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The location of calcium-activated neutral proteinase (CANP) was determined in human erythrocytes by crosslinking 
CANP to co-localizing proteins using a photolaheling bifunctional reagent, 4,4'-dithiobisphenylazide (DTBPA). The 
crnsslinked products were selectively isolated by immunoprecipitation with a polyclonai anti-CANP antibody and 
analyzed by SDS-polyacrylamide gel electrophoresis after cleavage of the crosslinkage. In the calcium-free incubation 
medium the main proteins crusslinked with CANP were cytnsolie proteins such as hemoglobin, in the presence of 
calcium ions, on the other hand, membrane skeletal proteins such as spectrin, band 4.1, 4.2 and 6 proteins as well as 
band 3 were crosslinked with CANP. Addition of calcium ionophore further increased the amount of crusslinked 
membrane proteins. These results suggest that in the absence of calcium ions CANP exists diffusely in the cytoplasm 
and is crnsslinkod with cytoplasmic hemoglobin nonspecifically while in the presence of calcium ions CANP associated 
with membrane where it is erusslinked specifically with the lining proteins. Thus it is demonstrated blochemically that 
the localization of CANP is dynamic depending on the presence of calcium ions. 

Introduction 

Calcium-activated neutral proteinases (CANP, EC 
3.4.22.17) are widely distributed in '.he animal kingdom 
and are found in various tissues. Two types of CANP 
have been shown to exist, / tCANP and mCANP, which 
require 1-10 ttM and 200-300 ~M calcium for half- 
maximal activity, respectively. Each CANP molecule 
consists of a catalytic subunit (about 80 kDa) and a 
regulatory subunit (about 30 kDa) [1-4]. Recent pro- 
gress has revealed that most CANP preparations consist 
of inactive proenzymes [5,6], which are converted to 
active forms through limited calcium-dependent auto- 
protcolysis. This limited autoproteolysis lowers the 
calcium requirement for its catalytic activity. It has 
been observed that the high calcium concentration re- 
quired for autoactivation is reduced in the presence of 

some phospholipids [7,8] or substrates [9]. The promo- 
tion of CANP activation by phospholipids from plasma 
membranes has also been reported [10]. These pbospho- 
lipid effects raise the possibility that CANP activation 
may occur on cytoplasmic membranes. This activation 
process would require CANP to be translocated on the 
plasma membrane for its activation. In order to confirm 
the location of CANP on plasma membranes, we tried 
to demonstrate in human erythrocytes the co-localiza- 
tion of CANP and membrane proteins by means of 
crosslinkage formation between these proteins followed 
by isolation of the resulting CANP-containing com- 
plexes by immunoprecipitation with an anti-CANP an- 
tibody. We chose human erythrocytes because they have 
a limited variety of proteins comprised mainly of cyto- 
solic hemoglobin and plasma membrane proteins, all of 
which had been well characterized. Since erythrocytes in 
mammals contain only p.CANP [11], the present study 
provides information only about I~CANP. 

Abbreviations: CANP, calcium-activated neutral proteinase; DTBPA, Materials and Methods 
4,4'-dithiobisphenylazide; TBS, Tris-buffered saline; PBS. phosphate- 
buffered saline. 
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other reagents were of the highest purity commercially 
available. Human  blood was provided by volunteers in 
this laboratory. Standard F C A N P  was prepared from 
human erythrocytes as described before [12]. Anti- 
chicken CANP antibody was raised in a rabbit  and  
purified on a CANP-Sepharose column. Cross-reaction 
of /~CANP from human erythrocytes was confirmed by  
immunoblott ing analysis with anti-chicken C A N P  anti- 
body, which showed a band  representing the large C A N P  
subunit with a molecular weight of 80 kDa.  

Preparation of human erythrocyte~. Blood samples 
were collected in tubes containing 5 mM EDTA and  
immediately centrifuged at  4 ° C  to separate plasma and  
erythrocytes. After removal of the supernatant  and the 
fluffy upper  precipitate which contains leucocytes, the 
packed precipitate was washed twice with phosphate-  
buffered saline (PBS) containing 5 mM EDTA. 

Treatment of human erythrocytes with DTBPA. The 
washed erythrocytes were transferred to small glass test 
tubes and suspended in Tris-buffered saline (TBS) at a 
concentrat ior  of 2 .107  cells/ml.  After addit ion of either 
5 mM EDTA, 1 mM calcium chloride or  5 mM calcium 
chloride plus 10 /~M calcium ionophore, these tubes 
were incubated on ice for 30 rain to disperse the reagent 
uniformly. Then I mM DTBPA in absolute ethanol 
prepared under  a red safe light [13] was added with 
stirring to the preincnbated erythrocyte suspension to a 
final concentration of either of 10 -5 or 10 -6 M (the 
resulting ethanol concentrat ion was 1 or 0.1%). This 
mixture was further incubated in the dark for 30 min on  
ice to allow the diffusion of the reagent into the cells, 
and  then was irradiated with 365 nm UV light (150 W, 
Ultraviolet Products Inc., CA) for 30 rain f rom a dis- 
tance of 5 cm. An  aluminum foil reflector was placed 3 
cm behind the sample tubes. After the irradiation, the 
mixture was centrifuged to remove the excess reagent  
and  the sedimented cells were lysed in 20 mM Tris-HCI 
(pH 7.5) containing 5 mM EDTA and  1% Tri ton X-100 
and  further incubated at 370C for 18 h to solubilize the 
membrane proteins. The whole erythrocyte lysate was 
centrifuged at 140000 x g for 1 h to remove the insolu- 
ble materials and  the supernatant  was subjected to 
immunoprecipitation. 

Separation and identification of CANP-linked proteins. 
The rabbit  antiserum against chicken C A N P  (100-fold 
dilution) was added to the erythrocyte lysate and  the 
mixture was incubated at  37 *C for 8 h to complete the 
iwanl:nopreeipitation. Then the reaction mixtu-e was 
centrifuged at 60000 × g for 40 min and  the resulting 
precipitate was rinsed with PBS. The washed precipitate 
was incubated at  3 7 ° C  for 5 h in 1% SDS and  100 m M  
2-mercaptoethanol in 20 mM Tris-HCl (pH 7.4). This 
treatment separates the crosslm!:ed proteins by reduc- 
t ire cleavage of the crosslinkages. The separated pro-  
teins were analyzed by  electrophoresis in a 10% poly- 
acrylamide slab gel prepared according to Laemmli  [14] 

and stained with Ccomassie brilliant blue. The identifi- 
cat ion of erythrocyte membrane  proteins was carried 
out according to Steck [15]. 

Results  

Proteins cross/inked with CANP in the absence of calcium 
ions 

The electrophoretie profiles of the proteins separated 
by immunoprecipi tat ion after DTBPA treatment were 
compared  with those of the membrane  and  cytosol 
proteins (Fig. 1). In the absence of calcium ions, hemo- 
globin, the major  cytosolic protein, was identified as the 
major  protein co-precipltated with an t i -CANP ant ibody 
after t reatment with DTBPA at both 10 -6  M and  10 -5 
M. Membrane  p ro te im were not  detected in the im- 
munoprecipi tate  except for a small amount  of band  6 
protein. The large subunit  of C A N P  (80 kDa)  was 
recovered in the inununoprecipitate.  However, bands  
corresponding to the small subunit  (30 kDa)  were not  
detected. 
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Fig. 1. Electrophoretic banding patterns of the proteins crosslinked 
with erythrccyte pCANP in the absence of calcium ions. The cross- 
linking reaction was performed with the indicated additions in TBS 
containing 5 mM EDTA. The proteins linked with CANP were 
isolated by immunoprecipitation and analyzed by electrophoresis in 
the presence of SDS on 10~ polyacrylamide gels. Lane 1, molecular 
weight marker proteins; lane 2, 10 -5 M DTBPA; lane 3, 10 -6 M 
DTBPA; lane 4, control membrane proteins; lane 5, control cytosalic 
proteins; lane 6, purified ~CANP from human erythtocytes. Marker 
proteins used -vere phosphorylase b (M r 94000), bovine serum al- 
bumin (M r 670~0), ovalbumln (M r 43000), and soybean trypsin 
inhibitor (M r 20100). The membrane proteins, bands 1, 2, 2.1, 3, 4.1, 

4.2, 5, 6 and 7 are marked (4). 



Proteins crosslinked with CANP in the presence of calcium 
ions 

Crosslinkage formation in the presence of  1 m M  
calcium chloride is shown in Fig. 2. When  cytosolic 
proteins in erythroeytes treated with D T B P A  were sub- 
jected to electrophoretic analysis without  prior immuno-  
precipitation, marked  product ion of  hemoglobin tetra- 
mer  ( M  r = 67000)  was observed (lane 8). This  indicates 
that  a sufficient a m o u n t  of  the D T B P A  had penet ra ted  
into the cytosol. There  were a few faint protein bands  
detected in the immunoprec ip i ta te  obta ined after  ex- 
posure  to light in the absence of  D T B P A  (lane 2). This  
lane served as the negative control  to conf i rm the valid- 
ity of  the present  immunospecif ic  separat ion of  the 
proteins crosslinked with CANP.  It is evident  f rom 
lanes 3 and  4 that  m e m b r a n e  proteins,  especially lining 
proteins  such as spectrin, band  6, band  4.1 and  band  4.2 
proteins, were immunoprec ip i ta ted  at crosslinker con-  
centrat ions of  10 -6  M and  10 - s  M. In  addi t ion to these 
proteins, band  3 protein, an integral m e m b r a n e  protein 
shown to be  the anion channel ,  was also precipitated 
with the an t i -CANP ant ibody.  Cytosolic proteins were 

- -  

",  = . i  

1 2 3 4 5 6 7 8  
Fig. 2. Electrophoretic banding pattern of the proteins crosslinked 
with arythrocyte/~CANP in the presence of calcium ions. The cross- 
linking reaction and analysis were performed as in Fig. 1 except that 
the reaction medium contained 1 mM calcium ions and no EDTA. 
Lane 1, molecular weight marker proteins; lane 2, without DTBPA; 
lane 3, 10 -6 M DTBPA; lane 4, l0 -5 M DTBPA; lane 5, control 
membrane proteins; lane 6, control cytosolic proteins; lane 7, purified 
/~CANP; lane S, 10 -6 M DTBPA without imraunoprecipitation and 
reduction with 2-mercaptoethanol. The membrane protein bands were 

identified as described in Fig. 1. 
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Fig. 3. The effect of calcium ionophore on crosslinkage formation 
involving CANP. The crosslinking reaction was performed as in Fig, 1 
except that it was carried out in the presence of 5 mM calcium ions 
with or without 10- 5 M calcium ionophore A23187. Electrophoresis 
was performed as in Fig. I. Lane l. 10 -6 M DTBPA without calcium 
ionophore: lane 2. 10 -5 M DTBPA without calcium ionophore; lane 
3,10 -6 M DTBPA and calcium ionophore; lane 4, 10 -5 M DTBPA 
plus calcium ionophore; lane 5, control membrane proteins: lane 6, 
control cytoplasmic proteins: lane 7, molecular weight marker pro- 
teins. The membrane protein bands were identified as described in 

Fig. 1. 

observed only slightl" n the immunoprec ip i ta te  at 
crosslinker concentra t  ,s of  either 10 -6  M o! 1 0 - s  M. 

Differently f rom the exper iment  in the absence of  
calc ium ions, no protein band  corresponding to intact 
C A N P  was  detected on electrophoresis. This  m a y  be  
due  to the autoproteolysis  of  C A N P  in the presence of  
calcium ions. 

Effect of calcium ionophore. T o  increase the intra- 
cellular ca lc ium concentra t ion in erythroeytes,  cells were 
b~cubated on  ice with 10/LM calc ium ionophore  A23187, 
which has been shown to t ransport  calcium ions across 
p lasma  m e m b r a n e s  [16], and 5 m M  calc ium chloride for 
30 min  and  then t reated with the crosslinking reagent.  
Some new bands  were detected upon  analysis in ad-  
dition to those observed in the presence of  calcium ions 
a lone (Fig. 3). The  amoun t s  of  speetrin, ankyrin and 
band  5 protein were increased; the amoun t  of  band  6 
prote in  remained  unchanged,  however.  The  faint bands  
below band  4.2 prote in  were not  identified. 
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Discussion 

We applied the crosslinkage formation method to 
examine whether C A N P  interacts with any cellular pro-  
teins. As we had expected, some membrane  proteins, 
especially the membrane lining proteins such as spec- 
trin, band  4.1, 4.2 and 6 proteins were found cross- 
linked with CANP in the presence of calcium ions. We 
examined crosslinkage formation under  three condi- 
tions: calcium free in the presence of EDTA, in the 
presence of 1 mM calcium chloride, and  in the presence 
of both 5 mM calcium chloride and  10 # M  calcium 
ionophore. Under  these three incubation conditions the 
intracellular calcium ion concentrations should be very 
low, near physiological levels and  very high, respec- 
tively. Influx of calcium ions into erytlirocytes may 
occur during incubation of the washed ery:hrocytes in 
the medium containing 1 mM calcium chloride, but  the 
intracellular level of calcium ions should remain in the 
physiological range, as was demonstra ted in smooth 
muscle cells under  similar conditions [17]. The results of 
the crosslinkage experiments showed an apparent  dif- 
ference in the localization of C A N P  according to the 
incubation conditions. C A N P  was dispersed in the cyto- 
sol when cells were incubated in the calcium-free 
medium, while at  least a port ion of the C A N P  was 
attached 1o plasma membrane proteins in the presence 
of calcium ions. The calcium ionophore further  in- 
creased the amount  of membrane  lining proteins cross- 
linked with CANP.  This calcium-dependent crosslink- 
age formation suggests that  C A N P  translocate.s onto  
membranes at increased levels of intracvllular calcium 
ions. Accordingly, the crosslinkage formation of C A N P  
and  membrane proteins demonstrated in ~he present 
study is in good agreement with a recent repol t  that  the 
amount  of CANP extracted in the cytosol fraction is 
decreased and more C A N P  is recovered in the mem- 
brane fraction in the presence of calcium [18]. Also 
recently, histological investigations have demonstra ted 
the distribution of C A N P  around  the plasma mem- 
brane: cytosol is stained diffusely with ant ibody against  
CANP [19,20], and  the periphery of the cell is also 
evidently stained [21,22]. The present study clearly indi- 
cates a calcium-dependent localization of C A N P  on the 
plasma membrane  lining proteins. 

In conclusion, calcium affects the distribution of 
CANP: CANP disperses in cytosol in the absence of 
calcium ions and  localizes on the plasma membrane  in 
the presence of calcium ions. We, therefore, suggest the 
possibility that  at  locally high concentrat ions of intra- 

cellular calcium ions, C A N P  is transferred to the plasma 
membrane  and  converted to the active form. The 
physiological role of the active C A N P  molecule remains 
to be clarified. 

Acknowledgement 

We are grateful to Professor T. Hayashi,  Depar tment  
of Chemistry,  College of Arts  and  Sciences, University 
of Tokyo,  for valuable discussions. 

References 

1 Murachi. T. (1983) Trends Biochem. Sci. 8,167-169. 
2 Suzuki, K., Kawashima, S. and lmahori, K. (1984) in Calcium 

Regulation in Biological Systems (Ebashi, S., et al, eds.), pp. 
213-226, Academic Press, New York. 

3 DeMartino, G.N. and Croall, D.E. (1987) News Physiol, Sci. 2, 
82-85. 

4 Pontremoli, S. and Melloni, E. (1986) Annu. Rev. Biochem. 55, 
461-481. 

5 Melloni, E., Pontremoli, S., Salamino, F., Sparantore, B., Michetti, 
M. and Horecker, B.L. (1984) Arch. Biochem. Biophys. 232, 
505-512. 

6 Imajoh, S., Kawasaki, H. and Suzuki, K. (1986) J. Biochem. 160, 
633-642. 

7 Coolican, S.A. and Hathaway, D.R. (1984l J. Biol. Chem. 259, 
11627-11630. 

8 Pontremoli, S., Melloni, E., Sparatore, B., Salamino, F., Micheui, 
M., Sacco, O. and Horecker, B.L. (1985) Biochem. Biophys. Res. 
Commun. 129, 389-395. 

9 Pontremoli, S., Sparatore, B., Melloni, E. and Horecker, B.L. 
(1984) Biochem. Biophys. Res. Commun. 123, 331-337. 

10 Pontremofi, S., Melloni, E., Sparatore, B., Salamino, F., Micheni, 
M., Sacco, O. and Horecker, B.L. (1985) Biochem. Biophys. Res. 
Conunun. 128, 331-338. 

11 Hatanaka, M., Yoshimura, N., Murakami, T., Kannagi, R. and 
Murachi, T. (1984) Biochemistry 23, 3273-3276. 

12 Kawashima, S., Noraoto, M., Hayashi, M., Inomata, M., 
Nakamura, M. and Imahori, K. (1984) J. Biochem. 95, 95-101. 

13 Pratt, M.M. and Stephens, R.E. (1980) J. Cell Biol. 84, 381-403. 
14 Laemmli, U.K. (1970) Nature 227, 680-685. 
15 Steek, T.L. (1974) J. Cell Biol. 62,1-19. 
16 Reed, W.P. and Lardy, H.A. (1972) J. Biol. Chem. 247, 6970-6977. 
17 Williams, D.A., Fogarty, K.E., Tsien, R.Y. and Fay, F.S. (1985) 

Nature 318, 558-561. 
18 Gopalakrishna, R. and Barsky, S.H. (1986) J. Biol. Chem. 261, 

13936-13942. 
19 Yoshimura, N., Hatanaka, M., Kitahara, A., Kawaguchi, N. and 

Murachi, T. (1984) J. Biol. Chem. 259, 9847-9853. 
20 Miyaehl, Y., Yoshlmura, N., Suzuki, S., Hamakubo, T.,Kannagi. 

R., Imamura, S. and Murachi, T. (1986l J. Invest. Dermatol. 86, 
346-349. 

21 Banh, R. and Elce, J.S. (1981) Am. J. Physiol. 240, E493-FA98. 
22 Hayashi, M., Kasai, Y. and Kawashima, S. (1987) Biochem. Bio- 

phys. Res. Commun. 148, 567-574. 


