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Summary 

Plasma membranes isolated from normal thymocytes of hamster and rats 
were found to exhibit neutral protease activity toward 12SI-labeled casein. The 
plasma membrane~sociated proteases were completely inhibited by the serine 
protease inhibitors, diisopropyl fluorophosphate, phenylmethylsulfonyl fluo- 
ride and p-nitrophenyl-p~,nmnidinobenzoate, partially inhibited by soybean 
trypsin inhibitor and antipain, but were only weakly inhibited by L-l-tosyl- 
amino-2-phenylethyl chloromethyl ketone. The plasma membrane-associated 
proteases were also completely inhibited by ZnCI2 (75--100/AVI), but they were 
not affected by several other divalent cations. The plasma membrane fraction 
contained a plasminogen activator activity which was specifically localized in 
this fraction. The plasma membrane~ssociated plasminogen activator activity 
was inhibited by all of the inhibitors which inhibited plasma membrane- 
associated proteases except L-l-tosylamido-2-phenylethyl chloromethyl ketone. 
Labeling of plasma membrane-associated serine esterases with [3H]diisopropyl 
fluorophosphate followed by separation of the proteins by sodium dodecyl sul- 
fate polyacryl~mide gel electrophoresis revealed that this fraction contained a 
single major 3H-labeled protein of Mr 105 000. Both the plasminogen activator 
and the Mr 105 000 esterase were shown to be glycoproteins by affinity chro- 
matography on lentil lectin-Sepharose. These results indicate that the plasmino- 
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gen activator of  thymocytes  is a glycosylated serine protease with an active site- 
containing subunit of  Mr 105 000 which is specifically localized in the plasma 
membrane. 

Introduct ion 

Cell surface proteases have been detected on a large number of cell types, 
including lymphocytes,  monocytes,  basophils, and cultured cell lines from sev- 
eral tissue sources [1--5]. The surface proteases of basophils and several cell 
lines have .been shown to function as plasminogen activators in vitro [4,5]. The 
fact that proteases with plasminogen activator activity are present on the sur- 
face of  cells derived from several distinct tissues from several species suggests 
that  these proteases may represent constitutive enzymes which participate in 
the basic metabolic and regulatory functions of  the surface membrane. While 
the physiological functions of these surface proteases have not  been estab- 
lished, proteases which act at the cell surface have been implicated in a variety 
of  cellular processes, such as shedding of  plasma membrane proteins [6], regu- 
lation of  membrane-bound enzymes [7,8], and control of  cell growth in 
lymphocytes [4,10,11] and in other cell types [12,13]. 

In a previous report  [14], we examined the cell surface proteases exhibited 
by viable thymocytes  and lymph node cells of  hamsters and rats and demon- 
strated the presence of  cell surface protease activity(s), one of which could 
function as a plasminogen activator. The present report describes the partial 
characterization of the proteases associated with the plasma membrane fraction 
isolated from normal thymocytes  of  hamsters and rats. On the basis of  inhibi- 
tor sensitivity, the plasma membrane~ssociated proteases are similar to the 
proteases which were previously detected on viable cells [14]. One of these 
proteases has piasminogen activator activity and is enriched in the plasma mem- 
brane fraction of  thymocytes.  We have also demonstrated that  the plasminogen 
activator is a glycoprotein, suggesting that  it is an ecto-enzyme present at the 
thymocyte  surface. 

Materials and Methods 

Materials. Normal female MHA hamsters and CD rats (4--8 week-old) were 
obtained from Charles River Breeding Colony (Vineland, NJ). [3H]DFP (3.9 
Ci/mmol) was obtained from Amersham-Searle Corp. (Arlington Heights, IL). 
Unlabeled DFP and PMSF were purchased from Calbiochem (La Jolla, CA). 
Soybean trypsin inhibitor was purchased from Worthington Biochemicals 
(Freehold, NJ). NPGB was purchased from U.S. Biochemical Corp. (Cleveland, 
OH). Antipain was obtained from Peninsula Laboratories (San Carlos, CA). Por- 
cine plasminogen (4.3 CTA uhits/mg protein) was purchased from Sigma Chem- 
ical Company (St. Louis, MO). Reference standard urokinase (2240 Plough 
units/vial; lot No. 001282) was purchased from Calbiochem (La Jolla, CA) and 
was solubllized in Hepes-buffered saline (2240 Plough units/ml) and stored at 
--70°C in aliquots. Purified casein was purchased from Difco Laboratories 
(Detroit, MI). All reagents for polyacrylamide gel electrophoresis were obtained 
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from Eastman Kodak Co. (Rochester, NY). Sephadex G-25, G-50, G-100, 
Sepharose CL-4B and ampholines (pH 3--10) were obtained from Pharmacia 
(Uppsala, Sweden). All other reagents used were commercially avmlable reagent 
grade. 

Cell isolation. Thymi were obtained from normal female hamsters or rats and 
single cell suspensions were prepared as previously described [14]. Thymocyte  
preparations utilized in this study consisted of greater than 98% small lympho- 
cytes, 1% red blood cells, and did not  contain morphologically identifiable 
macrophages (less than one per 10 a counted cells). Cell viability was greater 
than 95% by the trypan blue exclusion test. 

Plasma membrane isolation. Thymocytes  were disrupted by N2 cavitation 
and the plasma membranes were isolated essentially as described by Schmidt- 
Ullrich et al. [15] except that  sucrose gradients, rather than dextran gradients, 
were used for equilibrium density ultracentrifugation. Briefly, thymocytes  were 
washed twice and resuspended in Hepes-buffered saline (10 mM Hepes, 
0.075 M NaC1, 0.065 M KC1, pH 7.2) containing 0.5 mM MgC12. The cell sus- 
pension (4.0--8.0.107 cells/ml) was homogenized in a Kontes Minibomb 
(Vineland, NJ) equilibrated with 425 lb/inch 2 N2 for 15 min at 4°C. Differen- 
tial centrifugation was performed exactly as described by Schmidt-Ullrich et al. 
[15]. The large granule pellet (largely lysosomes and mitochondria)was resus- 
pended in 1.0 ml Hepes-buffered saline and layered onto a 30% (w/w) sucrose 
cushion and centrifuged at 200000  × g  for 3.5 h at 4°C in order to recover 
plasma membrane which initially pelleted with the large granules. The band at 
the interface was collected with a pasteur pipette and combined with the mi- 
crosomal pellet. The pellet at the bo t tom of  the tube was resuspended in 
Hepes-buffered saline and washed once at 10000 × g  for 20 min at 4°C and 
designated large granules. The combined microsomes were washed in hypotonic 
buffer, first in 10 mM Hepes, pH 7.5, then in 1 mM Hepes, pH 7.5, in order to 
remove cytoplasmic constituents trapped within the membrane vesicles. The 
washed microsomes were resuspended in 1.0 ml of  10 mM Hepes containing 0.1 
mM MgC12, pH 7.5, diluted with an equal volume of 40% sucrose (w/w in 10 
mM Hepes containing 0.1 mM MgC12, pH 7.5) and layered onto discontinuous 
sucrose gradients with 2.0-ml steps of  30 and 40% (w/w) sucrose. The gradients 
were developed at 200 000 × g for 4.5 h at 4°C; the resulting bands at the 20-- 
30% and 30--40% interfaces were collected with a pasteur pipette and desig- 
nated plasma membrane and endoplasmic reticulum, respectively. Thus, this 
fractionation yielded five subcellular fractions: nuclear pellet, cytosol, large 
granules, endoplasmic reticulum and plasma membrane. 

Characterization o f  membrane fractions. The distribution of subcellular 
membranes was followed by analysis of  marker enzymes as suggested by 
Schmidt-Ullrich et al. [15]. Plasma membrane was monitored with alkaline 
p-nitrophenylphosphatase .(EC 3.1.3.1) as assayed by Bosmann et al. [16] and 
endoplasmic reticulum was monitored by NADH: lipoamide oxidoreductase 
(EC 1.6.4.3) assayed as described in Ref. 17. ~-D-Glucuronidase (EC 3.2.1.31) 
was used as the lysosomal marker and was assayed as described in Ref. 18 using 
p-nitrophenyl~-v-glucuronide as substrate. Succinate dehydrogenase (EC 
1.3.99.1) was used as a mitochondrial marker (inner membrane) and was 
assayed by the spectrophotometric method of  Slater and Bonner [19]. ProteLn 
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was determined by using the method of Lowry et al. [20], using bovine serum 
albumin as the standard. 

Plasminogen. Two sources of plasminogen were used in these experiments, 
affinity-purified rat plasminogen and a commercial preparation of porcine plas- 
minogen. Porcine plasminogen (4.3 CTA units/rag protein) was solubilized in 
Hepes-buffered saline (4 mg protein/ml) and was treated with 5 mM DFP at 
4°C, overnight, to inhibit contaminating plasmin activity, and was dialyzed to 
remove excess DFP before use. After this treatment, a low level of residual 
caseinolytic activity was still present as can be seen in the plasminogen controls 
in Fig. 1A. The dialyzed plasminogen was divided into aliquots and stored at 
--70°C and was stable for approx. 1 month. 

Rat plasminogen was isolated from fresh, citrated, rat plasma by affinity 
chromatography on lysine~epharose essentially as described by Deutsch and 
Mertz [21] for the isolation of human plasminogen. In a typical isolation, 15 
ml of fresh, citrated, rat plasma were diluted with an equal volume of 0.3 M 
sodium phosphate, pH 7.5, and DFP was added to a final concentration of 
5 raM. The sample was passed through a column of lysine-Sepharose 4B (1.0 × 
20 cm containing 15 ml packed lysine~epharose) prepared as described in Ref. 
21. The column was washed with 0.3 M sodium phosphate, pH 7.5, until the 
absorbance at 280 nm was less than 0.01 (approx. 75 ml). Absorbed plasmino- 
gen was eluted in a sharp peak with 0.025 M e-aminocaproic acid in 0.3 M 
sodium phosphate, pH 7.5 [22]. The final yield of plasminogen was 1.5--1.8 
mg (0.1--0.12 mg/ml plasma). The specific activity of this plasminogen prepara- 
tion was 21.4 CTA units/mg protein by comparison with the porcine plasmino- 
gen of known activity when assayed with ~2SI-labeled casein in the presence of 
excess urokinase. Using SDS-polyacrylamide gel electrophoresis to monitor 
purity of the isolated plasminogen, it was observed that these plasminogen 
preparation contained less than 1% contamination by other proteins as deter- 
mined by Coomassie blue staining or 12sI labeling (Fig. 3). This rat plasminogen 
preparations contained no detectable plasmin activity in a 3 h assay at 37°C 
with 75 /~g ~2sI-labeled casein as substrate, but was readily activated by both 
urokinase and rat thymocyte plasma membrane fractions (Fig. 1B). This plas- 
minogen preparation was stable when stored as a solution (0.5--1.0 mg/ml) in 
0.1 M sodium phosphate, pH 7.2, at --70°C for at least 3 weeks. 

Preparation of radioactively labeled protease substrates. Casein was solu- 
bilized in Hepes-buffered saline at a concentration of 20 mg/ml and deaggre- 
gated by centrifugation at 100 000 × g for 2 h at 4°C. Deaggregated casein was 
iodinated with Na125I by the chloramine T procedure [23] to a specific activity 
of approx. 100 000 cpm//~g protein. Iodinated casein was desalted and sepa- 
rated from a low molecular weight contaminant by chromatography on a col- 
umn of Sephadex G-100 (1.5 X 35 cm) equilibrated in Hepes-buffered saline. 
The final product was sterilized by passage through a 0.45/~m MiUipore filter 
and stored at 4 ° C. 

Iodinated rat plasminoge~ was prepared by chloramine T iodination of 
affinity-purified rat plasminogen with Na12SI to a specific activity of 50 000 
cpm//~g protein [23]. The ~2SI-labeled plasminogen was desalted on a column of 
Sephadex G-25 (1.0 × 20 cm) equilibr~.ted in 0.1 M sodium phosphate, pH 7.2. 
Iodinated plasminogen was used immec!iately or was stored at --70°C. 
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Assay of neutral protease and plasminogen activator activity. Neutral prote- 
ase and plasminogen activator were assayed as previously described [14]. The 
assay employed was a casein01ytic assay using ~=SI-labeled casein as substrate. 
Protease activity was measured as the release of  5% trichloroacetic acid~oluble 
~2SI-labeled digestion products from the ~2SI-labeled casein. To measure neutral 
protease activity (pH 7.2) in the subceUulax fractions of  thymocytes, 25--75 #g 
sample protein were incubated with 12SI-labeled casein in a total volume of  0.25 
ml Hepes-buffered saline containing 0.5% Nonidet P40, pH 7.2, for 0--3.5 h at 
37°C. At 0, 1, 2, and 3 or 3.5 h after the addition of  substrate, 0.5 mg un- 
labeled casein was added and the reaction mixture was precipitated with an 
equal volume (0.3 ml) of  10% cold trichloroacetic acid. The precipitates were 
incubated for at least 2 h at 4°C (identical results were obtained when precipi- 
tates were incubated at 4°C overnight). The resulting precipitate fractions were 
removed by centrifugation at 1500 X g for 10 rain and 100-#1 aliquots of  the 
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Fig. 1. Kinetics of protease and p lAminogen  act ivator  assays. (A) 12$lqabeled casein hydrolysis  in the 
presence of 75 pg 12$1qabeled casein for 0--3.5 h at  37°C: (e)  buffer  only;  (m) 20 pg porcine p l u m / n o -  
gen; (o) 50 ~g rat  t hymocy te  plasma membrane;  (o) 50 pig plasma membrane  + 20 pg p lumlnogen .  Assays 
were performed in 0.25 ml Hepel-buffered sa l ine/Nonidet  P40, and were s topped at  the indicated t imes 
by addi t ion  of 50 pl unlabeled casein (0.5 ms)  end 0.3 ml cold 1 0 ~  tadchloroacetic acid. Aliquots  (100 pl) 
of the soluble fract ion were counted for 125I and multipUed by  6 to calculate to ta l  cpm releued/mmay. 
Values represent  aver~[e de terminat ions  of tadplicate a~ays .  Standard deviat ion was less than  10~.  (B) 
1251-1abeled casein hydro ly  .4- in the presence of 76 pg 12$1-1abeled casein for 0---3 h at  37°C: (o) buffer  
only:  (4) 20 ~g rat  plasminogen;  (o) 0.1 U urok/nase;  (e)  75 pg rat  t hymocy te  plasma membrane;  (a) 
0.1 U urokinase + 20 ~[  plasminogen:  (A) 75 pg plasma membrane  + 20 pg p lum/nogen .  Assays were per- 
formed as described in A. Values represent  average de terminat ions  of t r ipl icate  assays. Standard deviat ion 
was l e ~  than I 0 ~ .  

Fig. 2. Concent ra t ion  dependence of p l u m i n o g e n  act ivat ion by rat  t h y m o c y t e  plasma membrane.  (A) 
Act ivat ion of porcine p)Aam~o~sn: (B) act ivat ion of ra t  plaau~dnogen. Plsm~tnogen at  the  eoneentra t ions  
indicated,  was incubated  with buffer  only (e) or 75 pg plamna membrane  protein (0) for 3 h at  37°C in • 
total  volume of  0.25 m/ Hepes-buffered u / ine / /qon /de t  P40 .  Solub |e  cpm/a,may were determined as in 
Fig. 1. Values represent  average de terminat ions  of t r ipl icate ~ s a y s ;  individual  values did not  vary more 
than  10%. 
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supernatant fractions were assayed for ~2sI in a Nuclear Chicago gamma spec- 
trometer. In preliminary experiments, ~2SI-labeled casein was titrated in this 
assay with each of the subcellular fractions. In all cases, the rate of 12sI-labeled 
casein hydrolysis was dependent on the substrate concentration and 75/Jg 12sI- 
labeled casein/assay (300 /~g casein/ml) provided an excess of substrate such 
that less than 5% of the total cpm were released during the course of the assay. 
Total releasable cpm in the presence of excess trypsin (1 mg/ml) was approx. 
85%. The characteristics of this assay in the presence of 50/~g rat thymocyte 
plasma membrane protein are illustrated in Fig. 1. Digestion of ~2SI-labeled 
casein was linear from 0--3.5 h. Based on these experiments, a standard 3 h 
assay was performed with 75/~g ~2SI-labeled casein in order to quantitate neu- 
tral prote~se activity in the various subcel]~]l~r fractions. To calculate the rate 
of proteolysls, spontaneous background release (soluble cpm in the absence of 
added proteases) was subtracted from the experimental values and the rate was 
calculated according to Eqn. 1: 

experimental cpm -control c p m  
- cprn released/rain per mg protein (1) 

time of assay (rain) x mg protein 

All assays were performed in triplicate and individual values did not vary by 
more than 10%. All experiments were performed at least three times with simi- 
lar results. 

In order to determine plasminogen activator activity in the subcellular frac- 
tions, the caseinolytic assay described above was performed in the presence of 
plasminogen. This represented a modification of the plasminogen activator 
assays described by Remert and Cohen [24] and Johnson et al. [25]. Any plas- 
minogen<tependent increase in z2SI-labeled casein hydrolysis was taken as a 
measure of plasminogen activation. Plasminogen controls were included in all 
assays. The background activity in controls was subtracted from the experi- 
mental values in order to calculate the rate of 12SI-labeled casein hydrolysis in 
the presence of plasminogen (as in Eqn. 1). To calculate net plasminogen acti- 
vator activity, the rate of ~2SI-labeled casein hydrolysis observed in the absence 
of plasminogen (neutral protease activity) was subtracted from the rate ob- 
served in the presence of plasminogen. Thus, both protease and plasminogen 
controls were subtracted from the reported values for plasminogen activator. 
The activation of pl~sminogen by thymocyte plasma membrane fractions was 
linear after a short lag period (Fig. 1) and a standard 3 h assay in the presence 
of excess plasminogen (20/~g/assay, Fig. 2A) was employed for the quantita- 
tion of plasminogen activator in the subcellular fractions of thymocytes. All 
assays were performed in triplicate and individual values did not  vary by more 
than 5%. All experiments were performed at least three 'times with similar 
results. 

Cleavage of ~2SI-labeled plasminogen by rat thymocyte plasma membrane or 
by urokinase was performed oby incubation of 15/~g 12SI-labeled plasminogen 
with 75 /~g plasma membrane protein, 0.1 Plough units urokinase or buffer 
(control) for 3 or 6 h at 37°C in 0.25 ml Hepes-buffered saline containing 0.1% 
Nonidet P40. At the end of the incubation period the reaction was stopped by 
boiling for 2 rain in the presence of 2.0% SDS. Each sample was divided into 
two aliquots, 20 /~1 of 2-mercaptoethanol were added to one aliquot and all 
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samples were boiled for an additional 2 min. Samples were subsequently ana- 
lyzed by SDS-polyacrylamide gel electrophoresis on 9% polyacrylamide gels. 
The gels were cut into fractions and each fraction was analyzed for 125I in a 
Nuclear Chicago gamma spectrometer. 

Labeling with [3H]DFP. The isolated subcellular fractions were labeled with 
[3H]DFP by incubating each fraction (50--200/~g protein) in 0.25 ml Hepes- 
buffered saline with 10 #Ci (10/~M) [3H]DFP for 60 rain at 37°C. The labeled 
fractions were solubilized in 1.0% SDS (2 rain, 100°C), dialyzed and concen- 
trated by vacuum dialysis prior to electrophoretic analysis. 

Lentil lectin affinity chromatography. Lectin from Lens culinaris was affin. 
ity purified from lentil beans and coupled to CNBr-activated Sepharose 4B at 
2 mg protein/ml Sepharose as described by Hayman and Crumpton [26]. Cell 
lysates or Nonidet P40~olubilized membranes were subjected to affinity chro- 
matography on lentil lectin,Sepharose columns equilibrated in Hepes-buffered 
saline containing 0.1% Nonidet P40. The non,adherent fraction was washed 
through the column with the same buffer and saved. The adherent fraction was 
eluted with 0.25 M a-methylmannoside in the starting buffer. The adherent and 
non-adherent fractions were dialyzed and concentrated by vacuum dialysis as 
described above. 

Polyacrylamide gel electrophoresis. Polyacrylamide disc gel electrophoresis 
in the presence of SDS was performed as described by Shapiro et al. [27]. 
Dansylated, cross-linked immunoglobulin light chains were used as internal 
molecular weight standards. These were prepared as follows: a human lambda- 
type Bence~ones protein was reduced and alkylated with 0.22 M dithio- 
threotol and 0.5 M iodoacetamide. The reduced and alkylated protein was 
dansylated using the method of Kinoshita et al. [28] and then cross-Linked with 
dimethylsuberimidate dihydrochloride as described by Carpenter and Hatting- 
ton [29]. When the dansylated, cross-linked light chain was subjected to SDS- 
polyacrylamide gel electrophoresis in the presence or absence of 2-mercapto- 
ethanol, fluorescent bands of Mr 23 000, 46 000, 69 000, 92 000, 115 000 and 
138 000, corresponding to monomers to hexamers, respectively, of the light 
chain, were detected. The standards were visualized with an ultraviolet lamp 
and their positions were marked by injecting a small amount of india ink at the 
position of each fluorescent band prior to slicing the gels. Alternatively, a 
mouse IgM myeloma protein (HP 76), internally labeled with 3H-labeled amino 
acids (/~ chain ffi 80 000, X chain = 23 000), was employed as an external molec- 
ular weight standard. The gels were sliced into 1.5 mm fractions using a Savant 
Autogel Divider and the fractions were analyzed for 3H by liquid scintillation in 
5.0 ml Beckman Redisolv-EP in a Beckman LS350 spectrometer or 125I in a Nu- 
clear Chicago gamma spectrometer. 

Isoelectric focusing in polyacrylamide gels. Isoelectric focusing in polyacryl- 
amide gels was performed.essentially as described by O'Farrell [30] except that 
urea was omitted from all solutions and 15% sucrose (w/v) was added as a mild 
stabilizing agent. The gels were prefocused as described in Ref. 30. Equal quan- 
tities of [3H]DFP-labeled and unlabeled plasma membrane were mixed,  solu- 
bilized in the Nonidet P40~ontaining sample buffer and 250 pg total mem- 
brane protein were focused to equilibrium at 400 V for 13 h followed by I h at 
600 V in 6 mm × 11 cm gels. The gels were sliced into 50 fractions using a 
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Savant Autogel Divider and each fraction was assayed for pH using a Radiome- 
ter pH meter. The fractions (0.5 ml each) were neutralized by addition of  50/~1 
of  1.0 M sodium phosphate,  pH 7.2. One-half of  each fraction was counted for 
3H and the other half was assayed for either protease or plasminogen activator 
activity as described above except that  assays were incubated for 0--16 h at 
37°C, due to the low levels of  enzyme present in each fraction. Hydrolysis of 
~2SI-labeled casein in the presence or absence of  plasminogen was linear for up 
to 16 h at 37°C, and results are reported as cpm released/h. 

Results 

Isolation and characterization of plasma membrane 
Thymocytes  were disrupted by N2 cavitation (425 lb/inch 2, 15 rain, 4°C) 

and plasma membrane was isolated as described in Materials and Methods; the 
subcellular fractions (plasma membrane,  endoplasmic reticulum, large granules, 
nuclei and cytosol) were characterized by marker enzyme analysis. The subcel- 
lular distribution of marker enzymes obtained from hamster thymocytes  is 
shown in Table I. Approx. 45% of  the plasma membrane marker enzyme alka- 
line phosphatase was recovered from the sucrose gradient at the 20--30% inter- 
face (bouyant density = 1.12 g/ml). This fraction contained approx. 2% of the 
homogenate protein, yielding a 19-fold purification of  the plasma membrane 
marker enzyme. The membrane band at the 30--40% interface (bouyant den- 
sity = 1.18 g/ml) contained significant activities of  plasma membrane, endo- 
plasmic reticulum, lysosomal and mitochondrial marker enzymes. Similar frac. 
t ionation of  rat thymocytes  (Table II) yielded separation of  the marker 
enzymes similar to that  obtained with hamster thymocytes.  The plasma mem- 
brane fraction from rat thymocytes  contained less contamination by endoplas- 
mic reticulum and lysosomal marker enzymes (1--2% of total). The major dif- 
ference between the results from the two species was at the level of the large 
granule fraction. Latent ~-glucuronidase activity, indicating intact lysosomes, 
could be demonstrated with the large granule fraction of  rat thymocytes  but  
not  with the large granule fraction of hamster thymocytes.  This result may 
indicate that  the hamster lysosomes were damaged during cell disruption or 
fractionation. 

Plasma membrane localization of thymocyte plasminogen activator 
When neutral protease and plasminogen activator activities of the subcellular 

fractions from both hamster and rat thymocytes  were determined (Tables III 
and IV), plasminogen activator activity was found to be distributed in a manner 
analogous to the plasma membrane marker enzyme alkaline phosphatase. The 
plasma membrane fraction contained approx. 50% of  the total homogenate 
plasminogen activator activity (purification factor= 20--25); however, this 
fraction contained only 5% of  the total neutral protease activity. Thus, the 
thymocyte  plasminogen activitor fractionated as a plasma membrane-localized 
enzyme. Thymocyte  plasma membrane fractions contained plasminogen activa- 
tor activity equivalent to approx. 1.3 Plough units urokinase/mg protein (rat) 
and 1.7 Plough units urokinase/mg protein (hamsters). In contrast, neutral pro- 
tease activity was enriched in the large granule fraction; however, this fraction 
contained only 15% of  the total plasminogen activator activity. 
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T A B L E  III 

S U B C E L L U L A R  D I S T R I B U T I O N  O F  H A M S T E R  T H Y M O C Y T E  P R O T E A S E S  A N D  P L A S M I N O G E N  
A C T I V A T O R  

N e u t r a l  p r o t e a s e  a c t i v i t y  w a s  d e t e r m i n e d  w i t h  1 0 - - 5 0  ~ g  o f  s a m p l e  p r o t e i n  a n d  7 5 / ~ g  12$1-1abeled case in  
in  0 . 2 5  m l  H e p a s - b u f f e r e d  u l i n e  c o n t a i n i n g  0 .1% N o u l d e t  P 4 0  f o r  3 h a t  3 7 ° C .  T o t a l  a c t i v i t y  r e p r e s e n t s  
c p m / m i n  p e r  109  t h y m o c y t e s .  V a l u e s  r e p r e s e n t  ave rage  d e t e r m i n a n t s  o f  t w o  e x p e r i m e n t s .  P l a s m i n o g e n  
a c t i v a t o r  a c t i v i t y  w a s  d e t e r m i n e d  u n d e r  t h e  s a m e  c o n d i t i o n s  as  n e u t r a l  p r o t e a z e  a c t i v i t y ,  e x c e p t  t h a t  
2 0 / ~ g  p o r c i n e  p lA~muogen  w e r e  p r e s e n t  in  t h e  a s say .  

F r a c t i o n  P r o t e i n  P r o t e a s e  a c t i v i t y  P l u m i n o g e n  a c t i v a t o r  
( rag)  

Spec i f i c  T o t a l  P e r c e n t  Spec i f i c  T o t a l  P e r c e n t  
a c t i v i t y  a c t i v i t y  a c t i v i t y  a c t i v i t y  

H o m o g e n a t e  * 10 .1  1 0 1 . 2  1 0 2 2  1 0 0  4 3 . 5  4 3 9 . 0  1 0 0  
C y t o s o l  5 .4  3 3 . 9  1 8 3 . 2  17 .9  3 .0  16 .1  3 .7  
L a r g e  1 .8  3 9 3 . 9  7 0 9 . 0  6 9 . 4  3 5 . 6  64 .1  14 .6  
G r a n u l e s  
E n d o p l a m n i c  r e t i c u l u m  0 . 4 6  3 0 1 . 9  1 3 8 . 9  13 .6  1 9 0 . 2  8 7 . 5  19 .9  
P l a s m a  m e m b r a n e  0 . 4 0  1 3 4 . 6  53 .8  5 .3  5 4 2 . 2  2 1 6 . 9  4 9 . 4  

T o t a l  8 . 0 6  1 0 8 5  1 0 6 . 2  3 8 4 . 6  8 7 . 6  
(79.895)  

* H o m o g e n a t e  a f t e r  r e m o v a l  o f  n u c l e a r  pe l l e t  a t  1 8 0 0  X g f o r  I 0  m i n  a t  4 °C .  

Inhibition of plasma membrane proteases and plasminogen activator 
In a previous report, it was demonstrated that the cell surface protease activ- 

ities o f  hamster and rat thymocytes  were largely serine proteases and the sen- 
sitivity o f  these proteases to a variety o f  inhibitors was determined [14] .  There- 
fore, the inhibitor sensitivity o f  the plasma membrane-sRsociated proteases was 
examined in order to determine whether similar proteases were present at the 

T A B L E  IV 

S U B C E L L U L A R  D I S T R I B U T I O N  O F  R A T  T H Y M O C Y T E  P R O T E A S E 8  A N D  P L A S M I N O G E N  
A C T I V A T O R  

N e u t r a l  p r o t e a ~  a c t i v i t y  w a s  d e t e r m i n e d  w i t h  1 0 - - 5 0  ~ g  o f  s a m p l e  p r o t e i n  a n d  7 5  ~g  1 2 $ l - i a b e l e d  case in  
in  0 . 2 5  m l  H e p e e - b u f f e r c d  sa l ine  c o n t a i n i n g  0.195 N o n i d e t  P 4 0  f o r  3 h a t  3 7 ° C .  T o t a l  a c t i v i t y  r e p r e s e n t s  
c p m / m i n  p e r  109  t h y m o c y t e s .  Va lues  r e p r e s e n t  ave rage  d e t e r m i n a t i o n s  o f  t w o  e x p e r i m e n t s .  P l a m n i n o g e n  
a c t i v a t o r  a c t i v i t y  w a s  d e t e r m i n e d  u n d e r  t h e  s a m e  c o n d i t i o n s  as  n e u t r a l  p r o t e a s e  a c t i v i t y ,  e x c e p t  t h a t  
2 0  ~ g  p o r c i n e  p h t s m i n o g e n  w e r e  p r e s e n t  in  t h e  a s say .  

F r a c t i o n  P r o t e i n  P r o t e a s e  a c t i v i t y  P l a s m i n o g e n  a c t i v a t o r  
( rag)  

Spec i f i c  T o t a l  P e r c e n t  Spec i f i c  T o t a l  P e r c e n t  
a c t i v i t y  a c t i v i t y  ac t i v i t y  a c t i v i t y  

H o m o g e n a t e  * 9 . 0  7 9 . 2  7 1 5 . 3  1 0 0  3 3 . 6  3 0 2 . 4  1 0 0  
C y t o s o l  5 .6  2 9 . 2  1 6 2 . 3  2 2 . 6  2 .7  14 .9  4 .9  
L a r g e  g r a n u l e s  1 .3  3 5 3 . 4  4 5 9 . 4  6 4 . 2  2 7 . 0  35 .1  1 1 . 6  
E n d o p l a s m l e  r e t i c u l u m  0 . 3 9  2 6 2 . 0  1 0 2 . 2  1 4 . 3  1 5 2 . 8  5 9 . 6  19 .7  
Pla,~,~a m e m b r a n e  0 . 3 0  1 4 0 . 7  4 2 . 2  5 .9  4 6 3 . 7  1 8 9 . 1  4 6 . 0  

T o t a l  7 . 5 9  766 .1  1 0 7 . 1  2 4 8 . 7  8 2 . 2  
(84.5%) 

* H o m o g e n a t e  a f t e r  r e m o v a l  o f  n u c l e a r  pe l l e t  a t  1 8 0 0  X g f o r  1 0  m i n  a t  4 °C .  
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T A B L E  V 

I N H I B I T I O N  O F  P L A S M A  M E M B R A N E  P R O T E A S E S  

P r o t e u e  ac t iv i ty  was  d e t e r m i n e d  wi th  40  ~g p l a s m a  m e m b r a n e  p r o t e i n  an d  75/4g 12$I - l abe led  casein  fo r  
3 h a t  37°C.  Inhib i tors  w e r e  ad d e d  30  m l n  p r io r  to  the  a d d i t i o n  of  subs t ra te .  All  inh lb i to rs  w e r e  t i t r a t ed  
over  t he  e f f e c t i v e  d o s e  range t o  d e t e r m i n e  t h e  c o n c e n t r a t i o n  r e s u l t i n l  in 50% inh ib i t ion  ( I D $ o )  an d  the  
c o n c e n t r a t i o n  r e su l t i n l  in m a x i m u m  inh ib i t ion ,  n .d . ,  n o t  don e .  SBTI ,  s o y b e a n  tryps in  inh ib i to r .  

I n h i b o t o r  I D 5 0  
O~M) 

M a x i m u m  inh ib i t ion  of  p ro t ea se  

C o n c e n t r a t i o n  * 

0~M) 
Percent  inh ib i t ion  ac t iv i ty  

H a m s t e r  Ra t  

DFP 40  100  96 98  
PMSF 65  100  93 92  
N P G B  25 60  n .d .  98  
T P C K  - -  100  I 8 9 
SBTI  2.7 3.6 76 79 
A n t i p a i n  210  250  62 67 
ZnCI 2 30  100  93  92 

* C o n c e n t r a t i o n  w h i ch  resu l ted  in m a x i m u m  inhib i t ion .  

cell surface and in the isolated plasma membrane. The plasma membrane- 
associated protease activity was completely inhibited by DFP, PMSF and NPGB 
(100/~M), indicating that these enzymes were serine proteases (Table V). Pro- 
tease activity was also completely inhibited by ZnCI2 (75--100 #M), and it was 
inhibited to a lesser extent by antipaln and soybean trypsin inhibitor (100 #g/ 
ml). These results are analogous to the inhibitor sensitivity which was observed 
for both hamster and rat thymocyte surface proteases [14]. In contrast, while 
the cell surface proteases detected on viable thymocytes were inhibited approx. 
30% by TPCK, the plasma membrane-associated protease activity was relatively 
insensitive to inhibition by TPCK (Table V). Since a TPCK~ensitive protease(s) 
was enriched in the large granule fraction (data not shown), it is likely that this 
protease was detected in viable cell cultures due to release of intracellular con- 
tents from damaged cells. It is also likely that the presence of the TPCK~sensi- 
tive protease(s) in the plasma membrane fractions is indicative of lysosomal 
contamination, since the level of TPCK~sensitive protease activity roughly cor- 
relates with the level of ~lucuronidase activity detected in the plasma mem- 
brane fractions of hamster and rat thymocytes. 

Inhibition of plasminogen activator activity in the plasma membrane frac- 
tions using the protocol described in Table V was relatively uninformative, 
since all of the compounds tested, except TPCK, also inhibit plasmin. Thus, it 
could only be stated with certainty that the plasminogen activator was not 
TPCK sensitive. While this information is valuable, it was of interest to perform 
experiments to determine whether the plasma membrane~msociated plasmino- 
gen activator was a serine protease similar to other plasminogen activators 
which have been characterized [32--34]. Therefore, experiments were per- 
formed in which the plasma membrane fraction was preincubated with the 
covalent inhibitors DFP, PMSF, TPCK and NPGB and then washed twice by 
centrifugation at 100 000 × g to remove the excess inhibitor before protease 
and plasminogen activator activities were assayed. These experiments (Table 
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T A B L E  VI  

E F F E C T  O F  I N H I B I T O R  P R E T R E A T M E N T  A N D  R E M O V A L  O N  P L A S M A  M E M B R A N E -  
A S S O C I A T E D  P R O T E A S E  A N D  P L A S M I N O G E N  A C T I V A T O R  A C T I V I T I E S  

R a t  t h y m o c y t e  p l m u n a  m e m b r a n e  ( 2 0 0  ~ g  p r o t e i n  p e r  s a m p l e )  w a s  p r e t r e a t e d  f o r  3 0  r a in  a t  3 7 ° C  w i t h  t h e  
p r o t e a s e  i n h i b i t o r s  i n d i c a t e d  ( 5 0 0  p M )  o r  w i t h  ISol~rop~mol f o r  c o n t r o l s .  T h e  v e d c l e s  we re  w a s h e d  tw ice  
b y  c e n t r i f u g a t i o n  a t  1 0 0  OO0 X g f o r  1 0  r a in  a t  r o o m  t e m p e r a t u ~  a n d  solubi lLzed in  1 .0% N o n l d e t  P 4 0  
( 1 0  r a in ,  3 7 ° C ) .  P r o t e a s ¢  a n d  p l a s r a i n o g e n  a c t i v a t o r  ac t iv i t i es  we re  a ~ a y e d  w i t h  3 0  ~ g  p l a s m a  m e m b r a n e  
p r o t e i n  a n d  7 5  ~g  12$1-1abeled ca se in  in  t h e  p r e s e n c e  o r  a b s e n c e  o f  2 0  ~g  p l a s m i n o g c n  f o r  3 h a t  3 7 ° C  in 
a t o t a l  v o l u m e  o f  0 . 2 5  m l  H e p e s - b u f f e r e d  sa l ine  c o n t a i n i n g  0 . 6 %  N o n i d c t  P40 .  R e p o r t e d  va lues  r e p r e s e n t  
t he  m e a n  o f  t r i p l i ca t e  a ~ a y s .  V a l u e s  d id  n o t  v a r y  m o r e  t h a n  10%.  

I n h i b i t o r  P e r c e n t  o f  c o n t r o l  

P r o t e a s e  P l e s m i n o g e n  a c t i v a t o r  

D F P  1 2  2 
P M S F  1 5  5 
N P G B  4 0 
T P C K  9 2  8 8  

VI) demonstrated that the plasminogen activator was inhibited by DFP, PMSF 
and NPGB, and thus, represents a serine protease. These results are consistent 
with the inhibitor sensitivity of other plasminogen activators [32--34] .  Inhibi- 
tion by NPGB probably indicates that the plasminogen activator is a trypsin- 
like protease with specificity for arginine [37].  

Separation of plasma membrane proteases and plasminogen activator by lentil 
leetin affinity chromatography 

As shown by Hayman and Crumpton [26] ,  approx. 85% of plasma mem- 
brane-associated carbohydrate is retained on lentil lectin-Sepharose columns 
and the adherent molecules can be specifically eluted with ~-methylmannoside. 
Thus, lentil lectin affinity chromatography represents a useful method for 

T A B L E  V H  

L E N T I L  L E C T I N  S E P A R A T I O N  O F  R A T  T H Y M O C Y T E  P L A S M A  M E M B R A N E  P R O T E A S E S  A N D  
P L A S M I N O G E N  A C T I V A T O R  

R a t  t h y m o c y t e  p l e ~ n a  m e m b r a n e  (1 .4  m g  p r o t e i n )  w e r e  so lub i i l z ed  in  1 .0  m l  o f  1 . 0 ~  N o n i d e t  P 4 0  in  
H e p e s - b u f f e r e d  sa l ine  a n d  f r a c t i o n a t e d  o n  a 5 .0  m l  c o l u m n  o f  len t i l  l e c t i n - S e p h a r o s e  4B.  T h e  a d h e r e n t  
f r a c t i o n  w a s  e l u t e d  w i t h  0 . 2 5  M ~ - m e t h y l m a n n o s l d e  in  H e p e s - b u f f e r e d  sa l /ne  con.rain/r ig  0 .1% N o n / d e t  
P 4 0 .  N e u t r a l  p r o t e a z e  a c t i v i t y  w a s  d e t e r m i n e d  w i t h  1 0 - - 5 0  ~g  o f  munple  p r o t e i n  a n d  7 5  p g  12$1.1abele d 
case in  in  0 . 2 5  m l  H e p a s - b u f f e r e d  sa l ine  c o n t a i n i n g  0 .1% N o a i d e t  P 4 0  f o r  3 h a t  3 7 ° C .  T o t a l  a c t i v i t y  
r e p r e s e n t s  c p m / m i n .  Spec i f i c  a c t i v i t y  is e x p r e s e e d  as c p m / m i n  p e r  m g  p r o t e i n .  Va lues  r e p r e s e n t  ave rage  
d e t e r m i n a t i o n s  o f  t h r e e  e x p e r i m e n t s .  P l e m m i n o p n "  a c t i v a t o r  a c t i v i t y  w a s  d e t e r m i n e d  u n d e r  t h e  s a m e  
c o n d i t i o n s  as n e u t r a l  p r o t e a s e  a c t i v i t y ,  e x c e p t  t h a t  2 0  ~ g  p o r c i n e  p l a s m i n o g e n  w e r e  p r e s e n t  in  t h e  a s say .  

P r o t e i n  P r o t e u e  a c t i v i t y  P lamminogen a c t i v a t o r  
( rag)  

Spec i f i c  T o t a l  % Spec i f i c  T o t a l  9b 
a c t i v i t y  a c t i v i t y  a c t i v i t y  a c t i v i t y  

P l a s m a  m e m b r a n e  1 .4  1 2 3 . 2  
L e c t i n  a d h e r e n t  0 . 2  3 9 0 . 0  
L e c t i n  n o n - a d h e r e n t  1.1 5 8 . 3  
T o t a l  r e c o v e r y  1 .3  (92.895)  

1 7 2 . 5  1 0 0  4 0 6 . 5  5 6 9 . 1  1 0 0  
7 8 . 0  4 5 . 2  2 2 0 1 . 0  4 4 0 . 2  7 7 . 4  
64 .1  3 7 . 2  9 2 . 5  1 0 1 . 8  17 .9  

1 4 2 . 1  8 2 . 4  5 4 2 . 0  9 5 . 2  
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separating plasma membrane glycoproteins from non~lycosylated components. 
When the plasma membrane fraction was solubilized in 1.0% Nonidet P40 and 
subjected to affinity chromatography on columns of lentil lectin-Sepharose, an 
adherent (glycoprotein) and a non-adherent fraction were obtained. As shown 
in Table VII, approximately equal quantities of protease activity were present 
in both fractions; however, essentially all of the plasminogen activator (81% of 
recovered activity) was present in the glycoprotein fraction resulting in an 
approx. 5-fold purification of the plasminogen activator over the unfraction- 
ated plasma membrane activity (6.2 Plough units/rag protein). These data indi- 
cate that the plasminogen activator represents a plasma membrane-associated 
glycoprotein. Since the majority of plasma membrane-associated carbohydrate 
resides on the external surface of the plasma membrane [31], these data are 
consistent with the interpretation that the plasminogen activator represents a 
cell surface protease on thymocytes. 

The experiments described above were performed with an impure prepara- 
tion or porcine plasminogen which could have contained contaminating prote- 
ases or zymogens other than plasminogen. While these experiments demon- 
strated that the plasma membrane fraction of thymocytes contained a unique 
proteolytic activity capable of generating increased caseinolytic activity from 
the crude plasminogen preparation, it was not directly demonstrated that this 
increased caseinolytic activity was due to the proteolytic conversion of plas- 
minogen to plasmin. Therefore, homologous rat plasminogen was isolated from 
fresh, citrated, rat plasma by affinity chromatography on lysine-Sepharose as 
described in Materials and Methods. When this pure preparation of rat plas- 
minogen was employed in the caseinolytic assay with rat thymocyte plasma 
membrane fractions (Fig. 1B), plasminogen activation was observed which was 
similar to that observed with porcine plasminogen. A lag phase of approx. 1 h 
was followed by a linear increase in casein hydrolysis. Also shown in Fig. 1B is 
the activation of rat plasminogen by urokinase. It can be seen that following 
the lag phase observed with the plasma membrane fractions, 75 ~zg plasma 
membrane protein displayed approximately the same rate of plasminogen acti- 
vation as 0.1 Plough units of urokinase. This increased casein hydrolysis was 
directly dependent on the concentration of rat plasminogen added to the 
caseinolytic assay (Fig. 2B). These experiments demonstrate unequivocally that 
the plasma membrane fraction of rat thymocytes is capable of plasminogen 
activation. 

In order, to determine the mechanism of plasminogen activation by thymo- 
cyte plasma membrane, 12SI-labeled rat plasminogen was incubated with either 
rat plasma membrane or urokinase for 0--6 h at 37°C, and the ~2SI-labeled plas- 
minogen was subsequently "analyzed by SDS-polyacrylarnide gel electrophore- 
sis. As shown in Fig. 4, incubation of 12SI-labeled plasminogen with thymocyte 
plasma membrane resulted in the proteolytic cleavage of the plasminogen pep- 
tide chain into fragments which were virtually identical to those obtained when 
~2SI-labeled plasminogen was incubated with urokinase. The major cleavage 
products of 12SI-labeled plasminogen (M, 92 000) were polypeptide chains of 
M, 70 000 (plasmin heavy chain) and M, 22 000 (plasmin light chain). These 
results are consistent with the reported values for the two polypeptide chains 
of plasmin [34]. The cleavage products of 12SI-labeled plasminogen obtained 
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Fig. 3. SDS-polyacrylamide gel electrophoresis of rat p luminogen .  Aff ini ty  purified rat plasminogen was 
iodinated with N a I 2 S l  as described in Materials and Methods. Unlabeled p l a s m i n o p n  (50 ~g protein)  and 
12Sl-labaled plasminogen (7.5 ~g protein)  were electrophoresed on 9% polyacrylamide gels containing 
0.1% SDS in the absence of 2-mercaptoethanol  as described in Materials and Methods. The gel containing 
unlabeled plA=minogen was stained with Coom A ~e  blqnlant blue (0.025%) in 45% ethanol  and 7% acetic 
acid, desteined in the same solut ion wi thou t  dye, and stored in 7% acetic acid with 2% glycerol. The gel 
containing 125I-labeled plasmlnogen was sliced in to  60 (2 ram) fractions and each fraction was analyzed 
for 1251 as described in Materials and Methods. External  marker  proteins were the heavy and light chain 
of reduced HP 76 (IgM myeloma protein).  K, kdal tons.  

Fig. 4. Proteolyt ic  cleavage of rat  plasminogen by thymocy te  plasma membrane and urokinase. Rat  plas- 
minogen was aff ini ty pttrifled and iodlnated with Na125I  as described in Materials and Methods. 1251- 
labeled pl==mlnogen (15 ~S) was incubated with buffer only (4), 75 ~zg rat  t hymocy te  plasma membrane 
(o), or 0.1 Plou~h units  ttrokinase (e) for 6 h at  37°C in a total  volume of 0.25 ml Hepes-buffered saline/ 
Nonldet  P40. Samples were prepared for electrophoresis as described in Materials and Methods, and sepa- 
ra ted on 9% polyacrylamlde  gels containing 0.1% SDS. Samples shown were reduced with 20 ~I 2-mereap- 
toe thanol  (2 rain, 100°C). Gels were sliced into 2-mm fractions and counted for 1251 as described in 
Materials and Methods. External  marker  proteins were reduced HP'/6 (IgM myeloma protein).  K, kdal- 
tons. 

with both plasma membrane~Lssociated plasminogen activator and urokinase 
were linked by disulfide bonds, since only one peak (Mr 92 000) was observed 
in the absence of 2-mercaptoethanol (data not shown, but identical to those of 
Fig. 3). These results are consistent with the reported properties of plasmin 
heavy and light chains [34]. A minor cleavage product (Mr 32500) was 
detected in both the plasma membrane and urokinase samples which was also 
present only after reduction with 2-mercaptoethanol. This product may be the 
result of plasmin action, since these experiments were performed in the absence 
of Trasylol, a plasmin inhibitor [34]. The experiment depicted in Fig. 1 further 
illustrates the equivalent plasminogen activator activity of 75 pg rat thymocyte 
plasma membrane and 0.1 Plough units of urokinase. Based on the reduction of 
~2sI cpm remaining as intact plasminogen, approx. 5.0/~g of ~SI-labeled plas- 
minogen were cleaved to plasmin during the 6 h incubation with either plasma 
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membrane~ssoclated plasminogen activator or urokinase. At 3 h and 37°C, 
approx. 2.0 pg ]2SI-labeled plasminogen were cleaved, indicating the linear 
nature of  this cleavage. These experiments demonstrated that  the plasminogen 
activator of  thymocytes  activated plasminogen by proteolytic cleavage of  the 
plasminogen molecule in a manner analogous to the activation of  plasminogen 
by urokinase [33,34]. 

[3H]DFP labeling and SDS-polyacrylamide gel electrophoresis of  plasma mem- 
brane-associated proteases 

Since the plasma membrane-associated protease activity was inhibited by 
DFP (Table V), covalent modification of the enzymes with [3H]DFP could pro- 
vide a useful radioactive marker for further biochemical characterization of  the 
proteases. When the isolated plasma membrane fractions from rat thymocytes  
were labeled with [3H]DFP and separated by SDS-polyacrylamide gel electro- 
phoresis, the plasma membrane was found to contain one major 3H-labeled 
component  with an apparent molecular weight of 105 000 which represented 
approx. 65% of  recovered cpm (Fig. 5). The mobility of this component  was 
unaltered in the presence of  2-mercaptoethanol. Similar results were obtained 
with hamster thymocyte  plasma membrane (data not  shown). In contrast, 
when the unfractionated cellular homogenate was analyzed in this manner, at 
least ten electrophoretically distinct 3H-labeled proteins (Mr 18 500--105 000) 
were detected [35]. The Mr 105000 plasma membrane-associated esterase 
represented a minor component  of the cellular homogenate (3% of incorpo- 
rated cpm) and this component  was enriched in the plasma membrane fraction 
approx. 20-fold on a cpm/gg protein basis (0.75 cpm/pg homogenate protein 
compared to 16.5 cpm/pg plasma membrane protein). The other 3H-labeled 
components  which were present in the cell homogenate were found in the 
other subcellular fractions and were not  inactivated during plasma membrane 
isolation [35]. Since both the Mr 105 000 3H-labeled protein and the plasmino- 
gen activator activity were enriched in the plasma membrane fraction approx. 
20-fold, it seemed likely that this esterase represented the plasma membrane 
associated-plasminogen activator. 
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Fig. 5. SDS-polyacrylamide gel electrophoresls of [3H]DFP-labeled thymocyte  p l u m a  membrane. Rat 
thymocyte  plasma membrane (150 ~g protein)  in 0.25 ml Hepes-buffered Imllne was incubated wi th  10 
~Ci [3H]DFP for 60 rain at  37°C. Labeled plasma membrane  was solublUzed in 1.0% SDS, dialyzed and 
concentrated, and electrophoresed on 5% polyacrylamide gels for 15 h at  5 mA per gel as desczibed in 
Materials and Methods. K, kda]tons. 
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Fig. 6. SDS-polyaerylamide gel electrophoresis of lent i l  lect in fractions of [3H]DFP-labeled t hymoey te  
plasma membrane.  Rat  t hymocy te  pl,,~na membrane  was labeled wi th  I0 /~Ci  [3H]DFP for 60 mln  at  
37°C, solubflized in 1.0% Nonldet  P40 and subjected to aff ini ty chromatography on lenti l  leetln- 
Sepharose. The adherent  (@) and non-adherent  (o) fractions were dialyzed and concentrated,  made to 
1 .0~  in SDS and electrophoresed on 5% polyacrylamide gels as descr/bed in Fig. I .  K, daltons. 

Fig. 7. Inh ib i t ion  of [3H]DFP incorpora t ion  into plasma membrane-usoc ia ted  esterase. Thymoeyte  plas- 
ma membrane  (150 #g/sample)  was preincubated for 30 mln at  37°C in lsopropanol  (o), 100 #M NPGB 
(o), I 0 0  #M PMSF (A), or I00 /~M TPCK (A); 10 #Ci [3H]DFP were added and the samples were incu- 
bated for 60 rain at  37°C. Samples were solubilized in 1.09b SDS, dialyzed and concentrated,  and electro- 
phoresed on 5% polyacrylamide gels as described in Fig. 5. K, kdal tons.  

Lentil lectin chromatography of [3H]DFP-labeled plasma membrane 
Since the plasma membrane~associated plasminogen activator was found to 

be adherent to lentil lectin, [3H]DFP-labeled plasma membrane was subjected 
to lectin chromatography in order to determine whether the Mr 105 000 plas- 
ma membrane esterase was also glycosylated. As shown in Fig. 6, the 3H-labeled 
protein of Mr 105 000 segregated into the lectin-adherent fraction, indicating 
that the plasma membrane-associated esterase, as well as the plasma membrane- 
associated plasminogen activator (Table VII), was a glycoprotein. 

Inhibition of [3H]DFP incorporation into the plasma membrane-associated 
serine esterase 

In order to test further the correlation of the plasma membrane-associated 
plasminogen activator with the plasma membrane-associated serine esterase, 
plasma membranes were incubated in the presence of  protease inhibitors prior 
to labeling with [3H]DFP and analysis by SDS-polyacrylamide gel electro- 
phoresis. These experiments demonstrated that incorporation of [3H]DFP into 
the Mr 105 000 esterase was blocked by the same compounds which inhibited 
the plasminogen activator activity. As seen in Fig. 7, [3H]DFP incorporation 
was inhibited by unlabeled PMSF and NPGB, compounds which inhibited the 
plasminogen activator activity (Table VI), and was not  inhibited by TPCK, 
which did not  inhibit the plasminogen activator activity. Incorporation of [3H]- 
DFP was also inhibited by unlabeled DFP (data not  shown). These results are 
consistent with the conclusion that the Mr 105 000 plasma membrane-asso- 
ciated esterase represents the plasma membrane-associated plasminogen activa- 
tor. 

Isoelectric focusing of plasma membrane-associated proteases 
Preliminary experiments indicated that  plasminogen activator activity could 
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Fig. 8. Isoelectric focusing of plasma membrane-associated plasminogen activator.  Rat  t hymocy te  plamna 
membrane  was labeled with 10 #Ci [3H]DFP as described. Unlabeled plasma membrane (125 #g protein)  
and [3H}DFP-labeled plasma membrane  (125 #g protein)  were mixed,  solubil ized in 1.0% Nonidet  P40 
and subjected to isoelectric focusing as described in Materials and Methods. The gel was cut into fractions 
and one-half of each fraction was counted for 3H and the other  half was assayed for plasmLnogen activa- 
tor  (PA) act ivi ty as described in Materials and Methods. 

Fig. 9. Isoelectric focusing of plasma m e m b r v . n e ~ o e l a t e d  proteases. Rat  t hymocy te  plasma membrane 
was labeled with 10 #Ci [3H]DFP as described in Materials and Methods. Unlabeled plasma membrane  
(125 #g protein)  and [3H]DFP-labeled plasma membrane  (125 #g protein)  were mixed,  solubilized in 
1.0% Nonidet  P40 and subjected to isoelectric focnsing as described in Materials and Methods. The gel was 
c u t  in to  fractions and one-half of each fraction counted  for 3H ( [3H]DFP)  and the other  half  was assayed 
for neutral  protease act ivi ty as described in Materials and Methods. 

not  be recovered after exposure of  plasma membrane fractions to SDS, there- 
fore, it was not  possible to elute plasminogen activator activity after SDS-poly- 
acrylamide gel electrophoresis and to determine whether the protease(s) of Mr 
105 000 contributed the plasminogen activator activity. Therefore, [SH]DFP- 
labeled and unlabeled plasma membrane fractions were subjected to isoelectric 
focusing under conditions in which the plasminogen activator retains enzymatic 
activity. As seen in Figs. 8 and 9, the [3H]DFP-labeled plasma membrane 
yielded two major 3H-labeled components  with isoelectric points of  7.75 and 
6.85.  

The major component ,  of which the pI  ranged from 7.7 to 7.9, contained 
60--65% of  recovered cpm and thus, must represent the Mr 105 000 compo- 
nent  detected by SDS-polyacrylamide gel electrophoresis (Fig. 5). Further- 
more, SDS-polyacrylamide gel electrophoresis analysis of 3H-labeled protein 
eluted from the isoelectric focusing gel at p l  7.7--7.9 demonstrated that  the 
only detectable 3H-labeled protein had an apparent Mr of  105 000 (data not  
shown). The minor component  (pl = 6.8--7.0) could represent a more acidic 
component  of  the Mr 105 000 material or it could represent lower Mr 3H" 
labeled component(s)  (M, 45 000--65 000) which are present in the plasma 
membrane fraction (see Figs. 6 and 7). The latter explanation seems most plau- 
sible since the components  of  p l  6.85 and Mr 45 000--65 000 both represent 
15--20% of recovered cpm. Insufficient cpm were recovered from this area of 
the gel to permit an estimation of the apparent Mr of these molecules by SDS- 
polyacrylamide gel electrophoresis. The plasminogen activator activity of  each 
fraction is also shown in Fig. 8. It can be seen that  plasminogen activator activ- 
ity c o , l u t e d  with the major 3H-labeled component  (pI 7.75) and was not  
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detected in other regions of the gel. Thus, the Mr 105 000 serine esterase 
detected by SDS-polyacrylamide gel electrophoresis must represent the plasma 
membrane-associated plasminogen activator. Detectable plasminogen activator 
activity was not  associated with the minor component  (pI 6.85); however, neu- 
tral protease activity was detected in this region of the gel (Fig. 9). Fig. 9 also 
illustrates that the region of the gel containing the plasminogen activator (pl 
7.7--7.9) contains approx. 50% of the recovered neutral protease activity. 
These results were to be expected from the lentil-lectin separation experiments 
(Table VII) which indicated that a portion of the plasma membrane-associated 
protease activity (the non-adharent fraction) did not  correlate with plasmino- 
gen activator activity, indicating the presence of  at least two distinct proteases 
in the plasma membrane fraction. Thus, the relationship of these isoelectric 
forms to each other is not  absolutely clear. The acidic component  may repre- 
sent an altered form of the plasminogen activator with little or no plasminogen 
activator activity or it could represent a distinct serine protease. 

Discussion 

The purpose of this study was to characterize the protease activities asso- 
ciated with the thymocyte  plasma membrane in order to compare these activi- 
ties to the cell surface proteases which were previously detected on viable cells 
[14]. The plasma membrane-associated proteases were shown to be serine pro- 
teases by inhibition with DFP and PMSF. Furthermore,  these proteases appear 
to be trypsin-like since inhibition was also achieved with soybean trypsin inhib- 
itor, antipain and NPGB; however, a trypsin~specific chloromethyl ketone, 
TLCK, was not  inhibitory. This study has also demonstrated that  the thymo- 
cyte cell surface plasminogen activator which was previously detected on viable 
cells is localized in the plasma membrane fraction of  thymocytes.  The plasma 
membrane-associated plasminogen activator activity segregated into the glyco- 
protein fraction of thymocyte  plasma membrane,  demonstrating that  the plas- 
minogen activator is a glycoprotein. These observations suggest that  the plasma 
membrane-associated plasminogen activator resides on the external surface of 
the membrane. 

Labeling of the isolated plasma membrane fraction with [3H]DFP and analy- 
sis by SDS-polyacrylamide gel electrophoresis demonstrated that  a single major 
serine esterase of  Mr 105 000 was present in the plasma membrane fraction of  
both hamster and rat thymocytes.  Several lines of  evidence indicate that  this 
component  represents the plasma membrane-associated plasminogen activator: 
(1) both the plasminogen activator and the Mr 105 000 esterase were enriched 
in the plasma membrane fraction "approx. 20-fold, (2) both the plasraiuogen 
activator and the Mr 105 000 esterase ware shown to be glycoproteins, (3) inhi- 
bition of  [3H]DFP incorporation into the Mr 105 000 esterase was achieved 
with protease inhibitors which inhibited the plasminogen activator activity, but  
not  with an inhibitor which did not  inhibit the plasminogen activator activity, 
and (4) [3H]DFP-labeled plasma membrane esterases and plasminogen activator 
activity c o , l u t e  in isoelectric focusing gels with an isoelectric point  of  7.7--7.9. 
From these data, we conclude that  the thymocyte  plasminogen activator, 
which was previously detected on viable cells is a glycosylated sarine protease 



363 

which is selectively localized in the plasma membrane of thymocytes. Labeling 
with [3H]DFP indicates that the plasminogen activator has an apparent Mr of 
105 000. The plasma membrane-associated esterases can be separated into two 
isoelectric forms of p! (7.75 and 6.85); however, only the former bears detect- 
able plasminogen activator activity. 

The plasminogen activator which is present in the thymocyte surface mem- 
brane appears to be biochemically distinct from the plasminogen activator 
which is secreted by macrophages [361 and various tissue culture cell lines 
[371, since the major species of plasminogen activator secreted by these cells 
have an apparent Mr of 48 000--50 000. Jaken and Black [38] have recently 
reported that SV40 transformed 3T3 mouse fibroblasts contain a membrane- 
associated plasminogen activator of Mr 105 000. The high molecular weight 
plasminogen activator of 3T3 cells was present in all of the subcellular mem- 
brane fractions; however, since the plasminogen activator assay employed by 
these authors was not characterized for linearity with time and enzyme concen- 
tration, enrichment of the plasminogen activator into a specific membrane frac- 
tion could not be determined. Nevertheless, the latter study may indicate that 
the Mr 105 000 plasma membrane-associated plasminogen activator described 
here may not be restricted to thymocytes. 

The finding that the plasma membrane-associated plasminogen activator of 
thymocytes is both functionally and biochemically distinct from intracellular 
proteases suggests that this protease may perform functions which are unique 
to the surface membrane. Proposed functions of plasma membrane-localized 
proteases include regulation of membrane-bound enzyme systems [7,8], nega- 
tive feed-back on extracellular peptide signals [391, control of cell surface 
'shedding' [61 and regulation of cell proliferation [9--131. These functions 
could be mediated by direct cleavage of membrane proteins or extracellular 
ligands by membrane-associated proteases or through interaction of the mem- 
brane proteases with soluble zymogens, such as plasminogen, resulting in an 
increase in soluble protease activity in the local environment of the membrane. 
Either mechanism could result in the proteolytic cleavage of cell surface and 
extracellular proteins which could positively or negatively affect the activity of 
plasma membrane enzyme systems, transport processes and ligand interactions. 
It is clear that plasma membrane-localized proteases are present on many cell 
types and it is also clear that these enzymes have the potential to perform 
important regulatory functions. Further characterization of these proteases 
will hopefully lead to a better understanding of their role in the physiology of 
the cell surface. 
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