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Summary 

Activities of  hydrolyt ic  enzymes on the surface of monkey  kidney, canine 
kidney, L. FM3A and various tumor  cells were determined and compared with 
those in the cell homogenate.  Although aminopeptidase (EC 3.4.11.-) activities 
were always detected on the surface membrane in mammalian cells, trypsin, 
chymotrypsin  and elastase activities were not  detected while slight glycosidase 
activity was detected in a suspension of  cultured cells. The activities of  alanine-, 
leucine-, methionine- and phenylalanine-aminopeptidases were rather high bu t  
aminopeptidase A, proline-, valine-, glycyl proline dipeptidyl- and glycyl propyl  
leucine-tripeptidyl-aminopeptidases showed relatively low activities. Amino- 
peptidase activity was also demonstrated in the isolated membrane fractions. 
The specific activities of  enzymes in these membrane fractions were not  signifi- 
cantly greater than in cell homogenate  so it was concluded that  these enzyme 
activities were rather loosely bound to the cell membrane. Further evidence for 
the localization of  the aminopeptidase activities on the cell surface was 
obtained by using glass-bead-bound substrate and detecting the release of  the 
terminal residues. When bestatin, a specific inhibitor against aminopeptidase B 
and leucine aminopeptidase, was included in the assay system for the enzyme 
activities on the cell surface, the enzymes were commonly  inhibited in all types 
of  cells. 

In t roduct ion 

The importance of the surface membrane in various functions of  mamma- 
lian cells is widely recognised. It is known that the components  of  the cell sur- 

Abbrev i a t i ons  used  in this paper .  TosArgOMe,  p - to luenesu l fony l -L-a rg in ine  m e t h y l  ester;  BzArg-  
OEt ,  Na-benzoyl -L-a~gin ine  e t h y l  ester;  A c A l a 3 O M e  , ace ty l -L-a lanyl -L-a lanyl -L-a ianine  m e t h y l  
ester .  LE m e d i u m :  Earle ' s  ba l anced  salt  so lu t ion  con ta in ing  0 .5% l ac t a ib u min  hyd~olysa te ;  L cell:  
es tabl i shed  f r o m  c o n n e c t i v e  t issues o f  C3H m o u s e ;  F M 3 A  cell: es tabl ished f r o m  m a m m a r y  t u m o r  
o f  m o u s e  s t ra in  C3H-He.  
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face play a key role in the processes of inflammation, immunity,  oncogenesis, 
metastasis and virus infection. Mild t reatment  of  the cells with proteolyt ic  or 
glycosidic enzymes somehow modifies these components  and thus often causes 
an alteration in cell function [1--3 ]. In previous papers, we reported the effect  
of sialidase treatment on the sialo compounds  located on the cell surface and 
also the interaction of  virus particles with components  of the cell surface 
[4--6]. 

Recently,  a plasminogen activator has been reported to exist on the surface 
of malignant cells [7--9] and proteolytic activity was also detected on the 
human erythrocyte  membrane [10]. It is well known that contact  inhibition in 
confluent  monolayer  culture is disconnected by  mild t reatment  of  the culture 
with trypsin [11]. However, no report  has ever mentioned either the presence 
of  exopeptidase activity on the cell surface or the effect of the enzyme on cell 
function, but  these exopeptidases might also serve as modulators or triggers of 
reactions which take place on the cell surface. 

In the present investigation, we determined the activities of exopeptidases, 
endopeptidases and glycosidases on the cell surface of intact monkey kidney, 
canine kidney, L. and FM3A cells as well as the corresponding activities in the 
cell homogenate,  representing the total  activity. Furthermore,  we determined 
exopeptidase activities in the membrane fractions prepared from the above- 
ment ioned cells and also f~om several additional tumor  cells. The localization 
of  hydrolyt ic  enzymes on the cell surface was also demonstrated by using glass- 
bead-linked substrate in place of soluble substrate. 

The results presented strongly support  the view that aminopeptidases (EC 
3.4.11.-) of  mammalian cells are located on the cell surface, reacting with 
external substrates. 

Materials and Methods 

Cells. Primary monkey  kidney cells were prepared by trypsinization and 
were grown in LE medium according to the method that was described previ- 
ously [4]. A cont inuous line of canine kidney cells were grown in Eagle F l l  
medium as described by Tobita et  al. [12]. A continuous line of L, L-1210, 
FM3A, and SV40-C3H cells were grown in minimal essential medium as 
described previously [4]. SV40-C3H and FM3A cells were kindly given by Dr. 
K. Oda, Department  of  Tumor Virus Research, and Dr. T. Ando, Department  
of  Virology, Institute of  Medical Science, Tokyo University. The Ehrlich ascites 
tumor  cells were grown for 7 days in 5-week-old male dd/Y mice. The Yoshida 
ascites were grown for 4 days in 8-week-old female Donryu rats. The tumor  
cells were separated by centrifugation of  the ascitic fluid, which had been 
diluted 10-fold with Hank's solution in order to diminish the tendency towards 
cell agglutination and the cells were washed three times with the same solution. 

Buffers. Buffers employed were as follows: Hank's solution, pH 7.2 without  
phenol red ;phospha te  buffered saline, 0.02 M and pH 7.2; Krebs-Ringer buffer, 
pH 7.2. 

Substrates for enzyme  assay: Sources of materials: p-toluenesulfonyl-L-argin- 
ine methyl  ester hydrochloride (TosArgOMe), N-acetyl-L-tyrosine ethyl ester 
(AcTyrOEt) and L-leucine ~-naphthylamide hydrochloride from Tokyo  Kasei 
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Kogyo Co., Japan; N%benzoyl-L-arginine ethyl ester hydrochloride (BzArg- 
OEt), phenolphthalein-glucuronic acid and N~-acetyl-L-lysine methyl  ester 
hydrochloride from Sigma Co., U.S.A.; p-nitrophenyl~-D-glucopyranoside and 
p-nitrophenyl-a-D-mannopyranoside from Calbiochem., U.S.A.; p-nitrophenyl- 
~-D-galactopyranoside and p-nitrophenyl-N-acetyl-[J-D-glucosaminide from BDH 
Chemicals Ltd., England; L-glutamine fl-naphthylamide hydrochloride,  L-argin- 
ine /~-naphthylamide hydrochloride,  L-lysine fl-naphthylamide hydrochloride, L- 
methionine fi-naphthylamide and L-proline ~-naphthylamide hydrobromide 
from Mann Research, U.S.A. ; L-valine fl-naphthylamide hydrochloride,  glycine 
fl-naphthylamide hydrochloride,  L-leucyl-glycyl-glycine from Protein Research 
Foundation,  Japan. Glycyl-L-proline fi-naphthylamide and acetyl-L-alanyl-L- 
alanyl-L-alanine methyl  ester (AcAla3OMe) were kindly synthesized by Dr. R. 
Nishizawa, Nihon Kayaku Co. Ltd., Tokyo.  

Preparation of L-leucyl-glycyl-glycyl-alkylamine/CPG-550: The amino group 
of L-leucyl-glycyl-glycine (L-Leu-Gly-Gly) was masked with t -butyloxycarbonyl  
group by  t -butyloxycarbonyl  azide. 140 mg of BOC-Leu-Gly-Gly was dissolved 
in 20 ml of  tetrahydrofuran and 80 mg of dicyclohexylcarbodiimide was added 
at 0°C. After 30 min, 2 g of Alkylamine/CPG-550 (Pierce Chem. Co., U.S.A.} 
was added and the mixture was stirred gently on a rotary shaker for 16 h. The 
glass beads were washed with 500 ml of  methanol on a glass filter and dried 
under reduced pressure. 3 M hydrochloric acid/methanol (1 : 1) was added to 
the glass beads and the mixture was kept  standing for 1 h at 37 ° C. After succes- 
sive washing with acetic acid, water and methanol,  L-Leu-Gly-Gly • glass beads 
was dried under reduced pressure. Ninhydrin reaction showed that 0.05 pmol  
of  L-Leu-Gly-Gly was attached per mg of the glass beads. 

Determination of enzyme activities. In monkey  kidney, canine kidney, SV40- 
C3H and L-1210 cells, enzyme activities were assayed on the monolayer  cul- 
tures grown in glass vials for scintillation counting {diameter 2.0 cm, 2.5 • l 0  s 
cells). Without removing the cells from the vials, the growth medium was 
replaced with 1 ml of  Hank's solution (pH 7.2) containing respective substrates 
corresponding to the species of  enzymes. In L, FM3A cells and tumor cells, 
enzyme activities were assayed in a test tube (1.5 × 10 cm, 2.5 • 10 s cells) with 
1 ml of Hank's medium containing respective substrates. The vials and test 
tubes were incubated for 1 h at 37 ° C. The supernatant was withdrawn and cen- 
trifuged (3000 rev./min, 10 min) for further measurements. Cell homogenates 
were prepared in the same buffer with Dounce homogenizer (200 strokes). 
Microscopic observation indicated that the cells were completely dest royed 
under these conditions. 

Isolation of plasma membrane. Plasma membranes were isolated from the 
fiver of  adult male rats, L and Ehrlich cells. Isolation was carried out  according 
to the method of  Ray [13] with a modification as follows: 2 g of  liver or 
3 • 109 L cells and 6 • 109 Ehrlich cells were homogenized in 20 ml of medium 
A (0.25 M sucrose, 5 mM Tris • HCI (pH 7.4), 1 mM MgC12) in a Dounce homo- 
genizer with 200 strokes. The homogenate was diluted with medium A equiv- 
alent to 100 times of  the wet  weight of  fresh liver, L or Ehrlich cells and centri- 
fuged at 5000 rev./min for 10 min. The pellet was suspended in the same buffer  
and homogenized with 30 strokes. The suspension was diluted 50 times with 
the same buffer  and centrifuged again for 10 min. The pellet was taken up in a 
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small volume of the same buffer and then mixed with 70% ice-cold sucrose 
solution (w/w) so that  the final concentration of  sucrose was 48% (w/w). The 
sucrose suspension was layered using 8 ml of 45% sucrose, then 10 ml of  41% 
sucrose and finally 5 ml of 37% sucrose successively. The tubes were then spun 
for 2 h at 25 000 rev./min in a Spinco SW-25 centrifuge. The plasma membrane 
layer appeared at the interface between 37% and 41% sucrose in the form of  a 
thin compact  sheet. The membrane layer was taken out  with a Pasteur pipette, 
washed free of  sucrose and then suspended in an appropriate amount  of buffer. 

Enzyme preparations. Aminopeptidases (EC 3.4.11.-) and glycosidases (EC 
3.2.1.-) were partially purified from rat or bovine liver according to the proce- 
dure described by Hopsu [14] and Chytil [15]. Leucine aminopeptidase (EC 
3.4.11.1) and elastase (EC 3.4.4.7) were purchased from Boehringer Mannheim, 
Germany. Trypsin (EC 3.4.21.4), chymotrypsin  (EC 3.4.21.1) and fi-glucuron- 
idase (EC 3.2.1.31) were purchased from Sigma Chemical Co., and Nutritional 
Biochem. Co., U.S.A. These enzymes were used in the experiment for Table I. 

Method o f  determination o f  exopeptidase reactions. For aminopeptidase 
assay, the reaction mixture included 0.25 ml of  2.0 mM fi-naphthylamide 
derivatives. After  the reaction, the mixture was processed as described previous- 
ly [16] and the absorbance at 525 nm of the final mixture was determined. 

Method o f  determination o f  endopeptidase reactions. For endopeptidase 
assay, the reaction mixture included 0.1 ml of  75 mM ester derivatives. After  
the reaction, the mixture was processed as described previously [17] and the 
absorbance at 525 nm of the final mixture was determined. 

Method o f  determination o f  glycosidase reactions. For glycosidase assay, the 
reaction mixture included 0.05 ml of  50 mM p-nitrophenyl or phenolphthalein 
derivatives. After  the reaction, the mixture was processed as described previous- 
ly [5] and the absorbance at 550 nm of  the final supernatant was determined. 

Protein determination. T h e  method of Lowry et al. [18] was used with 
bovine serum albumin as standard. 

Results 

Selection o f  media suitable for the determination o f  enzyme activities 
In determining the enzyme activities located on the cell surface of  mono- 

layer cells or suspended cells, we have to choose a medium that does no damage 
the cell surface when added with the substrate. We determined the rate of  
hydrolysis of various substrates by  intact L cells suspended in phosphate-buf- 
fered saline, Krebs-Ringer and Hank's solution with and wi thout  the addition 
of  2.5% albumin [19] and compared the recovery of  enzyme activities in differ- 
ent media. When the enzymes which can not  be detected on the cell surface 
were to be determined, commercial preparations of  the corresponding enzyme 
were employed.  As shown in Table I, the highest recovery was always obtained 
in phosphate-buffered saline and the recovery in Hank's solution ranked next.  
However, the determination of  the fluidity of  the cell membrane by  the meth- 
od of  Inbar and Sachs [20,21] indicated that Hank's solution is preferred to 
phosphate-buffered saline from the standpoint  of  membrane stability. Accord- 
ingly, when assaying the enzyme activities on the cell membrane, we used 
Hank's solution in order to avoid damage to the cell membrane. When assaying 
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Fig. i. (a) Time course of aminopeptidase activities on intact canine kidney cells. The hydrolysis of alan- 

ine-~-naphthylamide, lysine-~napbthylamide and leucine-~-naphthyiamide were determined on the surface 

of intact canine kidney cells. Enzyme activities are expressed as nmol of naphthylamine per vial bottle in 

the  H a n k ' s  so lu t ion .  Each  po in t  was  ob t a ined  f r o m  the  average of  tr ipl icat~ samples ,  c o, a lanine 
a m i n o p e p t i d a s e ;  -" , ,  a m i n o p e p t i d a s e  B; X ×,  leucine aminopep t idase .  (b)  P ropor t io lml i ty  
b e t w e e n  surface  e n z y m e  activit ies and  n u m b e r  of  L cells. The  hydro lys i s  of a l an ine -~-naph thy lamide ,  argi- 
n ine -~-naph thy lamide  and  leuc ine- f l -naphthylamide  were  d e t e r m i n e d  on the  sur face  of in tac t  L cells. 
E n z y m e  activi t ies are expressed  in n m o l  of  n a p h t h y l a m i n e  pe r  h and per  n u m b e r  of  cells in the  Hank ' s  
so lu t ion  given abscissa. Each po in t  was  ob t a ined  f r o m  the average  of  t r ipl icate  samples ,  o o, a lanine 
a m i n o p e p t i d a s e  ; -" , ,  a m i n o p e p t i d a s e  B; × ×,  leucine a m i n o p e p t i d a s e .  

enzyme activities in the membrane fractions, phosphate-buffered saline was 
used. 

The kinetics o f  the enzyme  activities 
Fig. I (a) illustrates the time course of  the enzyme reaction which occurs on 

surface of  canine kidney cells. The catalytic activities of  alanine-, lysine- and 
leucine-aminopeptidases were constant  for up to 60 min. As shown in Fig. 1 
(b), aminopeptidase activities located on the surface of  L cells were also pro- 
portional up to at least 106 cells in the assay medium. As the control  experi- 
ment, cells were incubated for 60 min without  substrate and the supernatant 
was checked for any release of these enzymes. Incubation of the cells wi thout  
substrate did no t  cause any release of  the enzymes. 

Comparison o f  the enzyme activities located on the cell surface with those pre- 
sent in the cell homogenate 

The enzyme activities on the cell surface were compared with those in the 
cell homogenates in monkey kidney and canine kidney cells grown in the form 
of monolayer  and in L and FM3A cells grown in the form of  suspension cul- 
ture. Although aminopeptidase activities were always detected on the surface in 
any kind of cells, activities of trypsin, chymotrypsin  and elastase, which are all 
endopeptidases, were not  detected on the cell surface. While glycosidase activi- 
ties were not  detected in monolayer  cells, they were detected in low concentra- 
tion in the suspension cultured cells (Table II). Among the aminopeptidase acti- 
vities detected on the cell surface, alanine-, leucine-, methionine- and phenyl- 
alanine-aminopeptidase showed rather high activities and aminopeptidase A, 
proline-, valine-, glycylproline dipeptidyl- and glycylprolylleucine tripetidyl- 
aminopeptidase showed relatively low activities. On the whole, the enzyme 
activities on the cell surface were higher in the suspension-cultured cells than in 
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the monolayer  cells, probably because the suspension-cultured cells have a lar- 
ger surface area. When any type  of  cell was incubated only with medium, no 
enzyme activity was detected in the supernatant and therefore it was concluded 
that the cells do not  release enzymes into the medium during incubation. 
Furthermore,  after such cells were incubated with the substrate, electron 
microscopy of  the cells revealed that  they remained intact. The viability of  the 
cells was not  decreased by incubation and nigrosin staining also showed the 
intactness of  the cells after incubation. In certain species of  aminopeptidase, 
the enzyme activities on the cell surface were rather high, compared with those 
in the homogenate.  In order to get further confirmation of  the localization of  
enzymes on the cell surface, enzyme activities were determined on membrane 
fractions prepared from several different kinds of  cells. 

Comparison of the enzyme activities in isolated membrane fractions with those 
in cell homogenates 

Aminopeptidase activities were determined in the membrane J~actions pre- 
pared from rat liver, L and Ehrlich cells. As shown in Table III, the specific 
activities in the membrane fraction were higher than those in the cell homogen- 
ate for most  species of  aminopeptidase and this indicates the localization of  the 
enzyme activities in the membrane fractions. However, for certain kinds of  
aminopeptidase, the specific activities of  the membrane fraction do not  exceed 
those in the homogenates.  The inactivation of the enzymes during preparation 
of the membrane fractions and the release of the activities from the membranes 
may be responsible for this. It seems likely that  aminopeptidase activity on the 
cell membrane is rather loosely bound to the membrane. 

Further proof for the localization of  enzyme activity on the cell surface 
In order to give a further proof  that the enzymatic activities so far described 

are actually located on the cell surface, the enzymatic  activities of intact cells 
were determined by using L-Leu-Gly-Gly or L-Leu-Gly-Gly • glass beads as the 
substrate. Purified preparation of  leucine aminopeptidase from rat liver hydrol- 
yzed both  L-Leu-Gly-Gly and L-Leu-Gly-Gly • glass beads. The rate of hydrolys- 

T A B L E  IV 

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

The cel ls  w e r e  grow n  in Fa lcon  dishes (35 X 10 m m )  and w a s h e d  w i t h  p h o s p h a t e - b u f f e r e d  saline,  2 ml  o f  
p h o s p h a t e - b u f f e r e d  saline con ta in ing  L-Leu-GIy-GIy  (10  m g )  or  L-Leu-Gly-GIy  • glass bea ds  ( 1 0 0  m g )  
were  added  and the  dishes  w e r e  i n c u b a t e d  for  1 h a t  37°C.  The  supernatant  wa s  centr i fuged  for  10 rain at 
3 0 0 0  r e v . / m i n  and c o n c e n t r a t e d  b y  e vap or a t ion  in vacuo .  Th e  residue wa s  d isso lved in a smal l  a m o u n t  o f  
w a t e r  and s u b m i t t e d  to  thin- layer  c h r o m a t o g r a p h y .  

Substrates  Leuc ine  re leased  ( ~ m o l / 1 0 5  cells) 

SV40-C3H Ehr l ich  L -1210  M o n k e y  Canine  
k i d n e y  k i d n e y  

L-Leu-GIy-GIy  1.33 
L-Leu-GIy-GIy  • glass beads  0 .25  
Glass beads  0 

1.38 1.52 1.30 1.21 
0 .30  0 .38  0 .25  0 .22  
0 0 0 0 
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is was much higher for the substrate of the smaller molecule. Both substrates 
were incubated for 1 h at 37°C with SV40-C3H, Ehrlich, L-1210, monkey kid- 
ney and canine kidney cells, respectively and the supernatant after incubation 
was concentrated and submitted to silica gel thin-layer chromatography with n- 
butanol/acetic acid/water (4 : 1 : 1) as the solvent. As detected by Ninhydrin 
spraying, a spot corresponding to leucine with R F value of 0.44 appeared only 
when the cells were incubated with substrates. The leucine spot was scanned 
with an Ozumor densitometor at 530 nm using the slit 2 × 8 mm. As shown in 
Table IV, the terminal leucine residue was clearly released from L-Leu-Gly-Gly • 
glass beads, although its amount  was about one fifth of that  released from the 
low molecular substrate, L-Leu-Gly-Gly. This result shows that at least leucine 
aminopeptidase is distributed on the cell surface. When the cells were incubated 
with only glass beads under the similar condition, the enzyme activities were 
not  released into the supernatant. Furthermore, the intactness of the cells after 
incubation with glass beads was also ascertained by microscopic observation. 

The effect o f  a specific inhibitor o f  aminopeptidase B and leucine aminopeptid- 
ase located on the cell surface 

Bestatin is a specific inhibitor of aminopeptidase B and leucine aminopeptid- 
ase isolated from the culture filtrate of Streptomyces  olivoreticuli by Umezawa 
et al. [16,22]. As shown in Table V, it strongly inhibited all the activties previ- 
ously detected on the surface of various cultured cells, tumor cells and the rat 
liver homogenate. This phenomenon seems to be common to both enzymes in 
every cell type tested. 

Discussion 

The present experiments clearly indicate for the first time that  at least some 
aminopeptidases are located on the cell surface of monkey kidney, canine kid- 
ney,  L, FM3A and various tumor  cells. 

As shown in Table II, aminopeptidase activities were demonstrated on the 
surface of monkey kidney, canine kidney, L and FM3A cells while endopeptid- 
ases and glycosidases were not  detected on the cell surface. However, low 
glycosidase activities were detected in suspended culture cells. When we pre- 
pared the membrane fractions from rat liver, L and Ehrlich cells, aminopeptid- 
ase activities were actually detected in the membrane fraction but no glycosid- 
ase nor endopeptidase activity could be detected in this fraction {Table III). 
When the cells were incubated with L-Leu-Gly-Gly • glass beads, the terminal 
residue of leucine was hydrolyzed {Table IV}. This gives further proof  of  the 
localization of  the enzyme on the cell surface. The amount  of  leucine residue 
released from L-Leu-Gly-Gly • glass beads was almost one fifth of that  released 
from L-Leu:Gly-Gly. This is probably because the affinity of  the enzyme for 
the glass bead-bound substrate was decreased by steric hindrance. 

When substrates with low molecular weight were incubated with the cells in 
order to determine the enzyme activities located on the cell surface, we cannot 
eliminate the possibility that  the enzyme activities located on the cell surface 
were over-estimated. The reason is that  low-molecular-weight substrates can 
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penetrate into the cytoplasm and that  the corresponding hydrolysis products 
are released back into the medium. This might explain our observation in cer- 
tain species of aminopeptidase that the enzyme activities on the cell surface 
were rather high, compared with those in the homogenate (Table II). Alterna- 
tively, the presence of inhibitor in the homogenate could be assumed and we 
might have observed in the cell homogenate enzyme activities which are artifici- 
ally low. 

The viability of the cells examined remained constant and no cell damage 
was observed after the cells had been incubated with the substrate. Therefore, 
it is reasonable to assume that aminopeptidases and some glycosidases really are 
located on the cell surface and that  the enzyme activities observed under our 
experimental conditions are not  due to release from lysosomes of damaged or 
punctured cells. 

ATPase is known as an example of the enzymes which are tightly bound to 
the membrane of most species of mammalian cells [23]. Glyceraldehyde-3- 
phosphate, dehydrogenase and 3-phosphoglycerate kinase are also reported to 
be present on the membrane of Ehrlich tumor cells but the association between 
the enzymes and the membrane are suggested to be rather loose [19]. Amino- 
peptidases, which we detected for the first time on the surface of mammalian 
cells, can be considered to be bound loosely to the membrane as is the case of 
the latter. 

Bestatin, a specific inhibitor of aminopeptidase B and leucine aminopeptid- 
ase, similarly inhibited enzymes on various cell surfaces (Table V). It is sug- 
gested that bestatin binds with these enzymes on the cell surface and causes 
some change in the cell function. As will be reported in another paper [24] we 
found that bestatin produces a strong enhancement of delayed-type hypersensi- 
tivity in mice to sheep red blood cells as determined by the footpad thickness. 
The compound also augmented the immune resistance to cancer and suppressed 
the growth of  transplanted tumors. Since many kinds of hydrolyt ic  enzyme are 
located on or near the cell surface, ~it is possible that  these enzymes in the cell 
periphery might play an important  ro le  in the processes of  inflammation, 
immunity,  oncogenesis, metastasis or virus infection. How the surface amino- 
peptidases behave in the various cell functions in such cases is also an interest- 
ing question. 
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