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The cDNA sequence  encoding  precursor  forms of 
human  cathepsin  E  (CE), an  intracellular  aspartic  pro- 
teinase,  was  expressed  in Chinese hamster  ovary cells 
using an  SV40  promotor-driven  expression  vector.  By 
immunoelectron  microscopic  studies  using an  anti-hu- 
man CE antibody and by Percoll  density  gradient  frac- 
tionation, the expressed CE was  found  to  be  in  two 
different  intracellular  fractions;  the cytosolic com- 
partment  and  the  vacuolar  system.  The  CEs  in  both  the 
cytosolic and  the  vacuolar  fractions  were  highly  puri- 
fied by a simple  method  involving  Percoll  density gra- 
dient  fractionation,  chromatography  on  concanavalin 
A-Sepharose, Mono Q, and TSK-GelG2000SW, and 
termed s-CE and V-CE, respectively.  The V-CE was 
further  separated  into a major  (v-CE1) and a minor  (v- 
CE2)  form by Mono Q chromatography. Sodium dode- 
cy1 sulfate-polyacrylamide  gel  electrophoresis and im- 
munoblotting  revealed that  the s-CE and  v-CE1 con- 
sists of two  polypeptides of 90 and  84  kDa,  whereas v- 
CE2 is composed of 84-  and  82-kDa polypeptides. The 
NHz-terminal  amino  acid  sequence  analyses  showed 
that  the 90- and  84-kDa  proteins  from  both s-CE and 
V-CE started  with  Ser3  and Lys30  of the sequence of 
human  gastric CE predicted  from  its cDNA sequence, 
respectively, and  that  the NH2 terminus of the  82-kDa 
protein of V-CE2 is the Ile3’. Upon  acid treatment at 
pH 3.5 and 37 “C for 5 min, the 90- and  84-kDa  forms 
are rapidly  converted  to  the  82-kDa  form,  indicating 
that  the 90-, 84-  and  82-kDa  proteins are the pro-CE, 
the  intermediate  form,  and  the  mature CE,  respec- 
tively. All the  forms of  CE are N-glycosylated  with 
high-mannose-type  oligosaccharides. The  catalytic 
properties of s-CE and V-CE are comparable  to  those 
of natural  human CE. These  results  suggest  that  the 
recombinant CE is initially  synthesized  on  membrane- 
bound  ribosomes as a N-glycosylated  preproenzyme 
and  that, after cleavage of the  signal  segment,  the 90- 
kDa proenzyme is proteolytically  processed  to the in- 
termediate  (84  kDa)  and  mature  (82  kDa)  forms by the 
transport system. 
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the payment of page charges. This article  must therefore be hereby 
marked “advertisement” in accordance with 18 U.S.C. Section 1734 
solely to indicate this fact. 
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Cathepsin E (CE)’  (EC 3.4.23.34) is an  intracellular  aspartic 
proteinase  consisting of two  identical  subunits  with a molec- 
ular  mass of about 42 kDa (1-4). In  contrast  to  cathepsin D 
(CD)  (EC 3.4.23.5), a  lysosomal aspartic  proteinase  that is 
present  in  almost  all  the  mammalian cells, CE  has a limited 
distribution  in  certain cell types  such  as lymphoid tissues, 
gastrointestinal  tracts,  and  urinary  organs  (5, 6). Recent 
immunoelectron microscopic studies have  revealed that  the 
intracellular localization of CE  also is different from that of 
CD  in  various  mammalian cells (7,8).  In  these  studies,  it  has 
been  shown that  CE  is  not  found  in lysosomes of any cell 
types. The membranous localization of CE was found in 
intracellular  canaliculi of gastric  parietal cells (human  and 
rat),  renal  proximal  tubule cells (rat),  and bile canaliculi of 
hepatic cells (rat), while its localization in  the cytosolic com- 
partment was demonstrated  in  various cells, such  as  gastric 
cells (human  and  rat)  and  neutrophils  (rat).  The localization 
in  the  cisternae of rough endoplasmic  reticulum was also 
shown in  gastric cells (human  and  rat).  From  these findings, 
it  has  been suggested that  the physiological role of CE  is 
different from that of CD, and  that  the possible  involvement 
of CE  in  extralysosomal proteolysis is  related  to specialized 
functions of certain cell types,  such  as  absorption  and secre- 
tion. However, the precise  role of this enzyme in  intracellular 
proteolysis still  remains  to be elucidated. 

CE is known as a glycoprotein (1-3, 9) and considered to 
have oligosaccharide chains of both  the high mannose  type 
and  the complex type  (10).  On  the  other  hand,  there is 
suggestive  evidence that  CE is synthesized  as a  high  molecular 
mass  precursor  and  subsequently processed to  the  mature 
form  by autocatalytic release of the  NHp-terminal  prosegment 
(11). These findings  suggest that  CE  is  initially  synthesized 
on  the  membrane-bound ribosomes and  then  transported  to 
the Golgi complex in a manner  similar  to lysosomal  enzymes. 
However, the precise mechanism of the  biosynthesis  and 
intracellular  targeting of CE  has  not  yet  been  studied.  In 
particular,  it  is  not known how CE is sorted from  lysosomal 
proteins  and  secretory  proteins  and  targeted  to  its  final loca- 
tion,  and where the proteolytic  processing  occurs in cells. The 
major problems for these  studies  are  the difficulty in purifi- 
cation of the enzyme due  to  its low cellular concentration  and 
the lack of a  specific substrate  that  is  discriminated only by 
CE. 

To  study  the molecular basis of the segregation and  matu- 

’ The abbreviations used are: CE, cathepsin E; CD, cathepsin D; 
CHO, Chinese hamster ovary; PAGE, polyacrylamide gel electropho- 
resis; PBS, phosphate-buffered saline; ConA, concanavalin A dhfr, 
dihydrofolate reductase. 

7276 



Recombinant Human Cathepsin E 7277 

ration of CE, we decided to prepare heterologous  cells  express- 
ing of the human  enzyme at a high rate. We report  here the 
expression of human CE cDNA in Chinese hamster ovary 
(CHO) cells and the intracellular localization and processing 
of the recombinant enzymes. We also demonstrate the puri- 
fication and biochemical properties of recombinant CEs, as 
compared  with the natural  human CE. 

EXPERIMENTAL  PROCEDURES 

Materiab"he antiserum against CE purified from human  eryth- 
rocytes (12) was raised in rabbits and purified by affinity chromatog- 
raphy as described previously (8). The two chromogenic synthetic 
substrates, Pro-Pro-Thr-Ile-Phe-Phe(4-NOz)-Arg-Leu and Lys-Pro- 
Ile-Glu-Phe-Phe(4-NOz)-Arg-Leu were kind gifts of Dr. J. Kay (De- 
partment of Biochemistry, University of Wales, United Kingdom) 
and Dr. B.  M. Dunn  (Department of Biochemistry and Molecular 
Biology, University of Florida), respectively. Endoglycosidase H was 
purchased from Seikagaku Kogyo  Co. (Tokyo). Protein A and ben- 
zyloxycarbonylarginylarginine-4-methyl-7-coumarylamide were  from 
the Protein Research Foundation (Osaka, Japan). All other chemicals 
were  of reagent grade and were purchased from various commercial 
sources. 

Construction of Expression Plasmid-The 1.7-kb EcoRI fragment 
(bp -36 to 1695) of the human CE  cDNA in clone AGS  412 (13) was 
digested with SmaI and EcoRV, and  the resulting 1.8-kb fragment 
containing the sequence from the translation  initiation  site of human 
CE to  the poly(A) additional signal was inserted into  the  SmaI site 
of the pECE-dhfr (14) to obtain the expression plasmid pCE-dhfr. 

Transfection of Chinese Hamster Ovary  Cells and Selection of the 
Transfectants-The dihydrofolate reductase-deficient CHO  cell line 
DXBll (15) was routinely maintained in Ham's F-12 medium sup- 
plemented with penicillin (100 units/ml) and streptomycin (100  pg/ 
ml) containing 10% (v/v) fetal calf serum at 37 "C in  a humidified 
5% COZ incubator. The expression plasmid, pCE-dhfr, was trans- 
fected into DXBll by the calcium phosphate method (16) with 
glycerol treatment (17). After transfection, the cells were subcloned 
into  a CHO dhfr+ cell-selective medium (Dulbecco's modified Eagle's 
medium supplemented with penicillin (100 units/ml), streptomycin 
(100  Kg/ml), a-minimal essential medium nonessential amino acids 
(0.1 mM) and L-glutamine (2 mM) containing 10% dialyzed fetal calf 
serum) to generate single colonies of dhfr-positive CHO  cells. The 
single colony-forming dhfr+ CHO cells were picked up by trypsin 
treatment in cloning cylinders, maintained  in culture dishes, and 
subsequently screened for expression of human  cathepsin  E by West- 
ern blot analysis (18) using the anti-human CE antibody (6). To 
obtain samples for the analysis, the cytoplasmic extract was prepared 
from the cells by treatment with 0.5% Nonidet P-40 followed by 
centrifugation (15,000 X g, 20 min). 

Determinations-Acid proteinase activity was determined at pH 
3.8 using 1.5% acid-denatured hemoglobin as  a  substrate  as described 
previously (12). The amounts of cathepsins E and D were determined 
by immunoprecipitation using antibodies specific for each enzyme, as 
described previously (6). Cathepsin B was assayed with benzyloxy- 
carbonylarginylarginine-4-methyl-7-coumarylamide as  a  substrate 
according to  the method of Barrett and Kirschke (19), with some 
modifications (20). @-Glucuronidase was assayed with 4-methylum- 
belliferyl-@-D-glucuronide as  a  substrate by the method of Robins et 
al. (21). Protein was determined by the method of  Lowry et al. (22) 
with bovine serum albumin as  a  standard. 

Subcellular Fractionation and Percoll Density Gradient Centrifu- 
gation-The transfected CHO  cells  were  grown to confluency, washed 
three times with phosphate-buffered saline (PBS), and dispersed with 
a buffer containing 0.25% trypsin. After being harvested by centrif- 
ugation, the cells were suspended in PBS  at a density of 2 X lo7 cells/ 
ml and disrupted by nitrogen cavitation for 20 min at 400 p.s.i. in  a 
bomb (Parr Instrument) at 4 "C. After centrifugation at 400 X g for 
8 min to remove  nuclei and unbroken cells, 2 ml of the postnuclear 
supernatant was layered on 5.5 ml of the iso-osmotic Percoll solution 
(27% Percoll, 0.25 M sucrose, 2 mM MgCl,, 5 mM Tris-HC1, pH 7.4). 
One ml of the dense sucrose solution (2.5 M sucrose, 2 mM MgClZ, 5 
mM Tris-HC1, pH 7.4)  was placed at  the bottom of the tubes. The 
tubes were centrifuged at 39,000 X g for 40 min in  a  Hitachi 65 rotor 
and fractionated from the top into 15 fractions of  0.5  ml with a glass 
syringe. 

Immunoprecipitation-Soluble extracts of subfractions of the cells 
were prepared by ultrasonication in the presence of 0.5% Triton X- 

100 followed  by centrifugation. The extracts were subjected to im- 
munoprecipitation by using antibodies specific for cathepsins  E or D, 
as described previously (6). 

Gel Electrophoresis and Immunoblots-SDS-PAGE was performed 
following the procedure of Laemmli (23). For immunoblotting, pro- 
teins electrophoresed on  SDS gels  were transferred electrophoreti- 
cally at 100 V for 12-15 h from the gels to nitrocellulose membranes 
according to  the method of Towbin et al. (18). The blotted membranes 
were immunostained as described previously (24). 

NH2-terminal Sequence  Analysis-The purified recombinant en- 
zymes separated by SDS-PAGE under reduced conditions were trans- 
ferred on to polyvinylidene difluoride membranes and stained with 
Coomassie Blue R-250. The stained bands corresponding to  the 
recombinant CE polypeptides were excised, and  the adsorbed proteins 
were subjected to automated sequencing (Applied Biosystems Model 
473A). 

Immunoelectron Microscopy-The cells grown on coverslips were 
washed with PBS  and fixed in 2% formaldehyde, 0.3% glutaraldehyde, 
and 0.5% dimethyl sulfoxide in 100 mM cacodylate buffer, pH 7.4, at 
4 "C for 1 h. After washing with PBS, endogeneous peroxidase activity 
was  blocked by incubation with 0.3% Hz02 in PBS for 1 h. The cells 
were incubated with 3% normal goat serum in PBS for I h at 4 "C 
and  then with the antibodies against the human erythrocyte CE (50 
pg/ml) for 48 h at 4 "C. After washing with PBS, the cells were 
stained using the avidin-biotin-peroxidase complex  (ABC) method by 
a Vectastain ABC kit (Vector Laboratories). The cells were incubated 
in 0.5 mM 3,3'-diaminobenzidine tetrahydrochloride and 0.005% HzOz 
in 50 mM Tris-HC1 buffer, pH 7.4, for 15 min at room temperature. 
The  stained cells were then postfixed in 1% osmium tetroxide in 100 
mM cacodylate buffer, pH 7.4, and embedded in Epon 812 after 
dehydration treatment.  Thin sections were examined using a  Hitachi- 
7000 electron microscope. 

Activation of Procathepsin E-Activation of the recombinant pro- 
cathepsin E was carried out at  pH 3.5 and 37 "C. After incubation for 
5 min in 10 mM sodium acetate buffer, pH 3.5, the activation was 
stopped by addition of  200 mM Tris-HC1 buffer, pH 9.0, to give a 
final concentration of 20  mM. The samples were analyzed by SDS- 
PAGE followed  by immunoblotting. 

Treatment with  Endoglycosidase  H-The purified enzymes were 
dissociated by boiling for 2 min with 10 p1 of 1% SDS  in water. To 
these samples, 90 pl of 50 mM sodium acetate buffer, pH 6.0, contain- 
ing 10 milliunits of endoglycosidase H, was added. The reaction 
mixtures were incubated for 18 h at 37 "C and  then analyzed by SDS- 
PAGE followed by immunoblotting. 

RESULTS 

Establishment of Cell Lines  Producing Human Cathepsin 
E-The expression plasmid of pCE-dhfr,  which  directs  human 
CE expression in mammalian cells, is  shown  in  Fig. 1. This 
plasmid contains the sequence of the SV40 promotors, the 
full length human CE coding  region  with  poly(A)  signal 
sequence, and the DHFR gene  expression unit. After intro- 
ducing the plasmid pCE-dhfr  into  dihydrofolate reductase- 

RI 

I 

FIG. 1. Diagram of the expression plasmid of human ca- 
thepsin E. dhfr, mouse dihydrofolate reductase gene;  AmpR, (3- 
lactamase gene from pBR322; poly(A), the polyadenylation signal 
from SV40; CE, human preprocathepsin E cDNA,  SV40,  SV40 early 
promotor. 
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deficient CHO cells (CHO  dhfr-),  the  transfected cells se- 
lected for the dihydrofolate reductase-positive  phenotype 
(CHO  dhfr+) were cloned and  subsequently  screened  for  ex- 
pressing  human  CE.  Western blot analysis showed that  the 
cloned CHO  dhfr+ cells contained  proteins reactive with  anti- 
human  CE  antibodies  (not  shown). 

Distribution and Localization of the Recombinant Human 
Cathepsin E in  the Transfected  CHO Cells-To examine  the 
intracellular  distribution of the  recombinant  CE  in  the  trans- 
fected CHO cells, the  postnuclear  supernatant  obtained by 
centrifugation of the  disrupted cells at  400 X g for 8 min was 
subjected to Percoll density  gradient  centrifugation. As shown 
in Fig. 2, the  CE was separated  into two pools: the  light  and 
the high density pools equilibrated  in  the  density  range of 
1.006-1.025 (g/ml)  and 1.095-1.125 (g/ml), respectively. The 
same behavior was observed  for  @-glucuronodase  which is 
associated with  both lysosomes and endoplasmic reticulum. 
Another lysosome marker,  cathepsin B was the most abun- 
dant  in  the  density region of  1.105-1.125 g/ml (approximately 
70%  of the  total  activity).  When  the  light  density pool was 
collected and centrifuged a t  105,000 x g for 1 h, more than 
95%  of the  total  CE  and  lactate dehydrogenase,  a  cytosol 
marker, were recovered in  the  supernatant,  whereas  about 
60% of the  total @-glucuronidase  was found  in  the  precipitate. 
The results  indicate  that at least 50% of CE  found  in  the  light 
density  fraction  results  from  the cytoplasmic matrix.  Thus, 
the  recombinant  CE  in  the  transfected cells appears  to  be 
localized in  both  the soluble  cytosolic compartment  and  the 
endocytic  vesicular fraction. 

Fig. 3 shows the  results of immunocytochemical localization 
of the  recombinant  CE  in  the  transfected cells. The  immu- 
noreactivity for CE was abundant  in  the cytoplasmic matrix 
and endoplasmic reticulum of the  transfected  CHO cells, 
especially the oval-shaped  cells  which comprise a  large part 
of the heterologous  cells (Fig. 3B).  In  these cells, the  im- 
munostaining was reticular  or  punctate in the  cytoplasmic 
matrix  among  plentiful  mitochondria  or endoplasmic reticu- 
lum,  but barely detectable  in  any organelles such  as nuclei 
and mitochondria. The  immunolabeling was also found  in  the 
endocytic  vacuoles of the cells, especially the  triangular cells 
which represent a small  population of the  transfected cells 
(Fig. 3C).  In  these cells, staining was somewhat diffuse in 
these vacuoles and  punctate  in  dilated  perinuclear spaces, but 
barely  detectable in mitochondria  and nuclei. No  immuno- 
staining was observed with  nonimmune  rabbit IgG (Fig. 3A), 
and  the  nontransfected  CHO cells did  not  stain  with  the  anti- 
human  CE  antibody  (not  shown).  We  tentatively  designated 

the enzyme in  the soluble compartment  and  the vacuolar 
system  as  s-CE  and  V-CE, respectively. 

Purification of the Recombinant  Cathepsin  E-The two 
enzyme active pools (fractions 1-4 and 8-13) obtained by 
Percoll  density  gradient  centrifugation were centrifuged at  
105,000 x g for 60 min  to remove  Percoll and  then  sonicated 
in  the  presence of 0.5% Triton X-100. After  centrifugation at  
105,000 X g for  60 min,  each pool was separately applied to 
ConA-Sepharose  columns (1.0 X 2.0 cm)  equilibrated with 20 
mM sodium phosphate buffer, pH 7.0, containing 0.05% Brij 
35 and 1 M NaC1. Each  column was washed with  the  same 
buffer, and  the enzyme activity was eluted  with 0.5 M methyl- 
a-D-mannoside  in  the buffer. More  than  95% of the  total 
activity was absorbed  on  the column and  eluted  with  the 
methyl-a-D-mannoside  solution,  indicating  that  the recom- 
binant  CE is apparently glycosylated. After  concentration by 
ultrafiltration  on  an Amicon Diaflo PMlO  membrane,  the 
enzyme solution was dialyzed against  10 mM sodium phos- 
phate buffer, pH 7.0, and subjected to  anion-exchange  chro- 
matography  on a Mono Q column (0.5 X 5 cm) which had 
been  equilibrated  with  the  same buffer. As shown  in Fig. 4, 
the enzyme from  the  first pooled fraction  (fractions 1-4) (s- 
CE) was eluted  with 200 mM NaC1. The enzyme  from the 
second pooled fraction  (fractions 8-13) (v-CE) was separated 
into two fractions  on  the  the  Mono Q column;  the major  peak 
of activity  that  represented  about 35% yield of the applied 
activity was eluted  with  100 mM NaCl  (v-CEl),  and  the  minor 
peak  that  represented  about 25% yield was eluted with 200 
mM NaCl  (v-CEZ). The minor  peak of activity was eluted 
slower than  that  from  the  first pooled fraction,  although  the 
same  salt  concentration was required for their  elution.  The 
pooled active  fractions were each concentrated  and  run  on a 
gel filtration column of TSK-Gel G2000SW in the  fast  protein 
liquid chromatography  system,  equilibrated with 10 mM so- 
dium  phosphate buffer, pH 7.0, containing  100 mM Na2S04. 
The  elution profiles of the  three enzyme samples were similar, 
and  the  activity  peaks  corresponded  to a  molecular mass of 
about 90 kDa (Fig. 5). Fractions 66-74 were pooled, concen- 
trated,  and used as pools of purified CE. A summary of the 
purification is shown in  Table I. 

SDS-Polyacrylamide Gel Electrophoresis and Immunoblot- 
ting-The final  preparations of the  recombinant  CE were 
examined by SDS-PAGE (Fig. 6A).  Under  nonreducing  con- 
ditions,  the  s-CE  preparation revealed  a  major  90- and a 
minor  84-kDa polypeptide.  Similarly, the  v-CE1  preparation 
showed the  90-  and  84-kDa polypeptides, although  the relative 
amount of the  84-kDa  form was higher than  that  in  the  s-CE 

FIG. 2. Distributions in Percoll 20 
density gradients of the recombi- 
nant CE, cathepsin B, and 8-glucu- 
ronidase in postnuclear supernatant >, 
fractions of CHO cells. The  trans- .- 

fected CHO cells were disrupted by ni- 
trogen cavitation and centrifuged. The 
postnuclear supernatant fraction was 
subjected to Percoll density gradient c 

centrifugation as described under “Ex- 0 
perimental Procedures.” Gradients were ae 
collected in 15 fractions of 0.5 ml, and 5 
analyzed for activities of CE (O), p-glu- 
curonidase (O), cathepsin B (A), and 
density (dashed line). 
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FIG. 3. Immunocytochemical staining  of  the recombinant CE in CHO cells. CHO cells contain  numerous  mitochondria ( W F O W S ) ,  
vacuolar structures,  and  the rough endoplasmic  reticulum.  Immunoreaction  products for human  CE  are  accumulated  in  the cytoplasmic 
matrix ( B )  and  the vacuolar structures ( C ) .  No  immunostaining was  observed  with nonimmune  rabbit IgG ( A ) .  N ,  nucleus.  Original 
magnifications: A ,  X 7000; B, X 10000; C ,  X 9000. Bars = 2 l m .  

3 

FIG. 4. Anion-exchange chroma- 
tography on a Mono Q column of  the .- 
recombinant CE fractions (s-CE and 
V-CE) obtained by ConA-Sepharose 
affinity chromatography. The  sam- p .- 100 
pies of s-CE (0) and  V-CE (O), which 
were separated by Percoll density gra- 
diant centrifugation followed by ConA- 
Sepharose  chromatography,  each was $ 5 0  
applied to a  Mono Q column equilibrated W 
with 10 mM sodium phosphate buffer, 
pH 7.0. The flow rate was 0.5 ml/min 
and  fractions of 2 ml were  collected. 
Dashed line, NaCl concentration. 
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r 1 TABLE I 
Purification of recombinant  human  cathepsin E expressed in 

heterologous CHO cells 
The  CE  activity was determined a t   pH 3.8 using  acid-denatured 

hemoglobin as a substrate followed by immunoprecipitation with anti- 
human  CE  antibody as described under  “Experimental Procedures.” 
One  unit is  defined as  the  amount of enzyme  which gives an absorb- 
ance  at 660 nm  equivalent to 1 ~g of tyrosine in 1 min. 

Purification  Protein :Ei:; Yield Purification 

rng units unitslmg % -fold 

Homogenate 254 20,100 79 100 1 
Postnuclear 172 16,500 96 a2 1.2 

supernatant 
Percoll fractionation 

s-CE 8,600 43 
V-CE 7,100 35 

Fraction number 

FIG. 5. Gel filtration on TSK-Gel G2000SW  of  the pooled 
enzyme fractions from Mono Q chromatography. The column 

S-CE 2.7 6,600 2,450 33 31 

was equilibrated  with 10 mM sodium  phosphate buffer, pH 7.0, 
v-CE 4.7 8,300 1,770 41 22 

containing 0.1 M Na2S04.  The flow rate was 1 ml/min,  and  fractions Mono Q 
of  0.25 ml were collected. 0, s-CE; 0, v-CE1; A, V-CE2. S-CE 0.3 3,700 14,100 18 178 

ConA-Sepharasose 

V-CE1  0.2  2.800  15.140 14 191 

preparation. On the  other  hand,  the V-CE2 preparation re- 
vealed mainly the 84- and 82-kDa polypeptides, with some s“,E 
faint contaminating  bands. When reduced with  2-mercapto- V-CE1 

0.12 2,700 22,500 13 285 
0.06 2,100 36,700 11 465 

ethanol, the 90-kDa form of both  s-CE  and v-CE1 revealed a v - C E ~  0.09 1,420 15,800 7 200 
single protein  band  with  a molecular mass of 46 kDa (Fig. 8). 

v-CEP 0.5 1,900 4,130 9 52 
TSK-Gel G2000SW 

Similarly, the 84- and 82-kDa  forms  each produced a single 
protein  band with molecular mass of  42 kDa. These results 
indicate that all the forms were composed of two  identical 
subunits.  Western  immunoblot  analysis substantiated  that all 
the forms of CE were immunoreactive  with the  anti-human 
erythrocyte  cathepsin E antibody (Fig. 6B). 

NHz-terrninal Amino Acid Sequence Analyses-All the 
forms of recombinant CE  separated by SDS-PAGE  under 
reduced conditions were transferred  to a polyvinylidene diflu- 
oride membrane. The  stained  bands were sequenced through 
15 residues. The amino acid sequence of the 46-kDa polypep- 
tide  chains derived from the 90-kDa forms of both s-CE and 
v-CE1 was found to  start with the 3rd amino acid residue, 

Ser3, of the sequence predicted from the cDNA sequence (13) 
and  to be lacking residues Glnl-Gly’. The  amino acid sequence 
was identical  with the corresponding sequence of human 
gastric CE predicted from the cDNA sequence (Table 11). The 
NH2 terminus of the 42-kDa polypeptide from the 84-kDa 
forms of both  s-CE and v-CE1 was Lys, which corresponded 
to  the  NH2-terminal 30th residue of the amino acid sequence 
predicted from the cDNA sequence. For the 42-kDa polypep- 
tides of V-CE2, 2 amino acid residues were found in the  first 
several steps of sequencing; one species started with Ile3i  of 
the sequence predicted from the cDNA sequence and  the 
other  started with the Lys3’. The former had  the NHp-termi- 
nal  amino acid sequence predicted from its cDNA sequence 
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(13), whereas the  NHz-terminal sequence of the  latter was 
identical with that of the 84-kDa form. Thus,  the  results 
indicate that  the 90-, 84-, and 82-kDa  forms  correspond to 
the pro-CE, the intermediate  form, and  the  mature enzyme, 
respectively. 

Acid Treatment-When s-CE  and V-CE were incubated a t  
37 "C for 5 min in  10 mM sodium acetate buffer, pH 3.5, both 

1 2 3 4  1 2 3 4  
FIG. 6. SDS-PAGE  under  nonreducing conditions (A) and 

immunoblotting ( B )  of  the purified recombinant CE. SDS- 
PAGE was performed with 10% polyacrylamide gels in Tris-HC1 
buffer, pH 8.9, under nonreducing conditions. The final  preparations 
of s-CE, v-CE1, and V-CE2 were subjected to SDS-PAGE  after 
denaturation at 37 "C for 30 min in 1% SDS. Lane 1, s-CE; lane 2, v- 
CE1; lane 3, V-CE2; lane 4, human  erythrocyte  membrane CE. After 
electrophoresis, the polypeptides were visualized by the silver staining 
( A )  or electroblotted on to nitrocellulose membranes followed by 
immunoreaction with the  anti-human  CE antibody (B). 

Mrx 1 0-3 
.. 

82' 

FIG. 7. Activation of procathepsin E at pH 3.5 and 37 "C 
analyzed by  SDS-PAGE  under  nonreducing  conditions. The 
samples of purified recombinant CE  and human  erythrocyte CE were 
incubated at  37 "C for 5 min at  pH 7.0 ( a )  or pH 3.5 ( b ) .  After heating 
at 37 "C for 30 min in 1% SDS, each sample was analyzed by SDS- 
PAGE followed by immunoblotting as described under  "Experimental 
Procedures." Lane 1, s-CE lane 2, V-CE; lane 3, human  erythrocyte 
CE after acid treatment. 

the 90- and  the 84-kDa proteins from s-CE  or V-CE were 
completely converted into  the 82-kDa form (Fig. 7). The  rate 
of conversion was a little slower at  4 "C than  at 37 "C. This 
conversion was inhibited by 10 p~ pepstatin  (not  shown). 
Under the  same conditions, the purified human erythrocyte 
CE did not undergo any  alteration.  The  NHz-terminal se- 
quence of the 82-kDa polypeptide chains generated from both 
s-CE  and v-CE1 fractions by acid treatment was identical 
with that of the 82-kDa form of V-CE2. On the  other hand, 
two amino acids were found  in the  human erythrocyte CE in 
the  first several sequencing steps;  one started with the Ile37 
and  the  other with the Thr4' of the sequence of human gastric 
CE predicted from the cDNA sequence (13). 

Endoglycosidase H Digestion-In order to  determine  the 
type of carbohydrate moieties, deglycosylation of both s-CE 
and V-CE was performed by using endoglycosidase H, which 
is specific for high mannose-type oligosaccharide chains  and 
digests between the two proximal  N-acetylglucosamine resi- 
dues of asparagine-linked  carbohydrate  chains, and  the re- 
sulting digests were analyzed by SDS-PAGE followed by 
immunoblotting. As shown in Fig. 8, both  the 46- and  the 42- 
kDa  polypeptides from all the forms of recombinant  CE were 
found to be sensitive to endoglycosidase H,  indicating that all 
recombinant  CEs have high mannose-type oligosaccharide 
chains. The 46- and 42-kDa polypeptides were converted to 
the 44- and 40-kDa forms, respectively. By contrast,  the 
purified human erythrocyte CE was resistant  to  the endogly- 
cosidase H treatment, indicating that  it possesses complex- 
type  or hybrid-type oligosaccharide chains. 

Enzymatic Properties-The specific activity  toward acid- 
denatured hemoglobin was highest for v-CE1, rather low for 
s-CE, and  the lowest for V-CE2 (Table  I).  The K, values for 
this  substrate were essentially  identical  between s-CE  and v- 
CE, and between recombinant and  natural  human  CEs  (Table 
111). No significant difference in the K,  values for Pro-Pro- 
Thr-Ile-Phe-Phe(4-NO2)-Arg-Leu as a substrate was observed 
between s-CE and V-CE. Although there was no significant 
difference in the K, values for Lys-Pro-Ile-Glu-Phe-Phe(4- 
NOz)-Arg-Leu between v-CEs and  human  erythrocyte CE, 
the K,,, value of s-CE was more than  three  times  those of  v- 
CEs. Both  s-CE  and  V-CE were completely inhibited by pep- 
statin.  The Ki values for s-CE  and  v-CE1 with hemoglobin as 
a substrate were 0.27 and 0.10  nM, respectively, which were 
similar to that for natural human CE (0.13 nM). There were 
no  significant differences between s-CE  and v-CEs, and be- 
tween the recombinant and  natural  human  CEs with respect 
to  the  pH dependence of hydrolysis for these  substrates  and 
the  thermal stability (not shown). 

TABLE I1 
Comparison of the NH2-terminal amino acid sequences of recombinant CEs and human  erythrocyte CE  with the corresponding sequences of 

human gastric CE predicted  from its cDNA sequence 
The numberings refer to  the sequence of human gastric CE predicted from its cDNA sequence (13). 

5 10  15 

S-L-H-R-V-P-L-R-R-H-P-S-L-K-K 
s-CE (90 kDa) S-L-H-R-V-P-L-R-R-H-P-S-L-K-K 
v-CE1 (90 kDa) 
cDNA Q-G-S-L-H-R-V-P-L-R-R-H-P-S-L-K-K- 

v-CE1 (84 kDa) 
V-CE2 (84 kDa) 
cDNA 

V-CE2 (82 kDa) 
Human  mature CE I 
Human  mature CE I1 
cDNA 

30 35 40 
K-S-H-N-L-D-M-I-Q-F-T-E-S-C-S 
K-S-H-N-L-D-M-I-Q-F-T-E-S-C-S 
K-S-H-N-L-D-M-I-Q-F-T-E-S-C-S- 
37 40 45 50 
I-Q-F-T-E-S-C-S-M-D-Q-S-A-K-E 
I-Q-F-T-E-S-C-S-M-D-Q-S-A-K-E 

T-E-S-C-S-M-D-Q-S-A-K-E-P-L-I 
I-O-F-T-E-S-C-S-M-D-O-S-A-K-E-P-L-I- 
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FIG. 8. Sensitivity of the recombinant CE and the human 
erythrocyte CE to endoglycosidase H. The purified enzyme sam- 
ples were incubated at  37 "C for 18 h with or without endoglycosidase 
H followed by SDS-PAGE  under reducing conditions and immuno- 
blotting. Lane I ,  s-CE; lane 2, v-CE1; lane 3, V-CE2; lane 4, human 
erythrocyte CE. 

TABLE I11 
Comparison of catalytic activity of recombinant CE  and  natural 

human erythrocyte CE 
Assays were performed at  pH 3.8 in 0.1 M sodium acetate buffer a t  

40 "C. The hemoglobin-hydrolyzing activity was determined by meas- 
uring acid-soluble products as described previously (12). Hydrolysis 
of synthetic  substrates at  the  Phe-Phe(l-NO2) bond was monitored 
spectrophotometrically a t  300 nm as described (32,33). The K,,, values 
are expressed as  percent for hemoglobin and mM for the  synthetic 
substrates, respectively. The values given are means of three deter- 
minations. 

Substrate 
Km values 

s-CE  v-CE1  V-CEZ erythrocyte CE 

Hemoglobin 0.10 0.11 0.10 0.09 
Pro-Pro-Thr-Ile-Phe- 0.11 0.11 0.10 0.08 

Lys-Pro-Ile-Glu-Phe- 0.40 0.13 0.09 0.06 
Phe(4-N02)-Arg-Leu 

Phe(4-N02)-Arg-Leu 

DISCUSSION 

In  this paper, we report  the high level expression of human 
CE in heterologous CHO cells and describe the purification 
and biochemical properties of recombinant CE. Intracellular 
localization of CE in the  transfected cells was investigated by 
immunoelectron microscopy using specific antibodies to hu- 
man  CE  and by Percoll density  gradient fractionation. The 
results showed that  the recombinant CE is distributed  into 
two cellular pools: the cytosolic compartment  and  the vacuolar 
system. Since all the forms of recombinant CE were shown to 
be glycoproteins, the localization of this  protein in the soluble 
cytosolic compartment was seemingly curious. However, con- 
sidering the fact that  natural  CE  as a nonlysosomal glycopro- 
tein also has been found in  the soluble cytosolic compartment 
of various mammalian cells, such as  rat  neutrophils (7, 25), 
human  and  rat gastric cells (8, 26), rat lymphocytes (27), and 
murine  Friend  erythroleukemia  cells  (28), it is more unlikely 
that  the localization of this  protein  in  the soluble cytosolic 
compartment is a special property of the recombinant CE  in 
the transfected cells. Although it  is difficult to completely rule 
out  the possibility that  the cytosolic localization of CE may 
be artificially produced in  the course of subcellular fraction- 
ation  or during the  preparation of specimens for the immu- 
noelectron microscopy, the existence of CE  in  the cytosolic 
matrix may suggest a new pathway  for delivery of proteins  to 
the cytoplasm from the  traditional secretory  pathway. On  the 
other hand, the vacuoles indicating CE antigenicity were also 
present in the cells. At  this time, it is unclear what  the 
functional  relationship is between the vacuole-associated CE 
and  the soluble protein. However, since the vacuole-associated 
CE is enriched  in  triangular-shaped  cells rather  than oval- 
shaped cells, the vacuolar association  may  be  influenced by 

the functional state of the cells. The occurrence of the vacuole- 
associated form of CE  has also been shown in murine  Friend 
erythroleukemia cells (28) and  rat osteoclasts.2 

The recombinant CEs were purified from both intracellular 
pools of the  transfected cells. Affinity chromatography on 
ConA-Sepharose was the most important  step  and facilitated 
the  subsequent purification procedures. SDS-PAGE  and im- 
munoblotting revealed that  s-CE from the cytosolic fraction 
is composed of the 90- and 84-kDa proteins, whereas V-CE 
from the vacuolar  fraction contains  the 82-kDa form, besides 
the 90- and 84-kDa forms. The  NHz-terminal  amino acid 
residues of all the forms of CE were successfully identified. 
This is clearly different from the prediction  recently made by 
Athauda et al. (11) who reported that  the NH2-terminal 
glutamine residue of human gastric  procathepsin  E  might be 
blocked by reason of the failure to detect an NH2 terminus 
by direct sequence analysis. However, it  has been shown that 
the  NH2-terminal  amino acid residue of pro-CE from human 
erythrocyte  membranes may  be identified  directly by the 
protein sequencing and  starts with  Ser3  (29), which is con- 
sistent with the  present results. Therefore, the modification 
of the  NHz  terminus of pro-CE appears  to be cell-specific and 
species-specific. The reason for the deletion of residues G1n'- 
Gly' is not known at  the moment. It is probably due to 
autodegradation of CE  or  the occurrence of limited proteolysis 
by the  other proteases during  preparation. 

Of interest is the observation that acidification caused the 
clear conversion of the 90- and 84-kDa  forms into  the 82-kDa 
form by cleavage of the Met3'j-IIes7 bond, as determined by 
NH2-terminal sequence analysis. This cleavage site was the 
same  as  that of human gastric pro-CE (11) but  apparently 
different from that of the prosegment of human cathepsin  D 
(30) or from autocatalytic cleavage sites commonly present in 
other  human gastric aspartic proteinases  such as pepsinogens 
A (31). Since this conversion was rapid and complete  within 
5 min under  the conditions used, the precursor  forms of CE 
appeared to be  activated by one-step conversion as described 
for natural  human gastric CE (11). These results,  together 
with those obtained by NH2-terminal sequence analysis, 
strongly suggest that  the 90-, 84-, and 82-kDa  forms  corre- 
spond  to  the pro-CE, the intermediate, and  the  mature CE, 
respectively. In addition, the occurrence of the intermediate 
form in  a  significant amount suggests the conversion of the 
pro-CE  to  the  mature form via the  intermediate form, al- 
though  it is unclear whether  the processing of pro-CE to  the 
intermediate form proceeds autocatalytically. 

The precursor  forms of recombinant CE,  as well as  the 
mature form, showed high catalytic efficiency against hemo- 
globin and  synthetic  substrates, comparable to  human  eryth- 
rocyte CE  (Table 111). However, since the precursor forms 
were rapidly converted to  the  mature form under acidic assay 
conditions, it is difficult to  determine  whether  they  are  cata- 
lytically active or not. The K, values of s-CE  and V-CE for 
the  synthetic  substrates were also similar to  those reported 
for human gastric CE  (4).  In addition,  no  significant differ- 
ences were observed between the recombinant CE  and  the 
natural  human  CE with  respect to  other enzymatic properties, 
such  as optimal pH,  substrate specificity, and susceptibility 
to various  protease inhibitors  (not shown).  Therefore, we 
found that  the recombinant CE expressed in CHO cells is 
identical to  the  natural  human  CE  not only structurally  but 
also catalytically. Considering the  fact  that all the forms of 
recombinant CE resulted in a  reduction of about 2 kDa in 
molecular mass (in  the reduced forms)  on endoglycosidase H 
treatment (Fig. 8),  they  are glycosylated with high mannose 

T. Tsukuba, A. Akamine, and K. Yamamoto, unpublished results. 
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type of oligosaccharide chain. Since the  natural CE from 
human  and  rat  stomachs  has been shown to contain  a oligo- 
saccharide chain of the high mannose type (3, IO), it is likely 
that both the recombinant pro-CE and  the  natural CE 
undergo the same maturation of their oligosaccharide moiety. 
On the  other hand, the present study shows that human 
erythrocyte CE is resistant to endoglycosidase H. Also, Yone- 
zawa et al. (10) recently showed by gas-liquid chromatography 
that  rat gastric CE  has  a significant amount of galactose and 
sialic acid. These observations suggest that  natural CE exists 
in either  as the high mannose type or the complex type and 
that  the type of its oligosaccharide moiety may be  cell-specific 
or may vary with the cellular location. 

At the present time, the mechanism by which  CE is sorted 
from other secretory proteins  and  targeted to  the final location 
is  not known. But, the present  study suggests that CE is 
initially synthesized as glycosylated preproenzymes on mem- 
brane-bound ribosomes, transported to  the Golgi complex, 
and  then segregated from other proteins. During this process, 
the protein appears to undergo multiple proteolytic process- 
ing. 
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