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Components of a vasopeptide kinin-form- 
ing system previously were found in the 
Ehrlich ascites tumor (1) and the trans- 
planted nat Murphy-Sturm lymphosarcoma 
(MSLS) (2). Crude extracts of the MSLS 
tissue contained kininogen substrate, a kinin- 
destroying enzyme, anld a prekallikrein ca- 
pable of being activated by acetone at  pH 
7.8 This kallikrein utilized human kininogen 
substrate but did not form kinin when in- 
cubated with the tumor kininogen. Subse- 
quent studies revealed that the tumor ex- 
tracts also contained a kinin-forming system, 
active at acid pH (pH 4-5) and capable of 
digesting the tumor kininogen substrate ( 3 ) .  

The MSLS acid kinin-forming system was 
similar to that found previously by Green- 
baum et al. in polymorphonuclear (PMN) 
leukocytes (4-7) and malignant cells (6, 7 ) ,  
with respect to pH optimum, effect of in- 
hibitors, and nature of the active form. How- 
ever, whereas the PMN kinin-form'ing activity 
was found localized in the nuclear membrane 
debris fraction, the MSLS acid kinin-forming 
activity was shown to be present in the 
soluble protoplasmic protein fraction (3). 
Acid kinin-forming activity also was present 
in extracts of the rat Walker carcinoma 
and rabbit adenocarcinoma (unpublished 
data). 

Since the Murphy-Sturm lymphosarcoma 
had a considerable network of fibroblasts, 
the possibility was suggested that cellular 
elements other than tumor cells may have 
contributed to the kinin-forming activity ob- 
served in the tumor. Thus, a study was under- 
taken to explore the kinin-forming potential 
of a pure line of rodent fibroblasts grown in 
stationary cell culture. 

Methods. Cell culture. Mouse fibroblasts 

1 Supported by US. Public H,ealth Service Grant 
No. HE-03784, National Heart Institute. 

L-929, originating from Microbi,ological 
Associates (Bethesda, MD),  was obtained 
through the courtesy of Dr. J. Kite (Dept. 
of Microbiology, State University of New 
York, Buffalo). The cells were grown for 4 
days either in roller bottles or flasks in mini- 
mum Eagle's medium containing 10% fetal 
calf serum. At the time of study, the cells 
were scraped free from the flask wall, sus- 
pended in minimum Eagle's medium, the cell 
number Idetermined by microscopic count, 
and centrifuged at  3500 rpm. The cells then 
were resuspended in physiological saline at  
a concentration of 6 x 106/ml saline and 
disrupted by freeze-thaw technique repeated 
10 times. Aliquot quantities of 0.5 ml of 
this suspension approximating 3 X lo6 cells 
were used for the assays. 

Kininogen substrates. Both rat plasma and 
MSLS tissue kininogen substrate were used 
throughout the study. Tumor substrate was 
prepared by homogenizing 1 g of tumor per 
ml saline for 5 min in a Servall homogenizer 
placed in an ice bath. The homogenate was 
centrifuged at  3500 rpm for 30 min in a 
refrigerated centrifuge, the supernatant col- 
lected and heated up to 80' in a water 
bath. The preparation was centrifuged once 
again at  3500 rpm for 30 min and lyophilized 
in a Vortis lyophilizer. No attempt was made 
to purify the preparation further. For use, 
30 mg of this substrate preparation was sus- 
pended in 0.5 ml of a 1 M acetic acid/acetate 
buffer, pH 4.0. Citrated rat plasma, obtained 
by cardiac puncture from an anesthebized rat, 
was used as a source of plasma kininogen. 
At pH 4.0, neither the rat plasma nor tumor 
substrate preparation alone generated any 
kinin activity in control tubes. 

Kinin-forming activity of fibroblasts. 0.5 ml 
of L-cell suspension was incubated with 0.5 
ml of tumor substrate (30 mg protein) for 
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FIG. 1. Smooth muscle stimulating activity (rat uterus) formed during 60 min incubation of 
fibroblasts L-cells with substrate from Murphy-S,turm lymphosarcoma. Bk is bradykinin control. 
1 = L-cells + substrate; 2 = L-'cells + buffer; 3 = saline + substrate. 

60 min at  pH 4.0, 37". (Initially, 1 mg of 
1 ,lo-phenanthroline was added to inhibit any 
kininase activity. However, this addition 
was unnecessary since it was found that in- 
cubation of the L-cells for 30-60 min at  pH 
4.0 destroyed all ltininase activity when 
tested against synthetic bradykinin (Sandoz) . 
Furthermore, the kininase activity was not 
regenerated when the suspensions were read- 
justed to neutral or alkaline pH following 
incubation at  acid pH) .  Following incuba- 
tion, 0.5 ml of 1 dl Tris buffer was added to 
bring the pH up to 7.8. One-hundred micro- 
liter aliquots were studied for smooth muscle 
stimulating activity on the isolated rat uterus 
preparation perfused with modified Tyrodes 
solution at  room temperature (8). Similar 
assays were conducted with the L-cell sus- 
pension using 0.2 ml rat plasma, to which 
was added 0.3 ml acetic acid/acetate buffer. 
Throughout the studies synthetic bradykinin 
(Sandoz) was used as a reference standard. 
The polypeptide character of the smooth 
muscle stimulating activity was ascertained 
by incubation of the samples showing kinin 
activity with 10 pg of carboxypeptidase B 
(Worthington Labs, Freehold, N J )  . 

pH Profile. The pH profile of the kinin- 
forming activity was determined by incubat- 
ing 0.5 ml of the L-cell suspensions with 0.5 
ml of tumor substrate at a pH ranging from 
2 to 8 by individual adjustment of the pH 
with 0.1 AT NaOH or 0.1 N HCl. One milli- 
gram of 1 ,lo-phenanthroline was added to 
all tubes for uniformity, since the L-cell 
kininase was active at  neutral and alkaline 
pH. Control studies showed 1 ,lo-phenanthro- 
line to be an effective inhibitor of the L-cell 

kininase activity. 
Time and concentration study. The time 

course for kinin formation at  pH 4.0 and 
37" was studied by incubating the L-cell- 
tumor substrate mixture for 30, 60, 90, 120, 
and 180 rnin. The effect of increasing concen- 
trations of L-cells on kinin formation also 
was studied following 120 min incubation at  
pH 4.0, 37". L-cell concentrations used were 
0.375 x loG, 0.75 x lo6, 1.5 x lo6, and 
3 x 10". 

Inhibitor study. L7arious natural and syn- 
thetic inhibitors were studied for their effect 
on the kinin-forming activity of the L-cell 
suspensions. Maximum concentrations of the 
inhibitors contained in 0.1 ml volume were 
incubated for 120 min together with 0.5 ml 
L-cell suspension and 0.5 ml tumor substrate 
at pH 4.0 and 37", and then 100-p1 aliquots 
assayed for kinin activity. For comparison, 
the effect of the same inhibitors on the kinin- 
forming activity of MSLS extracts (at 
kinin-forming activities equivalent to the L- 
cells) was studied. Inhibitors studied in- 
cluded soya bean trypsin inhibitor (SBTI) ,2 

lima bean trypsin inhibitor (LBTI) ,2 ovomIu- 
coid trypsin inhibitor; TRASYLOL? 
h e ~ a r i n , ~  epsilon aminocaproic acid (EACA) ,5 
4 -aminoethylcyclohesane - 1 - carboxylic acid 
(AMCHA) ,5 and phenylpyruvic acid6. A 
dose-response study with phenylpyruvic acid 
also was conducted. 

Cell fractionation. Ultracentrifugal cell 
U'orthington Labs, Freehold, NJ. 
Farbenfabriken Blayer AG, Levlerkusen, Germany. 
Pan-Heparin, Abbott Labs, Chicago, IL. 

5 Lederle Labs, Pearl River, NU. 
Cal Biochem, Los Angeles, CA. 
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FIG. 2. Smooth muscle stimullatinlg activity (rat uterus) formed during 120 min incublation of 
fibroblast L-cells with substrate frolm rat phsma. Bk is bradykinin control. 1 = L-cells + plasma 
substrate; 2 = buffer + plasma substrate; 3 = L-cells + buffer; w = wash. 

fractionation studies were carried out to 
identify the cellular localization of the kinin- 
forming activity. Sixty-million L-cells were 
spun down at  3500 rpm, the cell pellet re- 
tained and resuspended in 10 ml of 0.25 M 
sucrose containing 0.00018 M CaC12. This 
cell suspension was frozen and thawed 10 
times, and respun at  speeds of 600g for 10 
min (nuclear fraction), 20,OOOg for 30 min 
(mitochondria1 fraction) , and 50,OOOg for 
for 120 min (microsomal fraction). The re- 
mainder consbi tu ted the soluble protoplasmic 
protein fraction. Aliquots of these fractions 
were assayed with tumor substrate for kinin- 
forming activity as described above. 

Results. Kinin-forming activity of L-cells. 
Figure 1 shows the smooth muscle stimulating 
activity formed during the 60-min incuba- 
tion of L-cells with the tumor substrate. 
Approximately 1.0 ng of kinin activity per 
mg of substrate was generated based on a 
comparison with synthetic bradykinin. Thus, 
a total of 30 ng of klinin was formed from 
the 30 mg substrate present in the tube. I t  

will be seen (Fig. 5)  that 150 ng of kinin 
is formed from that amount of substrate when 
the incubation time is increased to 180 rnin 
under the same conditions. Appropriate cell 
and substrate controls did not have any 
kinin activity. The same concentration of 
L-cells released 1 12.5 ng kinin per ml rat 
plasma after 120 min incubation period 
(Fig. 2 ) .  Incubation of the L-cell-substrate 
mixture with 10 pg of carboxypeptidase B 
destroyed the smooth muscle stimulating 
activity (Fig. 3 ) .  The fibroblast suspension 
did not contain kininogen substrate but did 
have kinin-destroying activi,ty that was in- 
activated at  acid pH as well as by l , € O -  
phenanthroline. 

pH Profile. The cell-tumor substrate mix- 
ture formed kinin only at pH 4.0 following 
120 min incubation at  37" (Fig. 4).  At  this 
incubation time period, a total of 90 ng 
activity was generated in the incubation 
tube ( 3  ng/mg substrate). The possibility 
that the kinin-forming enzyme destroyed 
ltinin was excluded by control studies, where- 

+ +  + + 
m m m 

FIG. 3. Effect of carboxypeptidase B (CBP-B) on smooth muscle stimulating activity formed 
following 60 rnin L-cell incubation with Murphy-Sturm lymphosarcoma substrate. Bk is brady- 
kinin control. 
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FIG. 4. pH Profile of kinin-forming activity in L-cell suspensiop incubated with Murphy-Sturm 
lymphosarcoma substrated for 60 min at  3 7 " .  Activity was noted only at  p H  4.0. Bk = brady- 
kinin; w = wash. 

by full recovery of synthetic bradykinin was 
achieved after incubation with the L-cell sus- 
pension for 120 min at  pH 4.0. 

Time and concentration study. Incubation 
of the L-cells with tumor substrate a t  pH 
4.0 for increasing time periods yielded in- 
creasing amounts of kinin (Fig. 5 ) .  A linear 
relationship between kinin formed and time 
of incubation was obtained within the 180- 
min time period studied. At the highest in- 
cubation time period, maximum kinin forma- 
tion had not been achieved. An amount of 
activity equivalent to 150 ng of kinin per 
incubation mixture was generated. A linear 
relationship also obtained with respect to the 
concentration of L-cells used in the incubate 
with tumor substrate. Increasing concen- 
trations of L-cell yielded increased amounts 
of kinin when incubated for 120 min (Fig. 
6 ) .  Total amount of kinin formed in the in- 
cubate was 120 ng (4 ng/mg substrate). 

Inhibitor study. None of the classical 
natural or synthetic protease inhibitors a t  
the concentrations studied affected signifi- 

ng Kinin  

minutes 

FIG. 5. Time cou8rse for kinin formation following 
incubation of L-cell suspension with Murphy-Sturm 
lymphosarcoma substrate at p H  4.0 and 37". (Nano- 
grams kienin released per milligram substrate.) 

ng Kinin 

0.1 0.2 0.3 0.4 0.5 
ml extract 

FTG. 6. Effect of varying concentrations of L-cells 
on kinin formation following 120-min incubation 
with Murphy-Sturm lymphosarcoma a t  p H  4.0, 37".  
Each milliliter L-cell extract contained 6 X 10'' cells. 
(Nanograms kinin released per milligram substrate.) 

cantly the kinin-forming activity of the L- 
cells a t  pH 4.0 (Fig. 7 ) .  The results were 
were comparable to those obtained with the 
extracts of the MSLS. However, phenylpyru- 
vic acid, a t  a concentration of 0.006 M ,  did 
inhibit the kinin-forming activity of both the 
L-cells and qSLS.  This inhibitory effect was 
dose related (Fig. 8) and was obtained also 
with the MSLS (2).  

Cell fractionation. U1 tracen trif ugal studies 
show the major portion of the kinin-forming 
activity (76.6%) in the soluble protoplasmic 
protein fraction of the L-cell (Fig. 9) .  Minor 
activity was seen in the nuclear fraction 
(6.170) , while the mitochondria1 and micro- 
soma1 fractions contained less than 1%. A 
total of 84.1% of the activity was recovered 
from these fractions. 

Discussion. This line of cultured fibro- 
blasts was shown to have kinin-forming 
activity a t  an acid pH, resembling the 
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FIG. 7. Effect of proltelase inhibitors on kinin-form- 
ing activity of L-cells land Murphy-Sturm lympho- 
sarccma (MSLS). Substrate was from MSLS. SBTI 
= isoya (bean trypsin inhibitor; LBTI = lima bean 
trypsin inhibitor; OMTI = ovomucoid trypsin in- 
hibitor; EACA = epsilon amino caproic acid; AM 
CHA = 4-aminoethylcyclohexane-1-carboxylic acid. 

activity present in the MSLS extracts with 
regard to optimum pH, kinetics of kinin 
formation, nature of the active enzyme form, 
action of protease inhibitors, and site of cell 
localization. Acid proteinases acting on other 
substrates as hemoglobin and artificial esters 
have been reported in tumor interstitial 
fluid ( 9 ) ,  human gastric carcinoma ( l o ) ,  

% Act iv i ty 
100 -?, 

2 4 6  
Phenyl Pyruvic Acid, pM 

FIG. 8. Dose-response rdationship of the inhibi- 
tory activity lof phenyl pyruvic acid on kinin-form- 
ing activity of L-cells. activity represents no 
inhlihition. 

renal carcinoma (1 1) .r and Jensen sarcoma 

While acid proteases in PMN cells were 
described previously (13-15), Greenbaum 
and Yamafuji were the first to report on the 
kinin-forming activity of acid proteases from 
PMN cells (4).  They provided a comparison 
of the kinin-forming activity from, PMN 
cells and mouse leukemia L-1210 cells (6). 
A summary of their studies has been pub- 
lished recently ( 7 ) .  Studies with the acid 
kinin-forming system in the MSLS tissue and 
mouse fibroblasts reported here show the 
system to be comparable in nearly all aspects 
with that reported by Greenbaum. The pro- 
teinase activity is the same with regard to 
pH optimum, nature of the active form, and 

( 1 2 ) .  
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FIG. 9. Cellular localization of kinin-forming ac- 
tivity of L-cells. 

kininogenase, the MSLS acid proteinase 
utilizes kininogen substrates from human 
plasma only when the substrate is made avail- 
able by warming the plasma to 57" for 15 
min ( 7 ) .  However, while the main cellular 
location of the leukokininogenase is in the 
nuclear membrane debris fraction (low-speed 
fraction), the activity of both the fibroblasts 
and MSLS tissue was found in the soluble 
protoplasmic protein fraction. 

I t  is known that transplanted tumor cells, 
during the initial stage of growth, induce 
fibroblast proliferation at  the transplant sub- 
cutaneous site of the host (16). The con- 
tinued growth of solid tumors would not 
appear to depend upon the presence of fibro- 
blasts since fibroblast growth is suppressed 
as tumor cell growth becomes more luxuriant. 
However, Yoshida tumor cells of the rat can 
be maintained in vitro only in the presence 
of normal rat fibroblasts (17). Bovine fibro- 
blasts contain a number of neutral peptide 
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hydrolases ( 18). 
It has been postulated previously that acid 

proteinases in tumor tissue might utilize 
appropriate tumor or plasma substrates to 
provide a continued source of smaller pep- 
tides for tumor growth ( 3 ) .  Some formed 
peptides with vasoactivity could influence 
the vasculature during tumor growth or alter 
cell membrane permeability when intracellu- 
lar conditions dictate, as in the production of 
an unfavorable tissue acid environment. Thus, 
a mechanism may be provided for the cor- 
rection of intracellular conditions that may 
influence tumor growth. 

The ability of fibroblasts to generate 
kinin under controlled conditions has been 
demonstrated. Further study is required to 
purify this kinin-forming enzyme, and 
elucidate its biochemical profile. I t  may be 
suggested that in a heterogenous cell popu- 
lation, as in a solid tumor, acid proteinases 
from several types of cells may utilize avail- 
able substrates for smaller peptide and kinin 
formation. 

Szimmary. The kinin-forming potential of 
a cultured cell line of mouse fibroblasts, L- 
929, has been studied. The fibroblasts were 
found to form kinin a t  acid p H  from both 
rat plasma and Murphy-Sturm lympho- 
sarcoma kininogen substrate preparations. 
The kinin formed was destroyed following 
incubation with carboxypeptidase B. The 
kinetics of kinin formation relathe to incu- 
bation time and concentration of fibroblasts 
also were studied. None of the conventional 
plant, mammalian, or synthetic protease in- 
hibitors had any significant effect on the 
kinin-forming activity of the fibroblasts. 
Phenylpyruvic acid, however, did inhibit 
this activity. The activity appeared localized 
in the soluble protoplasmic portion of the 
cell, as determined by ultracentrifugal tech- 

nique. 
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