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ABSTRACT 

The intracellular distribution of a specific protease, plasminogen activator (P,~/), 
has been examined in Rous sarcoma virus-transformed chick embryo fibroblasts 
(RSV-CEF). Cellular homogenates were fractionated by differential centrifuga- 
tion followed by sucrose gradient centrifugation. The activities and the percent 
distribution of a series of marker enzymes, specific for different subcellular 
organelles, were compared to those of PA. Normal CEF have been similarly 
fractionated and the relatively low amount of PA activity present in these cells has 
been analyzed in terms of its subcellular distribution. 

A membrane fraction was isolated from the RSV-CEF that contained the bulk 
of the PA activity and less than 8% of the total cellular protein. The specific 
activity of the PA in this fraction is 40-fold higher than that of a comparable 
fraction isolated from companion cultures of normal cells. This fraction contains 
little or no nuclear and cytoplasmic material and is contaminated only to a 
relatively small degree with mitochondria, lysosomes, and endoplasmic reticulum. 
Significant amounts of a putative Golgi membrane marker are present in this 
fraction. The relatively high specific activities of Na +,K+-ATPase, 5'-nucleotid- 
ase, and [aH]fucose indicate that the fraction is enriched in surface membrane. 
Further purification of the fraction by equilibrium centrifugation on shallow 
sucrose gradients reduces further the contaminating activities and results in a PA 
distribution that closely parallels the distribution of the membrane enzyme, 5'- 
nucleotidase. PA was not released from its membrane association by hypotonic 
and hypertonic extraction and ultrasonication, while granule-bound enzymes were 
released by these treatments. The PA activity from hamster SV40 cells fraction- 
ated the same way as that of RSV-CEF. These results suggest that a protease that 
is dramatically enhanced upon malignant transformation is associated with 
"plasma membrane-like" elements of the cell and may serve as an intrinsic 
modifier of cell surface proteins after malignant transformation. 

Enhanced proteolytic activity has been correlated 
with the malignant state in vivo where it has been 
demonstrated that increased levels of proteolytic 

enzymes are found in the tissues as well as the 
plasma and other fluids of many species of animals 
exhibiting a variety of malignant tumors (6, 20, 
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38, 56, 59, 66, 68). It appears from these studies 
that the enzymatic composition of tumor cells and 
tumor interstitial fluid is shifted to favor the hy- 
drolysis of polypeptides, and it has been suggested 
that these hydrolytic enzymes are involved in the 
invasiveness of malignant cells (6, 20, 56). 

Numerous in vitro studies have also indicated 
that proteases are involved in cellular alterations 
that are related to growth control and malignant 
transformation (see reference 49). Although the 
exact function and mechanism of the protease(s) 
with respect to specific cellular alterations are un- 
clear, many of the effects of the proteolytic activity 
appear to reside at the cell surface. Thus, when 
exogenous proteases are added to cultures of nor- 
mal cells, alterations in the growth rate, agglutina- 
bility, adhesiveness, and morphology of the cells 
are observed (5, 9, 13, 29, 37, 53, 58); con- 
versely, when specific protease inhibitors are 
added to cultures of transformed cells, the oppo- 
site effects on the cells' growth rate, agglutinabil- 
ity, adhesiveness, and morphology are observed 
(21, 22, 52, 64); and finally, specific polypeptide 
alterations, temporally related to the onset of ma- 
lignant transformation, have been detected on the 
surface of transformed ceils (10, 25, 27, 28, 62, 
65). It has been inferred from these studies that 
proteolytic activity may be enhanced in cultures of 
transformed cells and may be involved in both the 
initiation and the uninterrupted maintenance of 
characteristic changes on the surface membrane of 
the malignant cell. If transformation-dependent 
proteases have such a function, they must either 
be secreted by the transformed cells and have 
catalytic access to the cell surface and/or be an 
intrinsic part of the surface membrane and catalyt- 
ically function within the cell surface domain. 

The secretion of a specific protease that can 
function as a plasminogen activator (PA) has been 
shown to be substantially increased in cultures of 
transformed cells (41, 48, 60). There are many 
characteristics of this protease which make it an 
attractive candidate as a malignant cell-specific 
protease: (a) its appearance is closely correlated 
with, and is an early event in malignant transfor- 
mation (16, 23, 41, 44, 60, 61); (b) total activity 
is substantially elevated (10-100-fold) in tumor 
virus-transformed primary cultures, in primary 
cultures of tumors, in chemically induced tumors, 
and in tumor cell lines including human tumor cell 
lines (32, 41, 50, 60, 67); (c) the PA also func- 
tions at neutral pH under physiological conditions 
and is actively released by transformed cells (41, 

60, 61) and therefore has catalytic access to the 
cell surface; and (d) it activates serum plasmino- 
gen to plasmin, thereby generating additional pro- 
teolytic activity in serum-supplemented cultures 
(39, 47, 61). The generated plasmin is also a 
neutral protease that is capable of stimulating cell 
division (5), modifying cell surfaces (5, 27), and 
enhancing cell migration (40). A correlation be- 
tween PA activity, plasmin generation, and malig- 
nant transformation has been demonstrated by a 
number of laboratories (15, 23, 32, 44, 48, 67). 

Much of the work on the characterization of 
transformation-dependent PA, however, has dealt 
with the extracellular, secreted form of the en- 
zyme. The nature of the cell-associated form of 
the enzyme has been examined in only a few 
studies. Unkeless et al. (61) have reported that 
cell-associated PA was granule bound in a crude 
lysosomal fraction. Christman et al. (16) reported 
that PA is membrane-associated, possibly surface 
membrane associated. The finding of a surface 
membrane-associated form of the enzyme would 
have far-reaching implications regarding the cell 
surface alterations that accompany malignant 
transformation and the possible role of an intrinsic 
membrane protease in mediating these altera- 
tions, either as a protease itself or as a zymogen 
activator. 

The purpose of this report is to examine quanti- 
tatively the subcellular distribution of cell-associ- 
ated PA in both transformed and normal cells 
under various conditions in order to determine 
directly whether a membrane-associated form of 
the protease does exist in cultured cells. A prelimi- 
nary report of this work has appeared in abstract 
form (45). 

MATERIALS AND METHODS 

Cell Cultures 

Primary cultures of chick embryo fibroblasts (CEF) 
were prepared from 11-12-day embryos (57). The cul- 
tures were maintained and propagated in Eagle's mini- 
mal medium supplemented with 10% (vol/vol) fetal bo- 
vine serum. Hamster SV40 cells were obtained from L. 
Ossowski (The Rockefeller University, New York) and 
maintained in Dulbecco's modified Eagle's medium 
supplemented with 10% fetal bovine serum. Fresh 
media and sera were added to cell cultures every 2 
days. 

Virus  In fec t ions  

Chick embryo fibroblast secondary cultures were in- 
fected with Schmidt-Ruppin Rous sarcoma virus (RSV) 
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subgroup A at a multiplicity of five focus-forming units 
per cell. Unless otherwise noted, RSV-CEF cells were 
used at least 5 days after infection when transformation, 
as judged by morphology, was maximal. 

Subcellular Fractionation and Isolation 
o f  Membranes 

Subconfluent to confluent cultures of RSV-CEF (5-15 
x 10 ~ celis/100-mm petri dish) were washed twice with 
ice-cold phosphate-buffered saline. The cells (1-5 x 10 s) 
were removed from the culture dishes by scraping in 
phosphate-buffered saline minus Ca ++ and Mg +§ con- 
taining 1 mM EDTA. The scraped ceils were washed 
twice by centrifugation in isotonic saline-EDTA (1 mM). 
The washed cell pellet was resuspended in 10 vol homog- 
enizing medium (0.25 M sucrose-10 mM Tris-1 mM 
EDTA, pH 7.4) and homogenized in a tight-fitting 
Dounce homogenizer. Homogenization was stopped 
when 80-100% of the ceils appeared broken as judged 
by phase microscopy (approximately 25-50 strokes). An 
aliquot of the homogenate was removed and saved for 
enzymatic analysis, and the remainder was centrifuged at 
600 g for 8 min. The supernate was set aside and the 
pellet was resuspended in 5 vol homogenizing medium 
and washed twice by centrifugation at 600 g for 8 min. 
The final pellet was resuspended in homogenizing me- 
dium and is referred to as the nuclear fraction. The 
washing steps are essential to remove significant amounts 
of cytoplasmic and membranous elements which are 
present in the first low-speed pellet. The combined post- 
nuclear supernates were centrifuged at 100,000 g for 90 
rain in an SW41 rotor. The resulting pellet was resus- 
pended in homogenizing medium and is referred to as 
the membrane plus granule fraction. The supernate is 
referred to as the cytoplasmic fraction. 

Sucrose gradient centrifugation was used to subfrac- 
tionate the membrane plus granule fraction. The fraction 
was layered over a discontinuous sucrose gradient com- 
posed of equal volumes of 60%, 40%, and 20% sucrose 
(wt/vol) and centrifuged at 100,000 g for 3 h. Discrete 
bands of subceilular components were removed from the 
gradient, diluted with homogenizing medium, and 
washed by centrifugation at 100,000 g for 1 h. The 
washings were combined and the combination is referred 
to as the soluble fraction. The individual pellets were 
resuspended in homogenizing medium and are referred 
to as gradient fractions A, B, C, and D, respectively. 

Enzyme Assays 
5'-Nudeotidase (E.C. 3.13.5) and ouabain-sensitive 

Na+,K+-ATPase (E.C. 3.61.3) were used as marker 
enzymes for the plasma membrane. 5'-Nucleotidase was 
assayed in a 0.5-ml incubation mixture containing 3 mM 
AMP, 50 mM Tris buffer (pH 7.9), 3 mM MgCl~, and 5- 
25 /zg protein. The reaction was carded out for 30-60 
min at 370C and terminated by the addition of 0.1 ml of 
2.5 N perchloric acid and 0.1 ml of 2.5 N KCl. The 

precipitated protein was removed by centrifugation and 
the inorganic phosphate content of the supernate was 
determined by the method of Chen et al. (14). Activity 
units are micromoles of phosphate released per hour at 
37~ Total ATPase was assayed by a modification of the 
methods of Schimmel et al. (51) and Quigley and Got- 
terer (46). Incubation was carded out at 37~ in a 0.5-ml 
mixture containing 4 mM ATP, 5 mM MgCI~, 120 mM 
NaC1, 20 mM KCI, 25 mM HEPES buffer (pH 7.4), 0.1 
mM EGTA, 5 mM NaN a and 5-25 /zg protein. The 
reaction was terminated and inorganic phosphate was 
measured as described above. Na +, K+-ATPase was cal- 
culated as the difference in ATPase activity in the pres- 
ence and absence of 1 mM ouabain. Mg++-ATPase was 
calculated as the ATPase activity that was insensitive to 1 
mM ouabain. 

fl-N-Acetylglucosaminidase (E.C. 3.21.30) was em- 
ployed as a lysosomal marker and was assayed according 
to Sellinger et al. (54) as modified by Unkeless et al. (60) 
by using p-nitrophenyl-N-acetyl /3-0 glucosaminide as 
the substrate. The release of p-nitrophenol was mea- 
sured at 410 nm. Activity units are micromoles of p- 
nitrophenol liberated per hour at 37~ 

Thiamine pyrophosphatase (TPPase) was used as a 
marker for Golgi membranes (7) and was assayed by the 
method of Meldolesi et al. (35). Cytochrome oxidase 
was used to monitor subcellular fractions for the pres- 
ence of mitochondria and was assayed according to the 
procedure of Cooperstein and Lazarow (17) as modified 
by Castle et al. (11). NADH diaphorase (NADH oxi- 
dase E.C. 1.69.9.3) was used as a marker for endoplas- 
mic reticulum (2, 24) and was assayed by the method of 
Avruch and Wallach (2). Lactic dehydrogenase was used 
to monitor subcellular fractions for the presence of solu- 
ble cytoplasmic enzymes and was assayed in a 2.0-ml 
incubation mixture containing 100/xM NADH, 500/xM 
sodium pyruvate, and 0.03 M sodium phosphate buffer, 
pH 7.4. Changes in absorbancy at 340 nm were recorded 
at 30-s intervals after the addition of sample (10-50/zg 
protein). 

Plasminogen activator assay was based on the fibrino- 
lysis of 125I-fibrin-coated petri dishes. Plasminogen-free 
fibrinogen was prepared according to the method of 
Mosesson (36) and iodinated according to the method of 
Helmkamp et al. (26) as described by Unkeless et al. 
(60). The l~zI-fibrinogen was coated on petri dishes (10 
/zg/cm 2, 500-700 cpm//zg) and dried at 46"C for 48 h. 
The fibrinogen-coated dishes were incubated at 37~ for 
2.5 h in Eagle's MEM supplemented with 5% plasmino- 
gen-free fetal bovine serum (47) in order to convert the 
~25I-fibfinogen to insoluble fibrin (the serum served as a 
source of thrombin). The petri dishes were washed twice 
with phosphate-buffered saline and were used within 72 
h. Just before assay, the plates were washed an addi- 
tional time with 0.1 M Tris (pH 8.1). Plasminogen was 
purified from fetal bovine serum or chicken serum by 
two passages over a lysine sepharose affinity column 
(47). The incubation mixture (1.0 ml) contained 5-10 
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/~g of purified plasminogen, 0.1 M Tris (pH 8.1), 0.02% 
Triton, and an aliquot of an RSV-CEF subcellular frac- 
tion (1-10 /zg protein). Aliquots were removed from 
duplicate petri dishes at 1, 2, and 3 h during incubation 
at 37~ and the radioactivity released was determined 
directly in an Intertechnique gamma counter (Intertech- 
nique, Fairfield, N.J .). Activity units are cpm 12sI released 
per hour at 37~ Plasminogen activator activity in CEF 
subcellular fractions was determined by incubating for 
longer periods of time (3-8 h) with greater amounts of 
protein (10-50 ~g). 

All of the above enzymes were assayed at different 
protein concentrations and different substrate and cofac- 
tor concentrations, and were incubated for various pe- 
riods of time. The calculations of percent enzyme distri- 
bution and specific activity were based on assays carded 
out under conditions in which the enzyme activities were 
linear with time and protein concentration and independ- 
ent of substrate and cofactor concentration. In addition, 
the enzymes were assayed at various times after the 
initial preparation of the cellular homogenate in order to 
determine the stability of enzymes upon storage at 0~ 
or at -20~ The enzymes in the isolated subcellular 
fractions were assayed before their respective activities 
had significantly changed upon storage. 

Protein was determined by the method of Lowry et al. 
(34) with bovine serum albumin as the standard. The 
distribution of DNA in subcellular fractions was deter- 
mined in preparations from cultures grown for 2 days in 
[methyl-aH]thymidine (1.0 ~.Ci/ml, 5 Ci/mmol). An 
aliquot of each fraction was added to ice-cold 10% 
trichloroacetic acid (TCA) and filtered by suction on a 
Millipore filter apparatus (Millipore Corp., Bedford, 
Mass.). The filter was washed twice with ice-cold 10% 
TCA and air-dried, and the radioactivity remaining on 
the filter was determined. The distribution of fucose- 
labeled glycoproteins was determined in subcellular frac- 
tions isolated from cultures grown for 16-20 h in L-[1- 
3H]fucose (1.0 ~Ci/ml, 3.3 Ci/mmol). The TCA-insolu- 
ble radioactivity was determined as described above. 

Electron Microscopy 

Fractions for electron microscopy were prepared ac- 
cording to the method of Ishikawa et al. (30). Sections 
were cut on a Sorvall Porter-Blum MT-2B microtome 
(DuPont Instruments, Sorvall Operations, Newtown, 
Conn.) and specimens were observed with a Siemens 
EImiskop 1A electron microscope. 

Materials 

ATP, AMP, NADH, thiamine pyrophosphate, N- 
acetyl ~-o-glucosamine, pyruvate, and cytochrome c 
(type III horse heart) were obtained from Sigma Chemi- 
cal Co. (St. Louis, Mo.). Bovine fibrinogen was obtained 
from Miles Laboratories (Kankakee, Ill.), and chick 
embryos from Cofal-negative eggs (Spafas Inc., Nor- 
wich, Conn.). All media and sera were obtained from 

Grand Island Biological Co. (Grand Island, N. Y.) and 
all plasticware from Falcon Co. (Oxnard, Calif.). Su- 
crose was density gradient ultrapure from Schwarz/Mann 
Corp., Div. of Becton, Dickinson & Co. (Orangeburg, 
N. Y.). [aH]Thymidine and [aH]fucose were obtained 
from Amersham/Searle Corp. (Arlington Heights, Ill.). 
All other materials and reagents were of the best com- 
mercially available grades. 

R E S U L T S  

Differential Centrifugation and Sucrose 

Gradient Centrifugation 

Homogenates  of  RSV-transformed C E F  were 
subjected to differential centrifugation. A nuclear 
fraction, a total membrane plus granule fraction, 
and a cytoplasmic fraction were isolated. The spe- 
cific activity of P A  and a number  of  biochemical 
markers was determined in each isolated fraction. 
Table I demonstrates that > 8 0 %  of the P A  activ- 
ity is recovered in the membrane plus granule 
fraction. This fraction contains approximately 
30% of the total cellular protein and the bulk of 
the membrane-  and granule-associated enzyme ac- 
tivities. (The enzyme markers examined in this 
study are listed in Materials and Methods.)  Less 
than 10% of the PA activity is found in the nu- 
clear fraction. This fraction contains 87% of the 
D N A  ([ZH]thymidine) and > 9 0 %  of the morpho-  
logically identifiable nuclei, as determined by 
phase-contrast microscopy. Only 10% of the PA 
activity is found in a soluble cytoplasmic fraction 
that contains 50 -60% of total cellular protein and 
90% of the lactic dehydrogenase activity. The 
cytoplasmic fraction also contains significant 
amounts of  TPPase and ~o-glucosaminidase ,  in- 
dicating that these enzymes are either released 
from membranes and granules during isolation or 
exist in two forms, a soluble and a particulate. 

The membrane  plus granule fraction (Table I) 
was further purified by centrifugation on a discon- 
tinuous sucrose gradient. A number  of discrete 
bands and pellets were separated as schematically 
illustrated in Fig. 1. Analysis of the gradient frac- 
tions (Table II) indicates that most of the PA 
activity is found associated with a plasma mem- 
brane-enriched fraction (fraction B). This fraction 
contains 26% of the protein present in the initial 
membrane plus granule fraction, or approximately 
8% of the total cellular protein. Of  the enzymes 
examined,  only the plasma membrane markers,  
5'-nucleotidase and Na +, K+-ATPase,  are signifi- 
cantly enriched in this fraction ( > 5 0 %  of the total 
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TABLE I 

Distribution of  PA Activity and Subcellular Markers after Differential Centrifugation of  a Total Cellular 
Homogenate From RSV-CEF 

Marker Nuclear fraction 

Differential centrifugation fractions 

Membrane + granule fraction Cytoplasmic fraction 

Protein 10 -+ 3 31 - 2 58 -+ 3 
[aH]Thymidine 87 +-- 5 13 +-- 4 2 --+ 1 
Lactic dehydrogenase 6 - 2 (0.4) 3 -+ 1 (0.1) 91 +- 5 (1.8) 
5'-Nudeotidase 9 --- 2 (0.7) 86 --- 4 (2.4) 9 -+ 1 (0.1) 
NA +, K+-ATPase 15 -+- 4 (0.9) 85 +-- 5 (2.3) 1 +-- 1 (<0.1) 
Mg++-ATPase 4 -+ 2 (0.6) 84 --- 7 (2.8) 12 -+ 6 (0.4) 
TPPase 6 --- 1 (0.9) 51 -+ 3 (2.0) 43 - 2 (0.9) 
/3-D-Glucosaminidase 4 +- 1 (0.6) 76 - 3 (2.4) 20 -+ 3 (0.4) 
NADH diaphorase 4 --- 1 (0,8) 83 -+ 2 (2.5) 8 -+ 3 (0.1) 
Cytochrome oxidase 8 - 2 (0.6) 92 - 2 (2.8) 1 --- 1 (<0.1) 
PA 8 -+ 2 (1.0) 83 --- 4 (3.1) 10 -+ 3 (0.1) 

Fractions were isolated by differential centrifugation as described in Materials and MethOds. Each fraction was 
assayed for protein, TCA-insoluble [aH]thymidine radioactivity, and the indicated enzymes. The values represent the 
percent distribution in each of the fractions of the total recovered activity. The actual recoveries, based on the original 
homogenate, ranged from 81% to 112% for the 11 enzymes and markers tested. The values in parentheses represent 
the ratio of the specific activity of the enzyme in the isolated fraction to that in the original homogenate and serve as 
an indicator of enzyme enrichment. The specific activities of the original homogenate were as follows: lactic 
dehydrogenase, 9.0/xmol/min/mg protein; 5'-nucleotidase, 0.37/xmol/h/mg protein; Na+-K+-ATPase, 0.30/.~mol/h/ 
mg protein; Mg § ATPase, 1.89/zmol/h/mg protein; TPPase 0.47/~mol/h/mg protein; fl-D-glucosaminidase, 0.37 
/zmol/h/mg protein; NADH diaphorase, 0.22 ~mol/min/mg protein; cytochrome oxidase, 0.017 ~,mol/min/mg 
protein; PA, 12.7 x 104 cpm/h/mg protein. The latter value is equal to 102 U/h/rag as defined originally by Unkeless 
et al. (61). The values in the Table are the average from three to five separate experiments in which all enzyme assays 
were carded out in duplicate or triplicate. 

enzyme activity and a specific activity ratio greater 
than 5.0). A relatively high portion (43%)  of the 
putative Golgi marker TPPase is also present in 
fraction B but the specific activity ratio (2.8) is 
significantly less than that of  5'-nucleotidase, Na § 
K§ and PA.  The mitochondrial and endo- 
plasmic reticulum markers,  cytochrome oxidase 
and N A D H  diaphorase, respectively, are enriched 
in fraction C. This fraction has less than 20% the 
PA activity of  fraction B. Fraction A contains 
< 1 0 %  of the total membrane protein and < 2 0 %  
of any of the marker  enzyme activities. However ,  
fraction A does contain two- to threefold more 5'-  
nucleotidase and Na § K§ activity than 
PA activity. The lysosomal marker  /3-D-glucosa- 
minidase is present throughout the gradient but 
does not exhibit a significant enrichment in any 
one fraction. The soluble fraction contains those 
components  that are released from their initial 
membrane and granule association during gra- 
dient centrifugation and subsequent washing of 
the gradient fractions. This fraction exhibits a sig- 
nificant increase in both the lysosomal marker  (/3- 
D-glucosaminidase) and overall protein. This re- 
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Schematic of discontinuous gradient used to 
fractionate the membrane + granule fraction. The mem- 
brane + granule fraction, isolated by differential centri- 
fugation (Table I), was layered on preformed discontin- 
uous sucrose gradient as illustrated. Centrifugation was 
carded out in an SW41 rotor. Theregions of the gradient 
were isolated as described in Materials and Methods. 

suit suggests that breakage of  lysosomal granules 
and release of  loosely bound protein occurs during 
the isolation. Very little PA activity is found in the 
soluble fraction. 

Since the use of enzymatic activities as specific 
markers for subcellular fractions presents a num- 
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TABLE II 

Distribution o f PA and Membrane and Granule-Associated Enzymes a/ier Sucrose Gradient Centri fugation of the 
Membrane + Granule Fraction 

Gradient fractions 

Enzyme A Band B Band C Band D Pellet Soluble 

Protein 9 26 23 6 34 
5'-Nucleotidase 12 (2.9) 57 (5.2) 21 (1.8) 4 (0.6) 6 (0.3) 
Na +, K+-ATPase 16 (2.4) 60 (5.4) 18 (1.4) 4 (0.8) 3 (0.1) 
Mg++-ATPase 17 (4.5) 55 (4.9) 19 (2.0) 2 (0.6) 6 (0.4) 
TPPase 9 (1.2) 43 (2.8) 24 (1.4) 4 (0.8) 20 (0.7) 
fl-D-Glucosaminidase 10 (2.1) 22 (1.5) 17 (1.4) 4 (1.2) 47 (2.5) 
NADH Diaphorase 5 (0.9) 15 (1.0) 69 (5.7) 8 (3.0) 3 (0.2) 
Cytochrome oxidase 1 (0.1) 14 (0.7) 68 (4.3) 11 (2.6) 6 (0.2) 
PA 5 (1.9) 73 (9.9) 15 (2.5) 4 (1.8) 4 (0.5) 

The fractions were isolated from a discontinuous sucrose gradient (Fig. 1) and washed by centrifugation as described 
in Materials and Methods. The soluble fraction is the pooled washings of the gradient fractions. The values represent 
the percent distribution in each of the gradient fractions of the total enzyme activity recovered from the gradient. The 
actual recoveries, based on the initial membrane + granule fraction (Table I), ranged from 78% to 109%. The values 
in parenthesis represent the ratio of the specific activity of the enzyme in the isolated fraction to that in the original 
homogenate. 

ber of experimental problems (see references 18 
and 63), the subcellular distribution of PA activity 
was compared to the distribution of a radiochemi- 
cal marker.  It has been shown that L-[3H]fucose, 
after 4 h of labeling, is incorporated predomi- 
nantly into cell surface glycoproteins of intestinal 
columnar cells and cultured HeLa cells (1, 3). 
After  a 24-h incubation with L-[3H]fucose, the 
subcellular distribution of TCA-insoluble radioac- 
tivity was compared with the subcellular distribu- 
tion of PA activity from the same cultures of RSV- 
CEF (Table III). Fraction B contains a majority of 
the PA and [3H]fucose activities and has similar 
specific activity enrichment for both components.  
Fraction C contains approximately 25% of the 
two activities. Although fraction A is a minor 
membrane fraction and contains only small 
amounts of PA and [aH]fucose activities, the PA 
activity is approximately 50% that of [3H]fucose 
activity. 

Isolation o f  Membranes  under 

Various Conditions 

Since the above-described isolation scheme re- 
sults in a selective enrichment of cell-associated 
PA activity in a specific membrane  fraction, it was 
important to determine whether the association of 
PA activity with membranes  ( a )  was simply due to 
the method of cell homogenization, or ( b )  unique 
to RSV-transformed CEF.  Table IV shows the 
subcellular distribution of PA activity after ho- 

TABLE I I I  

Comparison of the Percent Distribution of PA and 
[3H]Fucose afier Sucrose Gradient Centrifugation of 
the Membrane and Granule Fraction 

Fraction PA [*l-'llFueose 

A 6 -+ 1 (3.1) 11 --+ 1 (3.6) 
B 56 _+ 3 (5.0) 59 -+ 4 (5.3) 
C 27 -+ 1 (2.5) 22 -+ 2 (2.0) 
D 6 -+ 1 (2.1) 3 - 1 (1.4) 

Soluble 5 --- 2 (0.1) 4 -+ 2 (0.3) 

Growing cultures of RSV-CEF were labeled with 
[3H]fucose for 16-20 h in media supplemented with 
10% fetal bovine serum. The cells were harvested and 
subcellular fractions were isolated by differential centrif- 
ugation as described in Table I and Methods and Materi- 
als. Approximately 70-80% of the trichloroacetic acid 
(TCA)-insoluble [SH]fucose activity and PA activity was 
sedimented in the total membrane and granule fraction 
(8-19% of both activities was found in the nuclear frac- 
tion and 5-11% of both activities was found in the 
soluble cytoplasmic fraction). The total membrane and 
granule fraction was separated on a discontinuous su- 
crose gradient as described in Table II and Fig. 1. The 
fractions were analyzed for TCA-insoluble [3H]fucose 
and PA activity. The values represent percent distribu- 
tion and specific activity ratio as in Table II, and are the 
averages from three separate experiments in which all 
determinations were carried out in duplicate or triplicate. 

mogenization of RSV-CEF in two distinctly differ- 
ent homogenizing media. Fractionation of cells 
homogenized in either iso-osmotic sucrose plus 
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EDTA or hypotonic Tris buffer plus MgCl2 yields 
a similar enrichment of PA activity in fraction B. 
The subcellular fractionation of SV40-trans- 
formed hamster fibroblasts also results in selective 
enrichment of PA activity in fraction B (Table 
IV). In addition, the isolation of a majority of the 
cell-associated PA activity in fraction B is not 
altered by the growth state of the cells nor by the 
presence or absence of plasminogen in the growth 
media (results not shown). Also, when PA is as- 
sayed by the method of Troll and colleagues (8) 
using a fluorescent-labeled substrate, the distribu- 
tion of PA is similar to the distribution data ob- 
tained when PA is assayed by the standard 12~I- 
fibrin plate assay (results not shown). 

Electron Microscopy 

Electron micrographs of the fractions obtained 
by sucrose gradient centrifugation are shown in 
Fig. 2. Fraction B (Fig. 2 b)  is composed of a 
relatively homogeneous population of distinct 
membrane structures, mostly in the form of vesi- 
cles, and is free of identifiable nuclei, mitochon- 
dria, and rough endoplasmic reticulum. Although 
some dense-staining granules are occasionally ob- 
served, fraction B does not appear to be enriched 
in secretory or zymogen granules. Fraction B ap- 
pears morphologically similar to a plasma mem- 
brane fraction isolated from CEF by Perdue and 

co-workers (42, 43). Fraction C (Fig. 2c )  is a 
heterogeneous membrane fraction composed of 
broken and swollen mitochondria (EDTA is pres- 
ent throughout the isolation) and some endoplas- 
mic reticulum elements. This fraction does contain 
significant amounts of dense-staining granules. 
Fraction D (Fig. 2 d )  is also a heterogeneous 
membrane fraction containing fragmented and 
swollen mitochondria, fibrous material, and some 
nuclei. Fraction A (Fig. 2a ) ,  which represents less 
than 3% of the total cellular protein, is composed 
of membrane vesicles with interspersed amor- 
phous material. 

Equilibrium Centrifugation 

Since fraction B is isolated from a 20-40% 
sucrose interface on a discontinuous gradient, it is 
therefore composed of membrane structures vary- 
ing in buoyant density from 1.06 to 1.18 g/cm s. 
Further purification of fraction B on a shallow 
continuous sucrose gradient (Fig. 3) indicates that 
the equilibrium distribution of PA activity closely 
parellels the distribution of the membrane en- 
zyme, 5'-nucleotidase. The two peaks of 5 ' -nude- 
otidase and PA activity are similar in buoyant 
density to two peaks of CEF plasma-membrane- 
enriched fractions previously reported by Perdue 
and co-workers (42, 43). The peak of enzyme 
activities near the bottom of the gradient may 

T~LE IV 
Subcellular Distribution of PA- Different Preparations of Cellular Homogenates 

Cell source (homogenizing media) 

RSV-CEF RSV-CEF SV40 Hamster 
Fraction (0.25 M sucrose 1 mM EDTA) (0.01 M Tris 0.2 mM MgClz) (0.25 M sucrose 1 mM EDTA) 

Differential centrifugation 
Nuclear 17 18 8 (0.7) 
Membrane + granule 73 79 86 (2.3) 
Cytoplasmic 10 2 6 (0.1) 

Discontinuous gradient 
A 4 2 6 (0.8) 
B 70 60 61 (6.8) 
C 23 25 10 (0.8) 
O 1 2 12 (0.7) 
Soluble 3 12 12 (0.3) 

Companion cultures of RSV-CEF were processed in parallel and the isolated cells were homogenized in the indicated 
medium. Subcellular fractionation was carried out as described for Tables I and II, except that each fraction was 
washed and resuspended in the respective homogenizing media. Values represent the percent distribution of PA 
activity. Fractionation of hamster SV40 cells was carried out in a separate experiment. The values in parenthesis for 
the hamster SV40 fractionation scheme represent the specific activity ratio as defined in Tables I and II. The specific 
activity of the hamster SV40 cellular homogenate is 17.2 x 104 cpm/h/mg protein. 
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FIGURE 2 Electron micrographs of discontinuous gradient fractions. Fractions A-D (Fig. 2, Table II) 
were prepared for electron microscopy as described in Materials and Methods. a-d Represent fractions 
A-D,  respectively. Calibration bar = 1 /~m; x 25,000. 
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represent elements of the plasma membrane 
which are either aggregated with or adsorbed to 
nonplasma membrane structures since the activi- 
ties of the mitochondrial and endoplasmic reticu- 
lum enzymes, which initially contaminated frac- 
tion B, are found in this area of the gradient 
(results not shown). The larger amount of PA 
activity, relative to 5'-nudeotidase activity, at the 
bottom of the gradient also indicates that PA may 
be associated to some extent with other membra- 
nous organelles or substructures. The lysosomal 
marker, ~-D-glucosaminidase, initially present in 
the low amounts in fraction B, is now found in 
fraction 2 and fractions 5-7 (results not shown). 
Similar equilibrium distribution data are obtained 
when Ficoll or dextran gradients are employed. 1 

Treatment o f  Fraction B 

In order to examine the nature of the associa- 
tion of PA with membranes, fraction B was sub- 
jected to a number of chemical and physical treat- 
ments and centrifuged at 100,000 g for 1 h, and 
the distribution of the PA and other marker en- 
zymes was followed. Table V indicates that after 
hypotonic EDTA extraction, high salt extraction, 
or vigorous sonication, the PA activity remains 
sedimentable and rebands in a sucrose gradient at 
the initial density. The plasma membrane marker, 
5'-nucleotidase, behaves similarly under the same 
conditions. The small amount of the lysosomal 
enzyme/3-D-glucosaminidase present in fraction B 
serves as an internal control for the behavior of 
granule-bound enzymes after such treatments. Ta- 
ble V demonstrates that all three procedures result 
in a substantial solubilization of the /3-D-glucosa- 
minidase activity, indicating that granule-bound 
enzymes can be released by these treatments. In 
addition, 41% and 45% of the protein in fraction 
B are solubilized by sonication and high salt ex- 
traction, respectively, indicating that substantial 
amounts of protein are loosely bound or adsorbed 
to the isolated membranes. The sedimentation of 
80-90% of the PA activity after these treatments 
and its subsequent rebanding on a sucrose gra- 
dient indicate that PA is firmly associated with 
cellular membrane components. 

PA in Normal Cells 

The subcellular distribution of PA activity in 
normal cells has also been examined. Homoge- 

J. P. Quigley. Unpublished observations.  
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nates of normal cells have only small amounts of 
detectable PA activity compared with homoge- 
nates of transformed cells (61). This might be due 
to decreased synthesis of PA, to a latent, unex- 
pressed activity in normal cells, or to the presence 
of a PA inhibitor in normal ceils. In the latter case, 
one might expect that subcellular fractionation of 
normal cell homogenates might yield a partially 
purified fraction, relatively free of inhibitors, in 
which the PA activity approached that of a compa- 
rable fraction from transformed cells. Therefore, 
the specific activity of PA in all normal cell frac- 
tions was determined and compared directly to the 
specific activity of PA observed in similar fractions 
isolated in parallel from transformed cells. Normal 
and transformed cells were grown under identical 
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TABLE V 

Distribution of  PA, and Membrane and Granule.Associated Enzymes in a High-Speed Supernate and Pellet after 
Various Treatments and Extractions o f  Fraction B 

Distribution (%) 

Treatment Fraction Protein PA 5'-Nucleotidase ~-o-Glucosaminidase 

Control-homogenizing medium 

Sonication in homogenizing medium 

Extraction in 0.001 M EDTA 

Extraction in 0.5 M NaCI 

pellet 72 90 91 83 
supernate 28 10 9 17 

pellet* 59 81 83 34 
supernate 41 19 17 66 

pellet 71 85 87 57 
supernate 29 15 13 43 

pellet 55 84 88 40 
supernate 45 16 12 60 

Fraction B, containing 4.8 mg protein, 390 U PA, 7.4 U 5'-nucleotidase, and 2.6 U glucosaminidase, was divided 
into four equal aliquots. One aliquot was diluted with homogenizing medium and served as a control. Another aliquot 
was diluted with homogenizing medium and was sonicated three times for 10-s duration each time. A third aliquot 
was diluted with distilled water containing 1 mM EDTA and homogenized in a Dounce homogenizer. The fourth 
aliquot was diluted with NaCI to a final concentration of 0.5 M and homogenized in a Dounce homogenizer. All four 
samples were centrifuged at 50,000 rpm for 1 h in an SW50.1 rotor. The resulting pellets and supernates were 
analyzed for protein and the indicated enzymes. The values represent the percent distribution of protein and enzyme 
activities between the supernate and the pellet. The recoveries based on the original fraction B were: protein (86- 
102%); PA (90-99%); glucosaminidase (101-137%); 5'-nucleotidase (85-90%). 
* Pellet was rebanded on a discontinuous sucrose gradient, and 87% of the PA activity and 81% of the 5'- 
nucleotidase activity were recovered at the 20-40% sucrose interface. 

conditions and harvested at near-confluent densi- 
ties. Both cell types had doubled in cell number 
during the 20 h before harvesting.2 Table VI indi- 
cates that, although the PA activity in normal cells 
is approximately 40-50-fold lower than that of 
transformed cells, its subcellular distribution is 
nearly identical. In addition, the ratio of the spe- 
cific activity of normal cell PA to that of trans- 
formed cell PA (last column, Table VI) in the 
isolated fractions is essentially the same as the 
ratio of the original homogenates. 

DISCUSSION 

A membrane fraction fraction has been isolated 
from RSV-transformed CEF that contains approx- 
imately 60% of the total cell-associated PA activ- 
ity but less than 8% of the total cellular protein. 
The specific activity of PA in this fraction (Frac- 
tion B) is 40-fold higher than that of a comparable 

z The specific activity of PA and the difference in PA 
activity between normal CEF and RSV-tranformed CEF 
are not significantly affected by the growth rate or cell 
density of the cultures. R. H. Goldfarb and J. P. Quig- 
ley. Unpublished observations. 

fraction isolated from companion cultures of nor- 
mal cells grown under identical conditions. The 
pattern of PA distribution in isolated RSV-CEF 
subcellular fractions and the enrichment of PA 
activity in fraction B are not significantly affected 
by the growth state of the cells or the ionic compo- 
sition of the homogenization medium. In addition, 
an enrichment of PA activity in a similar fraction 
obtained from mammalian cells transformed by a 
DNA tumor virus demonstrates that a membrane- 
associated form of PA is not unique to RSV-CEF. 

Fraction B contains little or no nuclear and 
soluble cytoplasmic material and is contaminated 
to a relatively small degree with mitochondria, 
lysosomes, and endoplasmic reticulum (Table II). 
The fraction contains a majority of the putative 
plasma membrane markers, 5'-nucleotidase, Na § 
K+-ATPase, and [aH]fucose, and significant 
amounts of the putative Golgi marker, TPPase. 
Although 43% of the TPPase activity present in 
the initial membrane and granule fraction is re- 
covered in fraction B, the initial membrane and 
granule fraction contains only 51% of the total 
cellular TPPase activity (Table I). Thus, only 22% 
of the total TPPase activity is present in fraction B 
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TABLE VI 
Specific Activity and Intracellular Distribution of  PA in Normal Cells-Comparison with Transformed Cells 

Normal CEF RSV-transformed CEF Ratio 
sp act normal 

Fraction Protein PA PA Protein PA PA sp act transformed 

% distribution sp act* % distribution sp act* 

I. Nuclear 14 7 0.18 18 11 11.2 0.02 
Membrane + granule 35 80 0.85 30 80 46.6 0.02 
Cytoplasmic 51 13 0.09 52 9 3.2 0.03 

II. A 17 1 0.06 18 1 3.5 0.02 
B 41 68 1.59 42 77 65.7 0.02 
C 32 25 0.79 34 19 27.4 0.03 
D 9 6 0.34 5 2 14.7 0.02 

Original homogenate 0.31 13.1 0.02 

Subcellular fractionation was performed on parallel cultures of CEF and RSV-CEF as described in Materials and 
Methods and Tables I and II, except that the gradient fractions were not washed. 
* Specific activity is expressed as cpm ~25I/h/mg protein x 10 -4. 

compared with 50-60% of the total 5'-nucleotid- 
ase, Na § K+-ATPase, [3H]fucose, and PA activi- 
ties. The relatively high specific activities of Na § 
K+-ATPase, 5'-nucleotidase, and [3H]fucose fur- 
ther indicate that fraction B is enriched in plasma 
membrane. The fraction also appears to be en- 
riched in Golgi membranes but the specific activity 
enrichment of TPPase is not so great as that ob- 
tained for 5'-nucleotidase, Na § K+-ATPase, 
[3H]fucose, and PA (Tables II and III). It should 
also be noted that TPPase has been shown to be a 
marker for Golgi  membrane only in noncultured 
cells (7) and that its use as a Golgi marker in this 
study is based on inference. On the other hand, 5'- 
nucleotidase and Na +, K+-ATPase have been re- 
ported to be plasma membrane markers in cul- 
tured CEF (4, 43). Mg++-ATPase is also enriched 
in fraction B, but the ubiquitous nature of this 
enzyme activity in many membrane fractions pre- 
cludes the use of it as a marker for specific mem- 
branes. The activity of this enzyme is measured 
only as a necessary part of the Na § K+-ATPase 
assay. 

Further purification of the PA activity in the B 
band by equilibrium gradient centrifugation (Fig. 
3) results in a PA distribution that closely parallels 
the distribution of the membrane enzyme, 5'-nu- 
cleotidase. The equilibrium centrifugation also 
separates the remaining contaminating activities of 
NADH diaphorase and cytochrome oxidase from 
the bulk of the PA and 5'-nucleotidase activities. 
Although the lysosomal marker fl-~-glucosamini- 

dase can be only partially separated from the PA 
activity by equilibrium centrifugation, the pattern 
of distribution in the gradient is distinctly different 
for the two enzymes. These data in conjunction 
with data on the distribution of the lysosomal 
marker after differential centrifugation (Table I), 
its distribution after discontinuous sucrose gra- 
dient centrifugation (Table II), the low incidence 
of morphologically identifiable lysosomes in frac- 
tion B (Fig. 2), the lack of a significant enrichment 
of fl-D-glucosaminidase in fraction B compared to 
PA (Table II), and the different behavior of the 
two enzymes after various treatments (Table V) 
indicate that PA is not a lysosomal enzyme. 

These data indicate that a transformation-de- 
pendent, neutral serine protease is firmly associ- 
ated with specific cellular membranes. Although 
the data do not completely distinguish between 
plasma membranes and Golgi membranes or 
heretofore undefined membranes as the specific 
PA-associated membrane, the marker enzyme 
analysis and the observed behavior of the mem- 
brane-associated PA do indicate that PA is not 
associated to any great extent with the nucleus, 
mitochondria, endoplasmic reticulum, or lyso- 
somes. The distribution and behavior of PA activ- 
ity do appear closely to parallel those of the puta- 
tive plasma membrane marker, 5'-nucleotidase. 
This observation, however, could be subject to a 
number of interpretations. The use of 5'-nucleo- 
tidase as a definitive plasma membrane marker 
has been questioned by a number of workers (12, 
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19, 31, 33). It appears that in some cell types 5'- 
nucleotidase is not necessarily unique to the 
plasma membrane and does not exactly parallel 
the distribution of true plasma membrane markers 
such as specific surface receptors (12). In fact, in 
some cell types it has been shown that 5'-nucleo- 
tidase is found on Golgi membranes (19, 33). 
However, all these studies have dealt with the 5'- 
nucleotidase from fat cells, liver cells, and HeLa 
cells. In the case of cultured CEF, which is the cell 
type used in the present study, 5'-nucleotidase has 
been used effectively to monitor the purification of 
the surface membrane (4, 43). 

Although PA activity does closely parallel 5'- 
nucleotidase activity, its distribution is not identi- 
cal to that of 5'-nucleotidase. Fraction A (Table 
II) contains more 5'-nucleotidase activity (and 
Na § K+-ATPase activity) than PA activity rela- 
tive to the major plasma membrane-enriched frac- 
tion, fraction B. In addition, the bottom of the 
equilibrium gradient (Fig. 3) contains more PA 
activity than 5'-nucleotidase activity. These slight 
but significant differences may indicate that PA is 
not solely associated with plasma membrane and is 
a part of other membranous organelles that are 
"plasma membrane-like" in their biophysical be- 
havior, such as Golgi membranes or precursors of 
plasma membranes. On the other hand, these 
differences may also indicate that there exists a 
heterogeneity within the plasma membrane. Dis- 
tinct domains of plasma membrane that contain 
different ratios of lipid, carbohydrate, protein, 
and enzymatic activities may exist and be separa- 
ble under conditions of sucrose gradient fractiona- 
tion. It has been suggested that a lack of exact 
continuity between the subcellular distribution of 
individual surface membrane markers indicates 
that a molecular heterogeneity exists within a cell's 
surface membrane (18, 51, 63). Thus, the lack of 
exact continuity between PA and membrane 
markers in fraction A and in the equilibrium gra- 
dient may reflect this heterogeneity. It should be 
noted, however, that fraction A and the bottom of 
the equilibrium gradient represent only minor por- 
tions of the total PA and membrane marker activi- 
ties. The bulk of the PA activity closely parallels 
the bulk of the 5'-nucleotidase, Na § K§ 
and [3H]fucose activities. 

The exact nature of the association of PA with 
membranes in fraction B is not clear at the present 
time. The results do not distinguish between PA 
being an "integral" membrane protein (55) and 

PA being a protein firmly bound to subcellular 
membranes, possibly through specific receptors on 
the membrane. The data in Table V do indicate, 
however, that PA is not a "peripheral" membrane 
protein (55), i.e. one that is loosely bound to 
cellular membranes. The data in Table V also 
indicate that PA, as isolated, is not enclosed or 
trapped within membrane vesicles or granules that 
are disruptable upon hypotonic extraction, hyper- 
tonic extraction, or vigorous sonication. 

Since PA is closely associated with plasma 
membrane-like or Golgi membrane-like elements 
of the cell, one can speculate that a protease which 
has catalytic access to the cell surface and is dra- 
matically enhanced upon malignant transforma- 
tion may be an intrinsic modifier of cell surface 
proteins after malignant transformation. PA is a 
neutral, serine protease (61) and therefore it can 
function catalytically within the neutral pH envi- 
ronment of the cell surface. In addition, since 
nanogram quantities of exogenously added, neu- 
tral serine proteases, such as thrombin, can have 
dramatic effects on the surface properties of nor- 
mal ceils 3 (13, 58), an endogenous, membrane- 
associated protease could have pronounced intrin- 
sic effects on the surface properties of transformed 
cells. Although plasminogen is the only known 
substrate of PA, this does not preclude the possi- 
bility that other proteins within the microenviron- 
ment of the cell surface may also be substrates for 
this enzyme or substrates for the plasmin that 
might be generated at the cell surface by the action 
of PA. Cellular behavior thus could be profoundly 
influenced by the enhanced activity (greater than 
40-fold over normal cells) of a membrane-associ- 
ated enzyme that has the potential to catalytically 
modify or hydrolytically eliminate cell surface reg- 
ulatory molecules. 
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