 3.3 mg of DF®%P in
2-propanol was added (final DF*?P concentration 8.2 mM) and incubated
for one hour with constant stirring followed by dialysis overnight.

Reduced samples were electrophoresed on 10% polyacrylamide gels.

Figure 10: Electrophoretograms of DF®?P-labeled urokinase and
plasmin. A 2-ml aliquot of a 100 nM plasminogen solution in PBS was
incubated with 20 ul of urokinase (9320 Plough units/ml) for one hour.
100 ul of DF*2P solution (16.6 mg DF®?P/ml of 2-propanol) was incubated
at room temperature for one hour with constant stirring, and dialyzed
overnight. Reduced (a) and nonreduced (b) samples were electrophoresed

on 10% polyacrylamide gels.

Figure 11: Effect of preincubation of 10% DS with urokinase on
DF*2P incorporation into serum components. A 2-ml aliquot of 10% DS
supplemented with 100 nM dog plasminogen was either incubated for one
hour with 93.2 Plough units of urokinase/ml (em==s) or incubated for
one hour without urokinase addition (——). 3.3 mg of DF3®?P in 2-
propanol was added (final DF®?P concentration 8.2 mM) and incubated
for one hour with constant stirring followed by dialysis overnight.

Nonreduced samples were electrophoresed on 10% polyacrylamide gels.
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Figure 12: Sephadex G-150 chromatographic characterization of
plasminogen species present in DF®?P incubation. A 2-ml aliquot of
10% DS was treated identically to that used for the DF3®2P-labeling
experiment except that it was supplemented with 100 nM !23I-plasminogen
to monitor the effects of the one-hour incubation of 20 pl of urokinase
(9320 Plough units/ml PBS) on plasminogen. A 100-ul aliquot was
fractionated on a Sephadex G-150 column equilibrated with 0.1 M
ammonium bicarbonate buffer, pH 7.9. 7 ml fractions were collected and

50 ul aliquots were counted in a gamma spectrophotometer.

Figure 13: Electrophoretograms of serum components which incor-
porated DF3?P and eluted from a Sephadex G-150 colum with those
fractions comprising the 212,200 dalton plasmin-containing peak.
Samples of 10% DS incubated with DF®*2P both with and without preincu-
bation with urokinase were fractionated on a Sephadex G-150 column
and those fractions known to comprise the 212,200 dalton plasmin-
containing peak were pooled, lyophilized, prepared for electrophoresis
and electrophoresed on 10% polyacrylamide gels. Only one of each of
the reduced (a) and nonreduced (b) electrophoretograms is presented
because samples which were preincubated with urokinase were virtually

identical with those not preincubated with urokinase.

Figure 14: Electrophoretograms of serum components which incor-
porated DF®2P and elute from a Sephadex G-150 colum with those

factions comprising the 98,000 dalton plasminogen-containing peak.
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Samples of 10% DS incubated with DF®?P both without (a) and with (b)
preincubation with urokinase were fractionated on a Sephadex G-150
colum and those fractions known to comprise the 98,000 dalton
plasminogen-containing peak were pooled, lyophilized, reduced and

denatured and electrophoresed on 10% polyacrylamide gels.
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Figure 2
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Figure 9
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Figure 10
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Figure 11
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Figure 14
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APPENDIX III
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ANALYTICAL BIOCHEMISTRY 81, 450-453 (1977)

Micro-Step-Exclusion Chromatography

The rapid method for desalting small volumes of liquid developed by Neal
and Florini [(1973) Anal. Biochem. 55, 328—-330] can easily be extended to permit
rapid  column chromatographic separations. Micro-step-exclusion chromatog-
raphy has been used to separate and identify monoiodotyrosine as the radio-
labeled low molecular weight degradation product of !?*l-labeled plasminogen,
formed when plasminogen binds to Balb/c SV 3T3 cells. This method has also
been used to monitor the time course of the degradation.

Neal and Florini (1) have shown that small volumes of solutions can
be rapidly desalted using a small column of Sephadex G-25 and a clinical
centrifuge. In their procedure, the Sephadex G-25 is packed into a centri-
fuge tube which has a filter paper-covered hole at the bottom, and the
void volume of liquid is removed by centrifugation. A sample layered
on the column can then be desalted by a second centrifugation, during
which the macromolecules pass through the column into a collecting tube,
and the sample buffer is exchanged for the buffer previously equilibrated
with the column.

We have extended this procedure by performing additional elution-
centrifugation steps in order to obtain a complete step chromatogram
of the sample. This simple procedure, micro-step-exclusion chromatog-
raphy, separates molecules much more rapidly than does standard
column chromatography. Each chromatographic step takes 2—3 min, and
a five-step chromatogram can resolve a sample (see below). An addi-
tional advantage of this technique is that, since liquid in the void volume
is removed at each step, sample dilution is minimized. This can be
particularly important when small (<50 u) relatively dilute samples must
be chromatographed.

To obtain a chromatogram, a sample is layered on top of the column-
packing material in a microcentrifuge tube which is then inserted into a
larger conical centrifuge tube, and the apparatus (Fig. 1) is spun for
1 or 2 min in a clinical centrifuge at approximately 2500 rpm. The lip on
the microcentrifuge tube and the taper of the outer tube keep the micro-
centrifuge tube above the level of the column eluate when the liquid
reaches the bottom of the outer tube. Portions of the sample remaining
in the column can be eluted in steps by layering on additional buffer,
transferring the microcentrifuge tube to another outer conical tube, and
repeating the centrifugation.

We have used this technique to separate and identify monoiodotyrosine

Copyright © 1977 by Academic Press, Inc.
All rights of reproduction in anv form reserved. ISSN 0003-2697
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SHORT COMMUNICATIONS

o A

Fic. 1. Apparatus for micro-step-exclusion chromatography: (A) 1-ml outer conical
centrifuge tube; (B) 3.5-cm-long, ~400-ul-capacity, inner conical polyethylene micro-
centrifuge tube; (C) ~300 ul column packing material (Bio-Gel P-2); (D) glass-wool
plug: (E) 0.8-mm-diameter hole; (F) column eluate; (G) No. 2 rubber stopper with ~0.8-
cm-diameter hole; (H) clinical centrifuge bucket. The lip on the polyethylene tube and
the taper of the outer tube keep the microcentrifuge tube above the level of the eluate.

as the radiolabeled low molecular weight degradation product of !2%I-
labeled plasminogen, formed when plasminogen binds to Balb/c SV
3T3 cells, and to monitor the time course of the degradation. After being
incubated with !**I-labeled plasminogen, the cells were extensively washed
and then completely dissolved in an SDS-Tris buffer (3% SDS, 0.1 M
Tris, 2.5% glycerol, 5% B-mercaptoethanol, 0.002% bromophenol blue,
pH 6.8) to prepare the samples for chromatography. The samples were
also immersed in boiling water for 3 min and were vigorously passed
through Pasteur pipets to reduce viscosity.

Using 25- and 50-ul samples and 50-, 100-, and 200-u! elution steps,
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F1G6. 2. Micro-step-exclusion chromatograms. 25[-Labeled plasminogen (~100 nm)
was incubated with Balb/c SV 3T3 cells in Dulbecco’s modified Eagle’s medium with
4.5-fold the glucose concentration and supplemented with 10% dog serum. At 24-hr inter-
vals, the cells were scraped from the petri dishes, washed extensively, dissolved in an
SDS-Tris buffer, and subjected to micro-step-exclusion chromatography on Bio-Gel P-2
equilibrated with a 3% SDS, 0.1 M Tris buffer, pH 6.8. The eluate fractions were
counted on a gamma spectrometer, and the counts in each fraction were normalized by
the total counts in each sample (2059 cpm in 50 ul at T = 24 hr; 3405 cpm in 50 ul
at T = 48 hr; 4793 cpm in 25 ul at T = 72 hr). The amounts of radioactivity remain-
ing in each of the columns after chromatography were determined, and the values are
included in the chromatograms. The chromatograms show that the proportion of radio-
labeled low molecular weight degradation product (monoiodotyrosine) increased with
time, while the proportion of labeled macromolecules decreased with time.

the lower molecular weight components of the SDS-cell solutions
were clearly resolved from the larger molecules in five- to seven-step
chromatograms (Fig. 2). The bromophenol blue in the sample buffer was
used to monitor the position of low molecular weight material during
chromatography. For the 48- and 72-hr samples, small eluant volumes
(50 ul) were employed in the first steps of chromatography to obtain high-
resolution separations, after which larger volumes were used to minimize
the total number of steps required to elute the sample completely.

The low molecular weight fraction was further analyzed by ascending
paper chromatography [butanol:acetic acid:water (4:1:2, v/v)] (2). Stand-
ard samples of monoiodotyrosine (3-iodo-L-tyrosine, Aldrich Lot 082837)
and diiodotyrosine (3,5-diiodo-L-tyrosine, Aldrich Lot 071637) were co-
chromatographed with this sample and were visualized with uv light
and ninhydrin spray staining [0.2% in acetone (v/v)]. The radiolabeled
molecules in this low molecular weight fraction co-migrated with mono-
iodotyrosine during the paper chromatography. These results demon-
strate that micro-step-exclusion chromatography can rapidly and effi-
ciently separate the low molecular weight products of cellular protein
degradation from macromolecules. In this case, the proportion of the
cell-associated degradation product, '?’I-labeled monoiodotyrosine, in-
creased with time, while the proportion of radiolabeled macromolecules
decreased with time. A detailed account of the binding and processing



144,

SHORT COMMUNICATIONS

of plasminogen by Balb/c 3T3 and SV 3T3 cells will be published else-
where (3).

In addition to being a rapid method of monitoring the kinetics of
degradation of plasma membrane proteins, micro-step-exclusion chroma-
tography should be applicable to ion-exchange and affinity chromatog-
raphy and other types of gel-filtration chromatography, provided that the
packing material can withstand the centripetal force developed during
centrifugation. This simple rapid procedure should also be valuable in
developing protein purification protocols on a small scale.
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INTRODUCTION

Objective

The increased fibrinolytic (proteolytic) activity associated with

virally-transformed cells in culture (1-4) may attenuate plasma mem-

brane glycosyltransferase activity and thus indirectly cause alteration

in glycoproteins and glycolipids observed on transformed-cell membrane
surfaces. Exogenous protein and lipid sugar acceptors and labeled
sugar-nucleotides are proposed for measurement of the cell surface
glycosyltransferase activity in synchronous normal and virally-trans-
formed fibroblasts. Macromolecular protease inhibitors in concentra-
tions great enough to prevent fibrinolytic activity as detected by
fibrin plate assays will allow measurement of the magnitude of the

proposed attenuation of glycosyltransferase activity.

Background

Plasma Membrane Glycosyltransferase Activity

Cell surface glycosyltransferase activity has been found on cells
of many types including: human platelets (5), chicken embryo neural
retina cells (6), chick embryo cells (7), neonatal rat lymphocytes
(8), rat intestinal epithelium cells (9), and DNA- and RNA-virus

transformed or nontransformed fibroblasts (10-14).
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Of particular interest are the experiments comparing cell surface
transferase activity of transformed and nontransformed cells. How-
ever, none of the published experiments allow measurement of the mag-
nitude of enzyme activity on the cell surface and a comparison of
glycosyltransferase activity of transformed and untransformed cells
under similar growth conditions. The experiments were designed such
that: 1) transferase activity of log phase transformed cells was
compared with confluent nontransformed cells (10,14); 2) endogenous
sugar acceptors were used which may be limiting and thus total enzyme
activity is not measured (11,12); and 3) trypsin was used to harvest
cells which may inactivate some of the cell surface glycosyltrans-

ferases (13).

Glycolipid: Glycosyltransferase and Glycolipid Alterations with

Viral Transformation

Using cell homogenates (and thus the enzyme activity associated
with the Golgi apparatus, the mitochondrion, and the plasma membrane
is measured) with purified glycolipid acceptors and labeled sugar-
nucleotides, the glycolipid:glycosyltransferase activity of estab-
lished transformed and nontransformed mouse (15-17) and hamster (18,
19) cell lines has been determined. In general, a reduction of
enzyme activity was associated with the transformed cells compared
with the parent cells.

This lowered glycolipid:glycosyltransferase activity in trans-

formed cells is manifested by a reduction in the number of 'higher"
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(greater than two sugar groups) gangliosides observed on the cell sur-
face. A reduction of higher gangliosides has been found in mouse (20-
27) , hamster (20,28-31), human (29), and chicken (32) cells transformed

by DNA and RNA viruses.

Glycoprotein:Glycosyltransferases and Glycoprotein Alterations

with Viral Transformation

Using cell homogenates with purified glycoprotein acceptors and
labeled sugar-nucleotides, the glycoprotein:glycosyltransferase
activity of transformed and nontransformed 3T3 cells has been deter-
mined. Grimes has found a reduction in transferase activity (33),
while Bosmann has found an increase in activity (34,35) with viral
transformation.

The effect of transformation on cell membrane glycoproteins is
similarly ambiguous. Less glycosylation has been found by Ohta et al.
(36) and Chiarugi et al. (37). In contrast, van Beek et al. (38),
Glick et al. (39), and Warren et al (40,41) have found greater glyco-
sylation in transformed cell membranes. One must keep in mind that
protein alterations have been observed in transformed cell membranes
(42-44) such that the differences in glycosylation may be due to dif-
ferences in acceptor molecules. Many of the assays (38-41) for glyco-
sylation involve trypsinization of the glycopeptides from the cell
surface and thus depend upon availability of these molecules. Topo-
logical differences in the cell membranes of different clones, or from

viral transformation could have an effect on the observed results.



149.
Rationale

A repressor-like mechanism has been proposed to explain the dif-
ferences in glycosylation of transformed cells by some authors (22,24).
In 1light of the increased proteolytic activity associated with trans-
formed cells and the existence of plasma membrane glycosyltransferases,
an alternative explanation is that: 1) the terminal sugar groups of
glycolipids and glycoproteins are added by plasma membrane glycosyl-
transferases; 2) high proteolytic activity brought about by viral
transformation attenuates the transferase activity through degradation
of these enzymes and causes a reduction in glycosylation.

The effects of proteolytic activity on glycosylation may be tested
using exogenous acceptors and labeled sugar donors to measure plasma
membrane glycosyltransferase activity of transformed and untransformed
cells both in the presence and absence of a protease inhibitor.

Synchronous cell populations will be used for the study because
Bosmann (45) has observed variations in glycosyltransferase activity
with the cell cycle. Primary cultures will be used to avoid the prob-
lem of high fibrinolytic activity associated with nontransformed cells
which have been extensively serially passaged in culture (46). Excess
exogenous glycoprotein and glycolipid with labeled sugar-nucleotides
will be used in the assay so that the total enzyme activity is
measured. To inhibit the proteolytic activity, macromolecular pro-
tease inhibitors (bovine pancreatic trypsin inhibitor or soybean tryp-

sin inhibitor) will be used. Small molecule inhibitors have been
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shown to effect other cell systems (47).

METHODS OF PROCEDURE

Cell Synchrony

The physical selection technique of Terasima and Tolmach will be
used (48). This method is based on the fact that cells in mitosis are
rounded and less adherent to their substratum and thus more easily

dislodged from the surface than interphase cells.

Preparation of Acceptors

Glycoprotein acceptors will be prepared from fetuin and porcine
submaxillary glycoprotein treated with neuraminidase to remove sialic
acid, and/or B-galactosidase to remove galactose (34).

N-acetylneuraminylgalactosylglucosylceramide (GM3) will be puri-
fied from dog erythrocytes (23). N-acetylgalactosaminyl-(N-acetyl-
neuraminyl)-galactosylglucosylceramide (GM,) will be prepared from the
brain of a patient with Tay-Sachs disease (49). Galactosyl-N-acetyl-
galactosaminyl- (N-acetylneuraminyl) -galactosylglucosylceramide (GMi)

will be prepared from bovine brain gangliosides (50).
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Glycosyltransferase Assay

Glycoprotein:Glycosyltransferase

Four cell groups will be assayed: 1) nontransformed; 2) trans-
formed; 3) nontransformed grown with PTI (pancreatic trypsin inhibi-
tor); and 4) transformed grown with PTI. The cells will be harvested
at various points in the cell cycle using EDTA to remove the cells
from the substratum. The cells will be suspended in Tris buffer with
excess '“C-labeled precursor and exogenous acceptor. Four assays will
be made: 1) fetuin minus sialic acid plus QMP-'*C-N-acetylneuraminic
acid (CMP-NANA); 2) fetuin minus sialic acid and galactose plus UDP-
1*C-galactose; 3) porcine submaxillary glycoprotein (PSG) minus
sialic acid plus QMP-!*C-NANA; and 4) PSG minus sialic acid and
galactose plus UDP-'*C-galactose. Following the method of Bosmann
(10) after the incubation and removal of cells, 1% phosphotungstic
acid in 0.5 N HC1 will be used to precipitate the protein and the

specific activity of the pellet will be determined.

Glycolipid:Glycosyltransferase

The cells will be prepared for the assays as described above.
Three assays will be made: 1) GM; plus UDP-!*C-N-acetylgalactosamine;
2) GM, plus UDP-'*C-galactose; and 3) GM; plus CMP-!*C-NANA. Follow-
ing the procedure of Fishman et al. (15) after the incubation and
removal of the cells, the reactions will be terminated by adding 20

volumes of chloroform-methanol (2:1 V/V) and 40 volumes of chloroform-
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methanol-water (60:30:4.5 V/V/V) and the mixture passed through a
Sephadex G-25 equilibrated with chloroform-methanol-water to separate

the radioactive glycolipid from the precursor.

Proteolytic Activity

Fibrin plate assays of cell supernatants will be used to deter-

mine how much PTI is necessary to inhibit the proteolytic activity (3).

SIGNIFICANCE

Viral transformation of cells in culture is accompanied by cell
membrane alterations including changes in agglutinability properties
by lectins, changes in glycolipids and glycoproteins, increase in
proteolytic activity, increase in sugar transport, and decrease in
cAMP levels. Presently, the interrelationship, if one exists, among
these phenomena is not know. Through understanding of these membrane
changes, insight may be gained to the mechanism of viral transforma-

tion and the phenotypic changes which accompany it.



10.

11.

12,

13.

14.

15.

155.

REFERENCES

Schnebli, H.P. (1972) Schweiz. Med. Wschr. 102, 1194-1197.

Bosmann, H.B. (1972) Biochim. Biophys. Acta 264, 339-343.

Unkeless, J.C., Tobia, A., Ossowski, L., Quigley, J.P., Rifkin,
D.B., and Reich, E. (1973) J. Exp. Med. 137, 85-111.

Ossowski, L., Unkeless, J.C., Tobia, A., Quigley, J.P., Rifkin,
D.B., and Reich, E. (1973) J. Exp. Med. 137, 112-116.

Bosmann, H.B. (1971) Biochem. Biophys. Res. Commun. 43, 1118-1123.

Roth, S., McGuire, E.J., and Roseman, S. (1971) J. Cell Biol. 51,

536-547.
Shur, B. and Roth, S. (1973) Amer. Zool. 13, 1129-1135.
Lamont, J.T., Perrotts, J.L., Weiser, M.M., and Isselbacher, M.J.

(1974) Proc. Nat. Acad. Sci. USA 71, 3726-3730.

Weiser, M.M. (1973) J. Biol. Chem. 248, 2542-2548.

Bosmanm, H.B. (1972) Biochem. Biophys. Res. Commum. 48, 523-529.

Patt, L.M. and Grimes, W.J. (1974) J. Biol. Chem. 243, 4157-4165.

Bosmann, H.B., Case, K.R., and Morgan, H.R. (1974) Exp. Cell Res.

83, 15-24.
Roth, S. and White, D. (1972) Proc. Nat. Acad. Sci. USA 69, 485-

489.

Deppert, W., Werchau, H., and Walter, G. (1974) Proc. Nat. Acad.

Sci. USA 71, 3068-3072.
Fishman, P.H., McFarland, V.W., Mora, P.T., and Brady, R.O. (1972)

Biochem. Biophys. Res. Commun. 48, 48-57.




16.

i 8

18.

19.

20.

21,

22,

234

24,

25

26.

27

154.

Fishman, P.H., Brady, R.O., Bradley, R.M., Aaronson, S.A., and
Todaro, G.J. (1974) Proc. Nat. Acad. Sci. USA 71, 298-310.

Mora, P.T., Fishman, P.H., Bassin, R.H., Brady, R.O., and

McFarland, V.W. (1973) Nature New Biol. 245, 226-227.

Den, H., Schultz, A.M., Baser, M., and Roseman, S. (1971)
J. Biol. Chem. 246, 2721-2723.

Den, H., Sela, B., Roseman, S., and Sachs, L. (1974) J. Biol.
Chem. 249, 659-661.
Hakomori, S., Teather, C., and Andrews (1968) Biochem. Biophys.

Res. Commun. 33, 563-568.
Wu, H.C., Meezan, E., Black, P.H., and Robbin, P.W. (1969)

Biochemistry 8, 2509-2517.

Mora, P.T., Brady, R.O., Bradley, R.M., and McFarland, V.W. (1969)

Proc. Nat. Acad. Sci. USA 63, 1290-1296.

Cumar, F.A., Brady, R.O., Kolodny, E.H., McFarland, V.W., and

Mora, P.T. (1970) Proc. Nat. Acad. Sci. USA 67, 757-764.

Mora, P.T., Cumar, F.A., and Brady, R.O. (1971) Virology 46, 60-
T2

Diringer, H., Strobel, G., and Koch, M.A. (1972) Hoppe-Seyler's

Z. Physiol. Chem. Bd. 353, S. 1769-1774.

Yogeeswaran, G., Sheinin, R., Wherrett, J.R., and Murray, R.K.

(1972) J. Biol. Chem. 247, 5146-5158.

Brady, R.0., Fishman, P.H., and Mora, P.T. (1973) Fed. Proc. 32,

102-108.



28.

494
30.

3k,
32.

33.
34.

35

36.

37.
38.

39.

40.

41.

42.

155.

Hakomori, S. and Murakami, W.T. (1968) Proc. Nat. Acad. Sci. USA

59, 254-261.

Hakomori, S. (1970) Proc. Nat. Acad. Sci. USA 67, 1741-1747.

Sakiyama, H., Gross, S.K., and Robbins, P.W. (1972) Proc. Nat.
Acad. Sci. USA 69, 872-876.

Hammarstrom, S. and Bjursell, G. (1973) FEBS Letters 32, 69-72.

Hakomori, S., Saito, T., and Vogt, P.K. (1971) Virology 44, 609-
621.
Grimes, W.J. (1970) Biochemistry 9, 5083-5092.

Bosmann, H.B., Hogopean, A., and Eylar, E.H. (1968) J. Cell
Physiol. 72, 81-88.
Bossmann, H.B. (1972) Biochem. Biophys. Res. Commm. 49, 1256-

1262.
Ohta, N., Pardee, A.B., McAuslan, B.R., and Burger, M.M. (1968)

Biochim. Biophys. Acta 158, 98-102.

Chiarugi, V.P. and Urbano, P. (1972) J. Gen. Virol. 14, 133-140.

van Beek, W.P., Smets, L.A., and Emmelof, P. (1973) Cancer Res.
533, 2913-2022,
Glick, M.C., Rabinowitz, Z., and Sachs, L. (1973) Biochemistry

12, 4864-4869.

Warren, L., Fuhrer, J.P., and Buch, C.A. (1972) Proc. Nat. Acad.

Sci. USA 69, 1838-1842.

Warren, L., Fuhrer, J.P., and Buch, C.A. (1973) Fed. Proc. 32,
80-85.

Wickus, G.G. and Robbin, P.W. (1973) Nature New Biol. 245, 65-67.




43.

44,
45,
46.

47.
48.
49.
50.

156.

Gahmberg, C.G. and Hakomori, S. (1973) Proc. Nat. Acad. Sci. USA

70, 3329-3333.
Hogg, N.M. (1974) Proc. Nat. Acad. Sci. USA 71, 489-492.

Bosmann, H.B. (1971) Arch. Biochem. Biophys. 145, 310-318.

Mott, D.M., Fabisch, P.H., Sani, B.P., and Sorof, S. (1974)

Biochem. Biophys. Res. Commun. 61, 571-577.

Schnebli, H.P. and Haemmerli, G. (1974) Nature 248, 150-151.
Terasima, T. and Tolmach, L.J. (1963) Exp. Cell Res. 30, 344-362.

Gatt, S. and Berman, E.J. (1963) J. Neurochem. 10, 43.

Kolodny, E.H., Brady, R.0., Quirk, J.M., and Kanfer, J.N. (1970)
J. Lipid Res. 11, 144.




157

PROPOSITION II



158.

INTRODUCTION

Objective

An in utero contraceptive device is proposed which requires the
presence of semen in the uterus for the release of a drug which pre-
vents fertilization by inhibiting sperm penetration of the zona

pellucida of the ovum.

Background

Drugs which interfere with the reproductive process may be
categorized into several main classes: 1) drugs administered to the
male to control spermatogenesis; 2) vaginal spermicidal agents to
inhibit released spermatozoa; 3) drugs administered to females to
suppress ovulation or inhibit corpus luteum formation; and 4) drugs
administered to females to inhibit implantation or to destroy blasto-
cysts.

Experience with such agents has shown the necessity for concern
over problems of safety following long-term usage. Side effects are
a continuing hazard with many of the drugs now in use, and in some
cases the inhibition of reproductive potential is unalterable. More-
over, there is the very important factor of cost to the user.
Finally, there is the recognition that the relative merit of any drug

is measured by consumer acceptance and the ability of the user to
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follow instructions. To date no one has developed a side-effect free,
inexpensive, easy to use contraceptive which is attractive to the con-
sumer.

By changing the emphasis of contraceptive design from inhibition
of ovagenesis and spermatogenesis (i.e., inducing temporary sterility)
to inhibition of fertilization of the ovum, the side effects which
now plague hormonal contraceptives may be avoided. The available
alternatives to hormonal contraceptives are intrauterine contraceptive
devices (IUCD), topical agents (spermicidal creams and foams), and
containment devices (condoms and diaphrams). IUCD's are dangerous
because of the possibility of perforation of the uterus, and their use
is often accompanied with cramping and heavy bleeding both during
menses and inter-menses. The remaining techniques, although essenti-
ally side-effect free, are inconvenient to use and are not among the
most popular contraceptive methods for this reason. However, by
making topical agents more convenient to use, one would have a contra-
ceptive which meets the criteria outlined above. One approach would
be to use a device which relies on the biochemical properties of
seminal plasma for the release of a contraceptive drug. This approach
will be discussed in detail.

Four proteases have been reported in seminal plasma: pepsinogen,
seminin (a neutral protease), plasmin(ogen), and seminal plasminogen
activator (1-4). The presence of plasmin(ogen) is in doubt and has
only been found by a few authors and in extremely small quantities

(1,4). Protease inhibitors also are found in seminal plasma (5-10)
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but a net fibrinolytic activity is expressed (11) and is thought to be
due to the plasminogen activator (12,13). The seminal plasminogen
activator has been isolated and characterized (13,14) and shown to be
immmnologically identical with urokinase (15), a plasminogen activator
found in the urine (16) and in many tissues throughout the body (17).
Although it has not yet been proven, the seminal plasminogen activator
probably activates plasminogen by a highly specific cleavage of an
arginine-valine bond as is known to be the case for urokinase activa-
tion of plasminogen (18-20). Thus, if a drug were attached to a solid
support by an arginine-valine linkage, the drug would only be released
when seminal plasma and thus seminal plasminogen activator was present.
The solid support could be a nylon tube which would be placed in the
uterus thus allowing a convenient administration of a topical contra-
ceptive drug.

If plasminogen activator activity or inhibitors of this activity
were normally present in the uterus, many of the advantages of this
contraceptive device would be negated. The cells of the inmner lining
of the uterus which make up the endometrium have been shown to have
increasing concentrations of plasminogen activator as the menstrual
cycle progresses, reaching a maximum just before menstruation (21-24).
Presumably these cells release the plasminogen activator as menstrua-
tion begins (21). However, no systematic study of the plasminogen
activator activity in the human uterus cavity has been undertaken.

Cervical mucus has been found to contain five protease inhibitors:

aj-antitrypsin, inter-o-trypsin inhibitor, a,-antichymotrypsin,
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antithrombin III and C';-esterase inactivator (25). These protease
inhibitors have their lowest concentration during the fertile period
of the cycle when cervical mucus is most receptive for sperm penetra-
tion (26,27). Rhesus monkey oviduct fluid proteinase inhibitor con-
centrations follow the same cyclical pattern observed for human
cervical mucus (28) suggesting that the proteinase inhibitor concentra-
tions of the entire female genital tract is very low at midcycle.

Thus in terms of the proposed contraceptive device, when it is most
important that proteolytic activity is expressed, the protease inhibi-
tor concentrations of the female genital tract are lowest. The rela-
tively high concentrations during other portions of the cycle are also
advantages for these inhibitors may suppress any plasminogen activator
activity of the uterus.

Other characteristics of the female genital tract are advantageous
to the proposed contraceptive device. Because of cyclical changes in
the viscosity and other properties of cervical mucus, sperm and semen
transport through the cervical os only occurs during the late pro-
liferative and ovulatory portions of the menstrual cycle (29,30). The
seminal plasminogen activator will only be present in the uterus during
the fertile portion of the cycle, therefore, the contraceptive drug
will only be released when conception is possible and not released
during the infertile portions of the cycle. Even when sperm can be
transported through the cervical os, only about 7% of the inseminated
sperm make their way to the oviducts (31). Thus, the number of sperm

to be dealt with is significantly less than when topical agents are
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used in the vagina. In addition, the drug is being released closer to
the point of conception so that transport of the drug is not as great
a problem.

Drugs which may be attached to the proposed contraceptive device
fall into two classes: 1) agents which disrupt spermatozoa membranes,
and 2) agents which prevent spermatozoa penetration of the ovum. Dis-
ruptive agents on the market today are all derivatives of poly(ethylene
glycol)p-phenyl ether. Agents which prevent spermatozoa penetration
of the ovum include synthetic, low molecular weight, irreversible
protease inhibitors (32-35). For rabbits, hamsters, and deer,
synthetic protease inhibitors effectively prevent fertilization if
added to capacitated or ejaculated sperm or if deposited into the
vagina before coitus (32-35). Furthermore, the addition of such syn-
thetic inhibitors to vaginal contraceptive creams greatly increased
the antifertility properties of these creams. Presumably, these
inhibitors are acting upon acrosin, the protease found in the acrosome
of spermatozoa which is thought to be necessary for sperm penetration
of the zona pellucida of the ovum (36,37).

Of the synthetic protease inhibitors tested, N-o-tosyl-L-lysyl-
chloromethane (TLCK) is the most effective (34). Fortunately, TLCK is
a very poor inhibitor of plasminogen activators (38), and in fact
plasminogen is often activated in the presence of TLCK or macromo-
lecular inhibitors to prevent autolysis of plasmin (19,20,38). Thus
an inhibitor similar to TLCK would not inhibit drug release by seminal

plasminogen activator from the solid support, but would inhibit
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fertilization. Because of the need of an arginine-valine bond in the
linkage, the tripeptide Arg-Val-Lys CH,Cl would be bound to the nylon
support which when exposed to seminal plasminogen activator would

result in the release of the acrosin inhibitor Val-Lys CH,CL.
Rationale

By taking advantage of the biochemical properties of seminal
plasma and the female genital tract, one may design an in utero
contraceptive device which will release a fertilization inhibiting drug
(L-1ysyl-chloromethyl ketone derivative) only when sperm are present
in the uterus. Drug release is dependent upon cleavage of an arginine-
valine bond which links the drug to a solid support (nylon). A plas-
minogen activator known to be active in seminal plasma will be respon-
sible for cleavage of this bond. This contraceptive drug delivery
system may be used for other agents such as spermicides [poly(ethylene

glycol)p-phenyl ether derivatives].
METHODS OF PROCEDURE

Synthesis of chloromethyl ketone inhibitor (Arg-Val-Lys CH,Cl)

After protecting the quanidine group of arginine by the formation
of nitroarginine (39), and protecting the o-amino group of arginine

with the t-butyloxycarbonyl group, a peptide bond with valine 1is
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formed utilizing dicyclohexyl carbodiimide (40). Commerically avail-
able e-amino-tosyl-L-1lysyl chloromethyl ketone is reacted with the
dipeptide with dicyclohexyl -carbodiimide present. The protecting
groups are removed using dilute HBr (40). The tosyl group on the
g-amino group of lysine may require HBr in phenol and acetic acid for

removal (41).

Attachment of drug to nylon tube

The nylon tube is partially hydrolyzed using HCl followed by
crosslinking to the amino groups of the drug using gluteraldehyde (42).
Note that the reaction with the synthetic inhibitor, Arg-Val-Lys CH,Cl

may be performed before the e-aminotosyl group has been removed.

In vitro and in vivo testing

Purified seminal plasminogen activator (14) is incubated with the
tubes to determine if cleavage will occur. Cleavage can be detected
by ninhydrin reaction with the free amino groups.

Purified acrosin (43) activity is assayed in the presence of
Val-Lys CH,Cl using N-a-benzoyl-L-arginine ethyl ester hydrolysis assay
(44).

Animal studies will include removal of the contraceptive device in
some animals at various times of the menstrual cycle to determine how

much of the drug remains bound. If seminal plasminogen activator
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activity is too high, an inhibitor to this enzyme (e-amino caproic

acid) (45) can be included in the device to attenuate this activity.

SIGNIFICANCE

In the words of Arnold Toynbee,
"We have been God-like in our planned breeding of our
domesticated plants and animals, but we have been rabbit-like

in our unplanned breeding of ourselves."
--National Observer, June 10, 1963.

Possibly through safe, inexpensive, easy to use contraceptive devices

we may all become more God-like in our breeding behavior.

REFERENCES

1. von Kaulla, K.N. and Shettles, L.B. (1953) Proc. Soc. Exp. Biol.

Med. 83, 692.
2. Lundquist, F., Thorsteinsson, T., and Buus, O. (1955) Biochem. J.
58, 69,

3. Rasmussen, J. and Albrechtsen, 0.K. (1960) Scand. J. Clin. Lab.

Invest. 12, 267.

4, Rasmussen, J. and Albrechtson, 0.K. (1960) Fert. Steril. 11, 264.

5. Hirschhauser, C. and Kionke, M. (1971) Fert. Steril. 22, 360.




10.

L
L2,

13.

14,

15 ¢

16.

8
18,

166.

Suominen, J.J.O., Multamaki, S., and Niemi, M. (1971) Scand. J.

Clin. Lab. Invest. 27, 8.

Fink, E., Jaumann, E., Fritz, H., Ingrisch, H. and Werle, E.

(1971) Hoppe-Seyler's Z. Physiol. Chem. 352, 1591.

Fink, E., Fritz, H., Jaumann, E., Schiessler, H., Forg-Grey, B.,

and Werle, E. in Protides of the Biological Fluids (H. Peeters,

Ed.), p. 425. Pergamon Press, New York, 1972.

Suominen, J.J.O. and Niemi, M. (1972) J. Reprod. Fert. 29, 163.

Fritz, H., Schiessler, H., and Schleuning, W.D. (1973) Biol.

Reprod. 9, 64.
Huggins, C. and Neal, W. (1942) J. Exp. Med. 76, 527.

Liedholm, P., Kstedt, B., and Kullander, S. (1973) Fert. Steril.

24, 517.

Propping, D., Tauber, P.F., Zaneveld, L.J.D., and Schumacher,
G.F.B. (1974) Fed. Proc. 33, 289.

Astedt, B., Bladh, B., Holmberg, L., and Liedholm, P. (1976)

Experientia 15, 148.

Zaneveld, L.J.D., Polakoski, K.L., and Schumacher, G.F.B. in

Proteases and Biological Control (E. Reich, D.B. Rifkin, E. Shaw,

Eds.), p. 682. Cold Spring Harbor Laboratory, New York, 1975.

Williams, J.R.B. (1951) Brit. J. of Exp. Pathol. 32, 530.

Astrup, T. (1966) Fed. Proc. 25, 42.
Robbins, K.C., Bernabe, P., Arzadon, L., and Summaria, L. (1973)
J. Biol. Chem. 248, 7242.




13,

20.

21.

didre

23.

24.
29,

26.

27,

28.

29,

30.

167 .

Summaria, L., Arzadon, L., Bernabe, P., and Robbins, K.C. (1975)

J. Biol. Chem. 250, 3988.

Sodetz, J.M., Brockway, W.J., Mann, K.G., and Castellino, F.J.

(1974) Bioch. Bioph. Res. Commmn. 60, 729.

Albrechtsen, 0.K. (1956) Acta Endocrinol. 23, 207.

Todd, A.S. (1964) Brit. Med. Bull. 20, 210.

Rybo, G. (1966) Acta Obstet. Gynecol. Scand. 45, 429.

Weiss, G. and Beller, F.K. (1969) Obstet. Gynecol. 34, 809.

Schumacher, G.F.B. and Zaneveld, L.J.D. in Bayer-Symposium V

'""Proteinase Inhibitors'" (H. Fritz, H. Tschesche, L.J. Greene, and

E. Truscheit, Eds.), pp. 178-186. Springer-Verlag, New York,
1974.

Schumacher, G.F.B. in The Biology of the Cervix (R.J. Blandau, and

K. Moghissi, Eds.), pp. 201-233, Chapter 11. University of
Chicago Press, Chicago, 1973.

Schumacher, G.F.B. in Cervical Mucus in Human Reproduction (M.

Elstein, K.S. Moghissi, and R. Borth, Eds.), pp. 93-113, Chapter
8. WHO Colloquium, Geneva, Switzerland, 1972. Copenhagen,
Scriptor, 1973.

Stambaugh, R., Seitz, M. Jr., and Mastroianni, L. Jr. (1974)

Pertil. Steril. 25, 352.

Moyer, D.L., Rimdusit, S., and Mishell, D.L. (1970) Obstet.
Gynecol. 35, 831.

Sobrero, A.J. in Mechanisms Concerned with Conception (C.G. Hart-

man, Ed.), p. 173, Ch. 4. Pergamon Press, New York, 1963.



31,

52+

35,

34.

35.
36.
s
38.

9.

40.

41.

42.

168.

Settlag, D.S.F., Motoshima, M., and Tredway, D.R. (1973) Fert.
Steril. 24, 655.
Zaneveld, L.J.D., Robertson, R.T., and Williams, W.L. (1970)

FEBS Letters 11, 345.

Zaneveld, L.J.D., Polakoski, K.L., Robertson, R.T., and Williams,

W.L. in Proceedings International Research Conference on

Proteinase Inhibitors (H. Fritz and H. Tschesche, Eds.), p. 236.

Walter de Gruyter, New York, 1970.
Newell, S.D., Polakoski, K.L., and Williams, W.L. in Proceedings

7th International Congress on Animal Reproduction and Artificial

Insemination, Vol. 3, p. 2117. Deutschen Gesellschaft fur

Zﬂchtungskunde, Bonn, Germany, 1972.
Migamoto, H. and Chang, M.C. (1973) Biol. Reprod. 9, 533.

Stambaugh, R. and Buckley, J. (1968) Science 161, 585.

Stambaugh, R. and Buckley, J. (1969) J. Reprod. Fert. 19, 423,
Walther, P.J., Steinman, H.M., Hill, R.L., and McKee, P.A. (1974)
J. Biol. Chem. 249, 1173.

Sakakibara, S., Shimonishi, Y., Okada, M., and Kishida, Y. in
Peptides (H.C. Beyerman, A. van de Linde, and W.M. van den Brink,
Eds.), p. 44. Wiley, New York, 1967.

Merrifield, R.B. (1964) J. Amer. Chem. Soc. 86, 304.

Bailey, J.L., Techniques in Protein Chemistry, p. 356. Elsevier,

New York, 1967.
Sundaram, P.V. and Hornby, W.E. (1970) FEBS Letters 10, 325.




43.

44,

45,

169.

Zaneveld, L.J.D., Dragoje, B.M., and Schumacher, G.F.B. (1972)
Science 177, 702.

Gilboa, E., Elkana, Y., and Rigbi, M. (1973) Eur. J. Biochem. 39,

85.

Alkjaersig, N., Fletcher, A.P., and Sherry, S. (1959) J. Biol.
Chem. 234, 832.




170.

PROPOSITION III



171.

INTRODUCTION

Objective

Condensation products of biogenic amine metabolism, formed in the
presence of acetaldehyde the primary metabolite of ethanol, have been
implicated in the addiction liability of alcoholic beverages.

Attempts to isolate these condensation products, which are morphine-
like opiates from the brains of animals administered alcohol, have
failed to date. An indirect method of determining the presence of
opiate compounds in the brain is proposed to test the validity of the

importance of opiates in alcoholic addiction.

Background

The neurophysiological changes associated with alcohol depen-
dence at the cellular and molecular levels are not known. A possible
biochemical foundation for this disease has been proposed based on the
interactions between ethanol, its metabolite, acetaldehyde, and the
neurotransmitters, norepinephrine, dopamine, and serotonin (1-6).

The deamination of biogenic amines results in the formation of
their respective intermediate aldehydes through the action of mono-
amine oxidase. Normally, these intermediate aldehydes are further
oxidized by the NAD-linked enzyme, aldehyde dehydrogenase, to the

corresponding acids.
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After ethanol administration to human subjects, the oxidation of
the aldehyde derivative of exogenously administered [!'*C]norepinephrine
to ['"*C]3-methoxy-4-hydroxymandelic acid was depressed while reduction
of the intermediate aldehyde to [!*C]3-methoxy-4-hydroxyphenylglycol
was enhanced (7). Ethanol ingestion evoked a similar alteration in
humans of [!*C]serotonin metabolism resulting in decreased formation
of [!*C]5-hydroxyindoleacetic acid and increased formation of ['*C]5-
hydroxytryptophol (8). A comparable modification in the metabolism
of endogenous epinephrine and norepinephrine in humans was reflected
by a reduced urinary excretion of 3-methoxy-4-hydroxymandelic acid
and an elevated excretion of 3-methoxy-4-hydroxyphenylglycol following
alcohol consumption (9). The ethanol-induced interruption of oxi-
dative catabolism and enhancement of reductive metabolism of the
intermediate aldehydes derived from serotonin or catecholamines
implies impaired activity of aldehyde dehydrogenase (3) via competti-
tive inhibition of this enzyme by acetaldehyde derived from ethanol
metabolism, as has been demonstrated in vitro (10,11) and in vivo
(12) . Acetaldehyde has been found in the brain tissue after ethanol
administration in the rat (13) and the mouse (14). The acetaldehyde
could be produced locally in the brain or carried to the brain from
the liver.

Based on these observations, Davis and co-workers (2,3) proposed
that the elevated brain concentrations of acetaldehyde following
alcohol consumption would result in increased amounts of 3,4-dihydroxy-

phenylacetaldehyde (derived from the normal oxidative deamination of
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dopamine) by saturating aldehyde dehydrogenase (which would normally
oxidize 3,4-dehydroxyphenylacetaldehyde to 3,4-dihydroxyphenylacetic
acid) . With excess 3,4-dihydroxyphenylacetaldehyde in the brain,
condensation with dopamine can occur resulting in the formation of
tetrahydropapaveroline, which could undergo further biotransformation
to morphine or morphine-like alkaloids. This in vivo formation of
tetrahydropapaveroline is proposed by Davis to be the biochemical
basis of alcohol addiction.

Independently, Cohen and Collins (1) proposed that the tetra-
hydroisoquinoline condensation products of acetaldehyde with biogenic
amines may underlie ethanol dependence.

To test these hypotheses, an attempt was made to demonstrate the
in vivo biosynthesis of tetrahydroisoquinoline alkaloids in brain
tissue of rats following acute administration of ethanol (15). The
animals were pretreated with pyrogallol, which was previously shown
to elevate ethanol-derived acetaldehyde blood concentrations in rats
tenfold higher than usual acetaldehyde blood concentrations in the
absence of pyrogallol (16). Under these conditions and using gas
chromatograph-mass spectrometry, salsolinol (the tetrahydroisoquino-
line derivative from direct condensation of acetaldehyde with
dopamine) was detected in dopamine-rich parts of the brain. Tetra-
hydropapaveroline was not detected nor was salsolinol detected in
brains not pretreated with pyrogallol.

In another study, rats were allowed to drink one of four solu-

tions: water, ethanol solution, levadopa solution, and ethanol plus
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levadopa solution (17). The brains were analyzed for the presence of
tetrahydropapaveroline by gas chromatography -mass spectrometry. In
animals treated with levodopa, tetrahydropapaveroline was detected.
Animals receiving levodopa and ethanol showed an enhanced formation
of tetrahydropapaveroline. Neither the control (water) rats nor
those receiving ethanol alone showed any evidence of tetrahydro-
papaveroline formation in brain tissue. The failure to detect tetra-
hydropapaveroline in the brain following ethanol consumption may be
due to rapid metabolism of the alkaloid, by catechol-O-methyltrans-
ferase (18) or its further conversion to morphine-like alkaloids (2,3)
or to the possible occurrence of the more favorable reaction of
dopamine with ethanol-derived acetaldehyde to form salsolinol instead
of tetrahydropapaveroline (19).

Whether the nanogram quantities of salsolinol and tetrahydro-
papaveroline formed in vivo in rat brain tissue under the optimized
conditions described above are of any biological significance in
terms of addiction potential to ethanol remains open to question.

In a recent study, tetrahydropapaveroline was delivered directly
into the cerebral ventricle of rats (20). The animals were given
access to both water and ethanol solution. Within three to six days
of the start of the infusion of tetrahydropapaveroline, the rats,
which normally rejected alcohol, drank alcohol solutions in increas-
ingly excessive amounts. This was accompanied by symptoms that were

similar to those of withdrawal and intoxication.
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These results demonstrate that a condensation product of a bio-
genic amine induces drinking of alcohol in rats. However, that such
condensation products exist in the brain after chronic drinking of
alcohol, has yet to be shown.

Tetrahydroisoquinoline alkaloids and other morphine-like opiates
have specific binding sites in brain tissue (21-24). The existence
of specific opiate receptor sites strongly indicates the presence of
natural morphine-like substances in the brain. Indeed, morphine-like
peptides called enkephalins have been extracted from the brains of
many vertebrate species (25-29). Enkephalin activity has a regional
and subcellular distribution similar to that of the opiate receptor
(30) suggesting that the enkephalins are neurotransmitters or neuro-
modulators associated with this receptor.

Kosterlitz and Hughes (31) proposed that a large dose of morphine
would substitute for the physiological effect of enkephalin and, by a
feedback message, cause the enkephalinergic neurons to reduce their
activity. By analogy to what is found for other neurotransmitters
(32,33), this reduction in activity should be accompanied by an in-
crease in the levels of the transmitter. These expectations were
confirmed in experiments with rats addicted to morphine (34). In the
course of becoming addicted to morphine the rat brain enkephalin
levels almost doubled. When abstinence was precipitated by treatment
with naloxone, a potent opiate antagonist, the animals exhibited a
variety of withdrawal symptoms that subsided in about an hour, at

which time enkephalin levels returned to normal.
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Based on these results, enkephalin concentrations in the brain
can be used to monitor the presence of opiates which bind to the
enkephalin (opiate) receptors. Relatively large changes in enkephalin
concentration occur with the presence of minute quantities of opiate,
thus making this a very sensitive method of opiate detection. If
chronic alcohol consumption is accompanied by the formation of
morphine-1like biogenic amine condensation products, higher than normal

enkephalin concentrations should be observed.

Rationale

Present theory as to the biochemical basis of alcohol dependence
requires the indogenous formation of hydroisoquinoline alkaloids in
the brain. Direct methods of detecting these alkaloids in brain
extracts of animals administered alcohol have failed. Conditions
which increase the concentration of these alkaloids in the test
animals have allowed detection, but have destroyed the validity of the
study. The negative result of the direct-method approach may be due
to the sensitivity of the analysis.

Brain enkephalin concentrations have been shown to increase
significantly when opiates are present in the brain. Thus, if alcohol
dependence is accompanied by endogenous formation of hydroisoquinoline
alkaloids, higher than normal enkephalin concentrations should be

observed.
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This method has the added advantage of detecting any opiate which
may be formed in the alcoholic brain. Since it is not known which
morphine-1like opiate is involved (if any) in alcohol dependence, this

is a distinct benefit.
METHODS OF PROCEDURE

Young chimpanzees will be used as test animals because of the
similarity of withdrawal symptoms observed in man and chimps (35), and
because of the relative ease of inducing alcohol dependence in these
animals (36). Following the published procedure (36), one to seven-
month old chimps will be given a liquid diet with 45% of the calories
from ethanol, four to five times daily at standard feeding times.
After six to ten weeks the animals should show withdrawal symptoms if
alcohol is removed from the diet.

After establishing alcohol dependence in a group of chimpanzees,
the animals will be sacrificed along with chimps whose liquid diet did
not include ethanol. Enkephalin will be extracted following the pro-
cedure of Pasternak et al. (27,37). Specific opiate binding assays
(27,37) will be performed on the purified enkephalin from the brains
of alcohol-dependent chimps and from the brains of control animals to

determine the concentration of enkephalin.
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SIGNIFICANCE

It is evident that research into the role of tetrahydroisoquino-

lines in alcohol dependence is essential for better understanding of

the biochemical basis of this disease. If these opiates are important

in addiction to alcohol, prevention of their biosynthesis may offer

promising leads for a rational approach to the treatment of alcoholism.

10.
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INTRODUCTION

Objective

Density-inhibited cells have been shown to turnover phosphatidyl-
ethanolamine at rates equal to cells in exponential growth while the
synthesis of other phospholipids is suppressed. Since the phospho-
lipid composition of the cells remains the same, it is proposed that
phosphatidylethanolamine-enriched portions of the plasma membrane are
turned over at a greater rate than non-enriched portions, and that this
phosphatidylethanolamine enrichment may serve as a marker as to what
portion of the plasma membrane is to be turned over. The possibility
that specific plasma membrane proteins are also selectively turned

over during this proposed process will be investigated.

Backggound

A wide variety of changes in structure and function of the plasma
membrane of cultured cells has been correlated with the onset of
density-dependent inhibition of growth. These include a decrease in
nutrient transport (1), changes in glycoprotein (2,3) and glycolipid
(4) composition, and a decrease in membrane fluidity (5).

Possibly a related observation has recently been made in specific
changes in lipid metabolism in density-inhibited cultures. Using

3-

pulse labels of 32P0,~ , both Cunningham (6) and Diringer and Koch (7)
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have shown a relative inhibition of the turnover of phosphatidyl-
ethanolamine and phosphatidylinositol compared with other phospholipids
in density-inhibited 3T3 cells and mouse embryo cells. Because of the
possibility of introduction of artifacts by growing cells in low-
phosphate medium as was done in these 32PO;,S-—la.beling experiments,
Gallaher and Blough (8) used [2-°H]glycerol in similar short-term
pulse-chase experiments. They observed that the onset of density-
dependent inhibition of growth was correlated with an inhibition of
phosphatidylcholine synthesis and a constant level or increase in phos-
phatidylethanolamine synthesis in both BHK-21 (hamster) and 3T3 (mouse)
cells. No significant differences were observed in the overall phos-
pholipid composition of these cells, however. Therefore, the incor-
poration of the radioactive precursor reflects turnover rates (8).

Why should density-inhibited cells continue to synthesize specific
phospholipids at rates equal to or greater than those observed during
exponential growth? The plasma membrane of density-inhibited cells is
known to be turned over (9,10). In some studies of plasma membrane
turnover many individual membrane proteins were observed to turn over
at similar rates (9,11,12), while in other studies, different protein
species had dissimilar turnover rates (10,13-15). The finding of
homogeneous protein turnover prompts the conclusion that degradation
occurs in bulk, as would occur when endocytosis delivers a large seg-
ment of plasma membrane to the lysosome. The finding of heterogeneous
protein turnover suggésts that specific portions of the plasma membrane

are turned over possibly for specific cellular functions such as
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nutrient intake or internalization of plasma membrane receptors as has
been suggested for epidermal growth factor receptors (16). In light of
the continued synthesis and degradation of specific phospholipids
(phosphatidylethanolamine) by density-inhibited cells while maintaining
the same phospholipid composition of these cells, these portions of

the plasma membrane which are turned over should be rich in phos-
phatidylethanolamine. Indeed, the relative increase in phosphatidyl-
ethanolamine concentration in certain portions of the membrane may
serve as a marker for that portion of the membrane which is to be

endocytosed and degraded.

Rationale

Density-inhibited cells have been shown to turn over phosphati-
dylethanolamine at rates equal to cells in exponential growth while
the synthesis and degradation of other phospholipids is suppressed.
Since cells continue to turn over their plasma membrane when density
inhibited and since the phospholipid composition of the plasma mem-
brane remains the same whether the cells are density inhibited or
growing exponentially, those portions of the membrane which are endo-
cytosed and degraded should be rich in phosphatidylethanolamine.

This hypothesis will be tested by autoradiography of cells whose
plasma membranes contain ®?P-labeled phosphatidylethanolamine. The
labeled phospholipid will be introduced into the membrane by phospho-

lipid exchange proteins.
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The proposed phosphatidylethanolamine enrichment of endocytic
vesicles may serve as a marker to the cell as to which portions of the
membrane are to be turned over. If indeed specific portions of the
membrane are observed to be turnéd over, this may be for some specific
purpose such as internalization of a specific protein. To test this
hypothesis, the spectrum of iodinatible proteins in the plasma membrane
will be compared with the iodinatible proteins in the purified

vesicles.
METHODS OF PROCEDURE

In recent years a number of phospholipid-exchange proteins have
been purified from a variety of biological tissues (17,18). These
proteins exchange phospholipid between two structures without altering
the phospholipid content of each structure. Thus they provide an
ideal nonperturbing method of introducing a radiolabel into a membrane.

The phosphatidylethanolamine-exchange protein has not yet been
purified to homogeneity. However, a partial purification of this
particular exchange protein has been published (18). By incubating
confluent (density-inhibited) 3T3 cells with vesicles of labeled phos-
phatidylethanolamine and the exchange protein, the plasma membranes of
the 3T3 cells will incorporate labeled phosphatidylethanolamine
without altering the relative concentration of this phospholipid.

This incubation will be followed by EM autoradiography to deter-

mine if the endocytic vesicles are enriched in phosphatidylethanolamine
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as compared with the plasma membrane and if phosphatidylethanolamine
patching occurs on the plasma membrane.

To insure that phosphatidylethanolamine vesicles are not endo-
cytosed directly during the incubation of the 3T3 cells with these
vesicles, a control will be done of incubating 3T3 cells with the
labeled phosphatidylethanolamine vesicles but without the phospho-
lipid-exchange protein followed by EM autoradiography.

To investigate the possibility that specific portions of the
plasma membrane are internalized because of the existence of particular
proteins in these portions of the membrane, the 3T3 plasma membrane
proteins will be iodinated using lactoperoxidase and iodine-125 (11).
The cells will then be incubated in medium containing silver iodide
(19) or colloidal iron (20) to change the density of the endocytic
vesicles and allow purification by ultracentrifugation in sucrose
gradients (19,20).

The iodinated proteins in the purified vesicles will be separated
by polyacrylamide gel electrophoresis and compared with the spectrum
of iodinated plasma membrane proteins observed in whole-cell homoge-
nates. If indeed an enrichment of a particular iodinated protein is
observed in the endocytic vesicles, the hypothesis that endocytosis
in density-inhibited cells only involves specific portions of the
plasma membrane will be verified and a possible reason for this

observation will be implicated.
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SIGNIFICANCE

The mechanism_of growth control in cultured cells has been a
highly studied process within recent years, but remains largely not
understood. A wide variety of changes have been observed to occur in
cells as they approach density-inhibited growth. The interrelationship
of these observations has not been elucidated. Until a more complete
understanding of growth control is achieved, it is important to obtain
as much information about each of these observations so that its
relative importance can be evaluated.

The continued high level synthesis of phosphatidylethanolamine by
density-inhibited cells is among these observations. The distinct
possibility exists that this continued synthesis is important in
maintenance of density inhibition, possible, as proposed here, by
serving as a marker for endocytosis of the plasma membrane and any
receptors which may be included in that portion of the membrane. This

possibility warrants further investigation.
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INTRODUCTION

Objective

Short chain aliphatic acids of vaginal origin have been shown to
be important in primate sexual behavior. These same acids are produced
in the human vagina. The relationship between specific aliphatic acid
anosmia and aberrant human sexual behavior is sought in an attempt to

learn the importance of these chemicals in human behavior.

Background

Pheromones are chemicals, either odor or taste substances, that
are released by organisms into the environment, where they serve as
messages to others of the same species (1). Pheromones are widely
used by animals ranging from protozoans to primates as a primary means
of transmitting information. This chemical communication system may
be used for attracting a mating partner, for directing others to food,
for causing others to stay away, or for other behavioral functions.

Although interest in mammalian pheromones is relatively recent,
some examples of chemically induced behavior in mammals are found in
the literature. A pheromone from the boar (5c-androst-16-en-3-one)
elicits an immobilization reflex in oestrus sows so that they stand
rigid while being mated (2,3). Dogs are attracted over distances to

oestrus bitches (4) and also to their urine (5). Similarly, the
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urine of oestrus mares sexually stimulates the stallion (6). Rams
can differentiate between oestrus and non-oestrus ewes by their scent
(7), and the male rat prefers the odor of receptive as opposed to non-
receptive females (8). Thus, the evidence is gradually accumulating
that olfactory commmication plays an important role in mammalian re-
productive behavior.

More important, as to their implications to human behavior, are
animal studies with primates. Among all primate sexual attractants,
the only one whose behavioral function, hormonal control, and chemical
nature has been analyzed in detail is the sex pheromone of the rhesus
monkey. Male rhesus monkeys were trained to press a level in order to
gain access to a female partner (9). The males frequently worked to
obtain access to ovariectomized females who were rendered receptive
by injections of estrogen, but did not consistently work to obtain
access to ovariectomized, nontreated females. When the males were
rendered anosmic by plugging the nasal olfactory area, they were no
longer able to discriminate between receptive and nonreceptive
females. Reversal of anosmia restored their ability to do so, clearly
indicating that the female's attractiveness to the male was dependent
on olfactory cues.

The source of these olfactory cues was shown to be vaginal
secretions (10,11) whose production is under estrogenic control (12).
By means of gas chromatography and mass spectrometry the active con-
stituents of the vaginal secretions was found to be a mixture of five

aliphatic acids: acetic acid, propionic acid, iso-butyric acid,
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n-butyric acid, and iso-valeric acid (13). A synthetic mixture of
these acids in the same concentration ratio found in the vagina, pro-
duced the behavioral effects of the natural pheromone. These ali-
phatic acids have been shown to be present in the vaginal secretions
of a wide range of primate species including anubis baboon, patos
monkey, pigtail monkey, crabeating monkey and squirrel monkey (14).

The fact that sex pheromones act as powerful stimulants of
precopulatory behavior in some higher primate species begs the
question of the importance of pheromones in human sexual behavior.
Humans have organs which could be part of a pheromone system (15).
These include apocrine glands which are sometimes associated with
tufts of hair. Some of the glands do not produce sweat and presumably
have some other function. For example, the prepuce in the male and
labia in the female have glands that secrete odorous materials which
might be suspected as having pheromone activity.

Women are particularly sensitive to compounds having the odor of
musk (16). Only sexually mature women clearly perceive musk-smelling
compounds, and their sensitivity to these compounds is greatest at
about the time of ovulation (17,18). Males become more sensitive to
these compounds following an injection of estrogen. The compound
responsible for the musk-like odor of human male urine is Sa-androst-
16-en-3-one, the known boar pheromone (19). These observations pro-
vide strong circumstantial evidence for the existence of a male sex
pheromone. One possible effect of a male sex pheromone is the often

observed menstrual synchrony of women living together in a college
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dormitory (20).

Evidence is also accumulating to support the likelihood that
human females produce sex pheromones. Two recent studies have shown a
differential response by infants to the odor of their mother and that
of a stranger (21,22). In addition, the volatile fatty acids of
primate vaginal origin which have been shown to operate as sex phero-
mones in rhesus monkeys, are also produced in the human vagina (23-25).
The concentration of these acids varies during the menstrual cycle,
reaching a peak near the time of ovulation. Women who take oral con-
traceptives produce lower amounts of the acids and do not exhibit the
rhythmic concentration change during the menstrual cycle.

If these aliphatic acids are important in human sexual behavior,
aberrant sexual behavior would be expected in those individuals unable
to perceive them. Specific anosmia for short chain aliphatic acids is
known to exist in man (26). Specific anosmia is defined as the condi-
tion in which a person of otherwise normal olfactory acuity cannot
perceive a particular compound at a concentration such that it is
obvious to most other people (27). The aliphatic acid anosmics should
prove very useful in the study of the effects of volatile vaginal
aliphatic acids on human sexual behavior.

The possible aberrant behavior of anosmic individuals could take
many forms. From the primate studies, total lack of male interest in
females resulted when animals were artificially rendered anosmic (9).

Certainly a similar study conducted on human males would have a
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different result. However, true human aliphatic acid anosmics have
never experienced vaginal pheromonal input. If pheromonal cues are
important in sexual object-choice as has been found for other mammals
(28,29), lack of sensory input from birth may havea dramatic effect on
the sexual behavior of the individual. This aberrant behavior might
be expressed as homosexuality, impotence, or more subtle abnormal

behavior.

Rationale

Several compounds have been implicated as having pheromonal
activity in humans. Among these, the aliphatic acids of vaginal
origin have been characterized to the greatest extent. Approximately

% of humans are anosmic for short-chain aliphatic acids (26). If
these volatile acids are important in human sexual behavior, a posi-
tive correlation is expected between aliphatic acid anosmia and
aberrant sexual behavior. How this aberrant behavior would be mani-

fested is not clear. As an initial study, the relationship between

short-chain aliphatic acid anosmia and homosexuality is proposed.

METHODS OF PROCEDURE

A large adult male population will be necessary to obtain reason-

able statistics for this study. Fortunately, the screening for

aliphatic acid anosmia is easily performed. Following the technique
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of Amoore (30), each subject is given a set of five stoppered
Erlenmyer flasks. Two of the flasks contain isovaleric acid in solu-
tion, and the other three contain pure water. If the subject correctly
identifies both odorous flasks, he is tested again with a lower concen-
tration. If he detects no odor in the first test, or makes a wrong
selection, he is tested with a higher concentration. The lowest con-
centration step correctly chosen defines his olfactory threshold.

Each participant will be asked to fill out a questionnaire which
will estiablish if he is an overt homosexual or if other aberrant

behavior exists (impotence).

SIGNIFICANCE

The notion of pheromonal influences on man is speculative, but if
it is true, it could be important for medicine and psychiatry. In the
proposed study, a positive correlation between aliphatic acid anosmia
and aberrant sexual behavior would have far reaching implications.
First, a functioning pheromonal communication system would be shown
to exist in man. Second, the aliphatic acid pheromone of vaginal
origin would be shown to be important in sexual preference. Third,
the biochemical basis for one aspect of human behavior will be
ascertained. The potential for increased understanding of human
behavior certainly justifies research in human pheromonal commmica-

tion.
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