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SUMMARY 

I. Rat  liver cathepsin C (EC 3.4.4.9) was purified I79o-fold over the homo- 
genate activity by a purification scheme that  combined the techniques of centri- 
fugation, acid precipitation, (NH4)2SO 4 precipitation, and Sephadex G-2oo, DEAE- 
cellulose, and CM-cellulose column fractionations. 

2. The specific activity of the most purified CM- fraction with Gly -Tyr -NH,  
as substrate was 91.6/,moles of hydroxamate produced per mg of protein per rain, 
which is higher than previously reported values. 

3. The Km for GIy-Tyr-NH= was 6 mM when determined by hydroxamate 
formation, and that  for Val-Leu-NHu was 2.5 mM. 

4- The requirements for -SH compounds and for halide ions for activity were 
absolute. A dithioerythritol concentration of 25 mM and a C1- or Br-  concentration 
of IO mM were required for full activation. 

5. The enzyme catalyzed a hydrolysis reaction at pH 5, but the polymerization 
reaction catalyzed at pH 7-8 occurred at a greater rate. 

6. The substrate specificity of cathepsin C was broader than that  reported in 
older literature and the enzyme was confirmed to be a dipeptidyl aminopeptidase 
that  acts upon a number of dipeptide amides and tripeptides. The most favorable 
substrates were tripeptides or dipeptide amides that have as the NH2-terminal group 
a small residue and that  have the aliphatic residue leucine at the penultimate position. 

INTRODUCTION 

Cathepsin C (EC 3.4.4-9), now known as a dipeptidyl aminopeptidase, was 
first described by Gutmann and Fruton 1 as the enzyme from hog kidney responsible 
for the deamination of Gly-Phe-NH 2. The best enzyme preparations have been 
obtained from beef spleen 2 and rat liver 3. Since the preparation of the highly purified 
enzyme from beef spleen by Metrione et al. ~, the properties of cathepsin C have been 
increasingly explored. The enzyme has long been known to be activated by -SH 
compounds and to be completely inhibited by iodoacetamide or iodoacetic acid a, 
yet many other specific properties of the enzyme have remained uncertain. Recently, 
the possible involvement of cathepsin C in the degradation of protein within lysosomes 
was reportedS, 6. This gives added importance to cathepsin C and to the need for 
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improved methods for purification of the enzyme for use in further investigations of 
its role in the hydrolysis of protein. This paper describes the general properties and 
substrate specificity of cathepsin C purified from rat  liver. 

MATERIALS 

Gly T y r - N H  2 acetate was obtained from Mann Research Laboratories, Inc. 
All other dipeptides, dipeptide amides, and tripeptides were from either Cyclo 
Chemical Corp. or Fox Chemical Co. ; these compounds showed single spots by thin- 
layer chromatography and the correct products upon hydrolysis. Sephadex G-2oo 
was purchased from Pharmacia Fine Chemicals Inc. Reeve Angel was the source of 
the Whatman  diethylaminoethyl cellulose and carboxymethyl  cellulose. Eastman 
Chromagram sheets, No. 6o61, were purchased from Eastman Kodak Co. 

METHODS 

A ssay of cathepsin C 
Cathepsin C activity was assayed either by the transamidation reaction 

described by Metrione et al. 2, or by the hydrolysis reaction with measurement of the 
release of NH 3 from dipeptide amides. For measurement of the transamidation 
reaction, the o.5-ml reaction mixture consisted of 5o mM dipeptide amide, 25 mM 
dithioerythritol, o.4 M hydroxylamine.HC1 at pH 6.8, and diluted enzyme. After 
incubation for 2o min at 37 °C, the reaction was stopped by addition of o.5 ml of 
2o % trichloroacetic acid. After centrifugation for 5 min, the formation of hydroxam- 
ate was measured in the decanted supernatant  portion by addition of 0.5 ml of 5 % 
FeC13.6 H20 in o.I M HC1 and I.O ml of water. The absorbance at 51o nm was read 
within IO min. The specific activity of the enzyme measured by this method is 
expressed as #moles of hydroxamate  produced per mg of protein per rain. For meas- 
urement of NH~, the o.5-ml reaction mixture consisted of 5 ° mM dipeptide amide, 
25 mM dithioerythritol, IO mM NaC1, and o.I M sodium acetate buffer, pH 5. After 
incubation at 37 °C for 20 rain in an NH 3 diffusion bottle (A. H. Thomas Company), 
the reaction was stopped by the addition of I ml of 0.2 M Na2CO~-NaHC Q buffer, 
pH IO. The released NH 8 was trapped by the micro-diffusion method of Seligson and 
Seligson 7, while the bottle was shaking at 37 °C, and was then determined colori- 
metrically by Nessler's method s. The specific activity of cathepsin C measured by 
this procedure is expressed as ffmoles of NH8 produced per mg of protein per rain. 

Determination of protein 
Protein was determined by the method of Miller '~ or by a microassay based 

upon this method. Crystalline bovine serum albumin was used as a standard. 

Preparation of mitochondria~lysosomal fractions 
Male Sprague-Dawley rats weighing 500-700 g were fasted for 24 h before 

decapitation. Livers were pooled from 20 to 24 rats and a 1:8 homogenate in 0.25 M 
sucrose was prepared and centrifuged at lO2O × g for IO rain to remove nuclear 
debris. The supernatant  portion was centrifuged at 117o0 x g for 35 min to sediment 
a broad mitochondrial fraction, which contained the lysosomes. This fraction was 
resuspended in deionized water with a Pot ter -Elvehjem homogenizer. 
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Purification of cathepsin C 
After freezing and thawing 5 times, the mitochondrial-lysosomal fraction was 

adjusted to pH 3-5 with I M HC1. The precipitate was removed by centrifugation. 
The supernatant  portion was brought to 40% saturation with solid (NH4)2SO4. 
After centrifugation, the supernatant  portion was increased to 7 o% saturation with 
solid (NH4)2SO 4. The final precipitate was dissolved in a minimal volume of water 
and dialyzed against o.15 M NaC1 to give the 40-70% (NH4)~SO 4 fraction. The 
dialyzed fraction, which contained IiO mg of protein, was chromatographed on a 
Sephadex G-2oo column (2. 5 cm × IOO cm) with o.15 M NaC1. Fractions of 2.5 ml 
per IO rain were collected. The distribution of protein and of cathepsin C activity are 
shown in Fig. IA. Fractions rich in cathepsin C activity were pooled and the protein 
was concentrated by (NHa)eSO 4 precipitation (80% of saturation). Salt was removed 
by dialysis against 5 mM sodium phosphate buffer, pH 6.8, that  contained 2 mM 
fi-mercaptoethanol. The dialyzed fraction was called the Sephadex G-2oo fraction. 

The Sephadex G-2oo fraction (15 mg of protein) was chromatographed on a 
DEAE-cellulose column (1. 5 cm × 3o cm) that  had been treated according to the 
method of Sgarbieri et al) ° and equilibrated with 5 mM sodium phosphate buffer, 
pH 6.8, that  contained 2 mM/5-mercaptoethanol.  Protein was eluted with a linear 
o-0.6 M NaC1 gradient in the same buffer. Fractions of 2.8 ml per 15 rain were 
collected. Fig. IB  shows the distribution of protein and of cathepsin C activity. 
The fractions rich in cathepsin C activity were pooled, concentrated by ultra- 
filtration (Diaflo, Amicon Corporation), and the protein was washed twice with 
5 mM sodium acetate buffer, pH 5, that  contained 2 mM fi-mercaptoethanol (DEAE- 
fraction). The latter (8 mg of protein) was chromatographed on a CM-eellulose 
column (1. 5 cm × 30 cm) that  had been treated as described by Sgarbieri el al. TM. 

Protein was eluted with a linear 0-0.6 M NaC1 gradient in the same buffer. Fractions 
of 3 ml per 15 min were collected. The distribution of protein and of cathepsin C 
activity in the column eluate are shown in Fig. IC. Protein in the fractions under the 
cathepsin C peak was concentrated by ultrafiltration, washed with o.15 M NaC1, 
and stored at 3 °C (CM-fraction). For experiments in which the DEAE-fraction was 
used without further purification, the protein was first concentrated, washed, and 
stored in the same manner as was the CM-fraction protein. 

Thin-layer chromatography 
The solvent used for thin-layer chromatography was the upper phase of 

butanol-acetic acid-water (4:I :5, by vol.) and the spray used for location of pro- 
ducts was o.2°/, ninhydrin in acetone, unless otherwise specified. 

RESULTS 

Purification 
Table I summarizes the purification scheme for rat  liver cathepsin C. The 

specific act ivi ty in the DEAE-fraction with G l y - T y r - N H  2 as substrate was lO7. 4 
#moles of hydroxamate  produced per mg of protein per min; this was I79o-fold 
increased over the activity in the homogenate. When the DEAE-fraction was further 
chromatographed on a CM-cellulose column, despite the fact that  some impurities 
were removed (Fig. IC), the protein appeared in a greater number of fractions and 
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T A B L E  [ 

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

Deta i l s  of enzyme  pur i f ica t ion  and assay  are descr ibed in the  tex t .  

Fraction Total Total Specific Yie ld  Purif ication 
protein activity * activity * ( O,/o) (-fold) 
(rag) 

H o m o g e n a t e  60 294 33 lo  0.06 ioo i 
M i t o c h o n d r i a l - l y s o s o m a l  f rac t ion  9 937 304 ° o-31 91.8 5 .2 
4 o - 7 o %  (NH4)zSO 4 f rac t ion  i i o  765 6.9 23.1 115 
Sephadex  G-2oo f rac t ion  I5 92o 6o.8 27.0; lOl 3 
D E A E - f r a c t i o n  8 886 lO7. 4 26.8 179o 
CM-fract ion 4 35 ° 9[ .6  io .6  1527 

* ffnloles of h y d r o x a m a t e  p roduced  per  lnin. 
** ,unloles of h y d r o x a m a t e  p roduced  per  nlg of pro te in  per  rain. 
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Fig. i. Column f rac t iona t ions  of  ca theps in  C. Arrows ind ica te  the  pooled fract ions.  Chromato -  
g raphic  me thods  are descr ibed in the  text .  A. Sephadex  G-zoo co lumn f rac t iona t ion .  13. D E A E -  
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ca theps in  C a c t i v i t y ;  -- , NaCI. 
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the enzyme was par t ly  inactivated, which resulted in a reduction of total and specific 
activity. In spite of loss of activity, the CM-fraction had a specific activity of 91.6 
/~moles of hydroxamate  produced per mg of protein per min, which is higher than 
previously reported values2, z. The separation of cathepsin C from other peptidases 
of lysosomes was noted. In Sephadex ffactionations, cathepsin C eluted before 
cathepsins D and B. Both the DEAE- and the CM-fractions had negligible cathepsin 
D activity and no dipeptidase activity with either N-acetylphenylalanyltyrosine or 
cysteinyltyrosine as substrates. 

Effects of incubation time and protein concentration 
The CM-ffaction was used to test the effects of incubation time and protein 

concentration on cathepsin C activity with Gly-Tyr -NH~ and Val-Leu-NHe as sub- 
strates. Activity with Gly-Tyr -NH~ was proportional to the enzyme concentration 
up to 191 ng of protein, and up to 38 ng of protein with Va l -Leu-NH 2. Tile activity 
with both substrates increased linearly up to a period of 30 rain. For subsequent 
analyses of activity using Gly-Tyr-NH2,  an incubation period of 20 rain and 95 ng 
of protein were used. Under these conditions, activity fell within the linear range for 
measurement of initial velocity. 

Effect of substr ate concentration 
The effect of concentration of both G l y - T y r - N H  2 and Val-Leu-NH~ on cathep- 

sin C activity was studied with the CM-ffaction. As calculated from double reciprocal 
curves, the Km for G l y - T y r - N H  2 was 6 mM and that  for Val-Leu-NH~ was 2.5 raM. 
At a high concentration of Va l -Leu-NH 2 there was an inhibitory effect on cathepsin 
C activity. G l y - T y r - N H  2 showed this effect only slightly. The substrate concen- 
tration used in the usual assay of cathepsin C was within the optimal range. 

Requirement for -SH reagent 
Cathepsin C is known to be an - S H  enzyme. Compounds such as L-cysteine 

or fl-mercaptoethanol have been used as enzyme activatorsU, 12, yet no kinetic 
studies on the - S H  requirement of cathepsin C have been reported. The activation 

T A B L E  I I  

RELATIVE EFFICIENCY OF - S H  COMPOUNDS AS ACTIVATORS OF CATHEPSIN C 

The a c t i v i t y  of ca theps in  C in the  D E A E - f r a c t i o n  was  de t e rmined  by  h y d r o x a m a t e  format ion .  
The assay  m i x t u r e s  con ta ined  1.2 big of p ro te in  wi th  5 ° mM G I y - T y r - N H  2. and  0 .6 / ,g  of p ro te in  
w i t h  25 mM V a l - L e u - N H  z. Values  are expressed  as pe rcen t  of a c t i v i t y  ob ta ined  wi th  d i th io-  
e ry thr i to l .  A c t i v a t o r  concen t r a t i ons  are 25 or 1 mM as ind ica ted .  

A ctivator G l y - T y r - N H  2 V a l - L e u - N H  2 G l y - T y r - N H  2 
(2 5 raM) (2 5 raM) ( ;  raM) 

D i t h i o e r y t h r i t o l  I o o  i oo  I o o  

M e r c a p t o e t h a n o l  83  8 6  - -  

f l - M e r c a p t o e t h y l a m i n e  I 14  I I I - -  

l . - C y s t e i n e  14  ° 1 4 6  1 0 7  
D L - H o m o c y s t e i n e  I O I  1 1 6  72  

G l u t a t h i o n e  ( r e d u c e d )  1 1 2  l O 8  2 6  

A s c o r b i c  a c i d  - -  - -  2 2  

C o e n z y m e  A - -  - -  72  
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of the DEAE-fraction cathepsin C activity by dithioerythritol was studied with both 
Gly -Tyr -NH 2 and Val-Leu-NH 2. The activation curves obtained were similar to 
the substrate saturation curves. Only o.125 mM dithioerythritol was required for 
half-activation of cathepsin C when tested with both substrates, but maximum 
activity was obtained at a concentration of 25 mM dithioerythritol; this was the 
concentration used in the usual cathepsin C assay. Several other -SH activators were 
also tested to determine their relative effects on cathepsin C activity (Table II). At 
a concentration of 25 mM, all the compounds tested were efficient activators, and the 
values obtained with Gly Tyr -NH 2 and Val-Leu-NH 2 were comparable. Some of 
the physiologically important reducing agents were also tested at a concentration of 
I mM, which is approximately the intracellular physiological concentration of -SH 
compounds. Among those compounds tested, L-cysteine was the most efficient 
activator. 

Effect of pH 
In the usual cathepsin C assay system at pH 6.8, hydroxylamine was included 

as acceptor for the activated dipeptidyl unit. The formation of hydroxamate provides 
a convenient way to determine the product. In the study of the effect of pH, the 
hydroxamate method was not appropriate; therefore, NH~, the other reaction 
product, was measured. Sodium acetate, sodium phosphate, and Tris buffers were 
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Fig. 2. Effect of p H  on the release of NH a by  cathepsin C. Protein from the DEAE-frac t ion  used 
was 1.2ffg for conversion of 5o mM G I y - T y r - N H  2 (O),  and o.6ffg for conversion of 25 mM 
Va l -Leu-NH2 (O). The remaining procedures are described in the text.  Owing to alkaline lability 
of  Gly-Tyr-NH.2 ,substra te  blanks at  each p H  level were also determined. Buffers used were 
o.i M sodium acetate (pH 3.6-5.6), o.I M sodium phosphate  (pH 6.o-8.o), and o.I M Tris (pH 
7.4-9.o). 

used at their suitable buffering ranges. Fig. 2 shows that the maximum range for 
NH 3 production was pH 7.2-7.8, in which range the polymerization reaction is 
thought to occur exclusively, and that hydrolysis at approximately pH 5 was much 
less than the polymerization reaction at pH 7.2-7.8. Also, the rate of NH~ release 
from Val-Leu-NH2 was one-half that from Gly-Tyr-NH~. Utilization of Val-Leu- 
NH 2 was 5 times faster than that of Gly-Tyr -NH 2 when determined by hydroxamate 
production (Table III).  The mechanisms basic to these differences are presently 
unknown. Tris, an amine, might have some effect on enzyme action as there was 
discontinuity in the pH curve when activity was determined in its presence. 
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T A B L E  I I I  

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

The s t a n d a r d  a s say  procedure  for c a theps in  C was  used w i t h  1 .2 / ,g  of p ro te in  f rom the  D E A E -  
f ract ion.  The d ipep t ide  amides,  the  t r ipep t ide ,  and  the  t r i p e p t i d e  a m i d e  were used  a t  a final con- 
c e n t r a t i o n  of 0.05 M, and  the  s u b s t i t u t e d  NH~- te rmina l  d ipep t ide  amides  a t  a concen t r a t ion  of 
12. 5 InM, 

Substrate Relative rate* 

Al ipha t i c  p e n u l t i m a t e  res idue 
G l y - A l a - N H  2 0.6 
G l y - L e u - N H ~  2. 3 
P r o - L e u - N H  2 2. 3 
S e r - L e u - N H  2 2. 4 
T h r - L e u - N H  2 3.2 
AIa--Leu-NH2 4.3 
V a l - L e u  NH~ 5.1 
H i s - L e u - N  H 2 o. 6 
I l e - L e u - N H  2 0. 3 
T r y - L e u - N H  2 o 

A r o m a t i c  p e n u l t i m a t e  res idue 
G l y - T y r - N H ~  i 
S e r - T y r - N H ~  I. 12 
A l a - T y r - N H 2  i. 18 
L e u - T y r - N  H2 o.4 
H i s - T y r - N H 2  o.23 
G l y - P h e - N H  2 o. 7 
P r o - P h e - N H  2 0.6 

Basic  p e n u l t i m a t e  res idue  
Ala A r g - N H  2 I. 4 

Basic  NH2- te rmina l  res ideu 
Lys  G I y - N H  2 o. 3 
Lys -Leu -NH,z  o 
L y s - P h e - N H  2 o 

S u b s t i t u t e d  NH2- te rmina l  res idue 
N - C B Z - G l y - P h e - N H , * *  o 
H i p p u r y l - P h e  NH2** o 
N - A c e t y l - G l y  L e u - N H  2 o 

P e n u l t i m a t e  residue,  prol ine  
L e u - P r o - N H ~  o 
G l y - P r o - N H ~  o 

T r i p e p t i d e  
G l y - T y r - G l y  o. 14 

T r i p e p t i d e - N H ~  
G l y - G l y - P h e - N H .  z o, 5 i 

* R a t e s  of convers ion  w i th in  20 min  are r e l a t ive  to  the  r a t e  of convers ion  of G l y - T y r - N H  2 
wi th in  20 rain. 

* * N - C B Z - G I y - P h e - N H  2 and  h i p p u r y l - P h e - N H  2 were no t  comple t e ly  soluble and  were 
m a i n t a i n e d  in suspension b y  con t inuous  ag i t a t i on  dur ing  incubat ion .  

Stability of cathepsin C 
Cathepsin C prepared by the procedure described here can be stored in the 

concentrated state under refrigeration for a period of at least 7 months with little 
loss of activity. Cathepsin C in crude enzyme preparations was relatively stable and 
it could be stored either at refrigerator (0-5 °C) or freezer temperature (--15 °C). 
Upon chromatographic purification, cathepsin C became cold-labile and frequently 
lost activity upon storage at --15 °C. When diluted, the enzyme lost approximately 
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one-third of its original activity upon standing at 0-  4 °C for a few hours. Cold- 
lability and inactivation upon dilution have been interpreted as being caused by 
dissociation into subunits. The molecular weight of cathepsin C is 210 00o (see ref. 2) 
and the polymeric nature of the enzyme has been shown ~a. 

Effect of iodoacetamide and halide ions 
I t  was found that cathepsin C was irreversibly inhibited by iodoacetamide and 

that there was an absolute requirement for halide ion. C1 and Br-  were most effective 
as activators of cathepsin C and maximum activity was obtained at a concentration 
of IO raM. In this respect, cathepsin C prepared by the procedure described here 
behaved in the same manner as did the enzyme prepared by McDonald et al. 3,14. 

Substrate specificity studies 
Dipeptide amides, a tripeptide, and a tripeptide amide were used for testing 

the substrate specificity of cathepsin C. The relative rates of conversion of these 
substrates by cathepsin C in the DEAE-fraction were determined by hydroxamate 
production. The results of these studies are presented in Table III .  Some of the 
generalities observed are as follows: (a) The dipeptide amides with the aliphatic 
residue leucine at the penultimate position were the most favorable substrates. If  the 
dipeptide amide also had a small NH2-terminal residue, it was even more susceptible 
to attack. Among the substrates tested, Val-Leu-NH2 was the best. (b) When the 
penultimate residue was an aromatic amino acid and the NH2-terminal amino acid 
was a small residue, such as glycine or serine or even proline, the amide bond was 
susceptible to attack at an intermediate relative rate. (c) Ala-Arg-NH 2, which has 
a basic penultimate residue, was favorable for attack ; however, it was not many orders 
of magnitude higher than the rates exhibited on aromatic penultimate residues as 
has been reported for other substrates of this nature a. (d) There was little or no 
hydrolysis when the NH2-terminal amino acid was a basic residue, and no hydrolysis 
when proline was at the penultimate position. (e) Substituted NH2-terminal deriva- 
tives were not attacked. The products from hydrolysis of these substrates were 
assayed by hydroxamate formation, and those from 4-h incubation mixtures were 
analyzed by thin-layer chromatography. The chromatograms were developed with 
ninhydrin spray and with o.5% Morin ~5. Only one spot appeared with the Morin 
spray and this corresponded with the intact substrate. (f) The tripeptide Gly-Tyr 
Gly was hydrolyzed at a slow rate and the tripeptide amide Gly Gly-Phe-NH 2 was 
hydrolyzed at an intermediate rate. 

Some experiments were designed to determine which bond in the substrate 
was being cleaved and to show the gradual release of product. For analysis of the 
products, portions of each aliquot collected at various time intervals, together with 
corresponding authentic compounds, were spotted on thin-layer chromagram sheets 
for development and product identification. In Fig. 3 are shown the chronlatograms 
traced from the original thin-layer sheets. When Gly Tyr -NH 2 and Val-Leu-NH 2 
were used as substrates, only the amide bond was cleaved. The dipeptides were 
gradually released and these were identified by comparison with standard dipeptides. 
NH 3, the other product of hydrolysis, should have appeared as ammonium acetate 
in the pH 5 acetate buffer that was used, but it apparently escaped from the mixture 
during the heating process. On chromatograms of samples incubated for longer time 
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ac t ion  course  for the  hydro lys i s  of  G l y - T y r - N H =  b y  3/zg of  p ro te in  f rom the  D E A E - f r a c t i o n .  
A l t h o u g h  t he  so lven t  did no t  progress  evenly,  t he  p r o d u c t  was  readi ly  identif ied by  its color dif- 
ference f rom the  subs t r a t e .  B. Reac t ion  course  for t he  hydro lys i s  of  V a l - L e u - N H ,  b y  1 .2 / ,g  of  
pro te in  f rom the  D E A E - f r a c t i o n .  C. Reac t ion  course  for t he  hydro lys i s  of  G l y - T y r - G l y  by  3/zg 
o f  p ro te in  f rom the  D E A E - f r a c t i o n .  

periods, ammonium acetate appeared as diffuse brown spots that  corresponded with 
the authentic compound. When Gly -Tyr -Gly  was used as substrate, the bond be- 
tween - T y r - G l y  was cleaved but  not the bond between Gly-Tyr - ,  and the products 
corresponded with standard Gly-Tyr  and glycine. Dithioerythritol appeared as a 
faint spot near the solvent front, but  it, as well as the ammonium acetate spot, was 
not traced from the original chromatogram. 

Other tripeptides were also tested as substrates to determine the bond of 
cleavage and to show that  cathepsin C acts as a dipeptidyl aminopeptidase, which 
cleaves dipeptides from the NH~-terminal end, and not as an amidase, which cleaves 
NH 3 from peptide amides. The tripeptides used as substrates were G l y - G l y - P h e -  
NH 2, Leu-Gly-Gly ,  Gly-Tyr-Gly ,  Gly-Phe-Phe ,  Gly-Leu-Tyr ,  and Met-Leu-Gly.  
The products of hydrolysis were identified by thin-layer chromatography comparison 
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with s tandard compounds in a manner similar to that  shown in Fig. 3. For the sub- 
strates Leu-Gly-Gly,  Gly-Tyr-Gly ,  and Gly-Leu-Tyr ,  bond cleavage occurred 
between the penultimate amino acid and the COOH-terminal amino acid; Gly--Gly 
Phe-NHe was cleaved between the second and third residues. These results clearly 
showed that  cathepsin C acted as a dipeptidyl aminopeptidase, producing a dipeptide 
unit from the NH2-terminal end during hydrolysis. Gly-Phe-Phe  was shown also to 
have been cleaved slightly between the NH2-terminal residue and the penultimate 
residue ; however, judging from the equal color intensity of the glycine and the Pbe-  
Phe, the tripeptide was not cleaved completely to amino acids. Met-Leu Gly was 
shown to have been cleaved between -Leu-Gly ;  however, the dipeptide product, 
Met Leu, was subsequently slightly cleaved to free amino acids. There was no 
hydrolysis of Glu-Ala-Ala,  Arg-Gly-Gly,  and Gly-Pro Gly-Gly under the conditions 
studied, and the only spots that  appeared on the chromatograms were those of the 
intact substrates. 

DISCUSSION 

The cathepsin C purification scheme described is well adapted for a prepa- 
rative scale. Mitochondrial-lysosomal fractions prepared from separate batches 
of rat liver homogenate can be combined for subsequent fractionation. A large 
quant i ty  of starting material is required so that  the enzyme protein is not too diluted 
in the final stage of purification. The CM-fraction obtained by this procedure had a 
cathepsin C specific activity of 91.6/~moles hydroxamate produced per mg of protem 
per rain; this is a higher specific activity than that  obtained with the highly purified 
enzyme from beef spleen e or that  reported for rat  liver cathepsin C a. Purified lyso- 
somes can also be used as starting material for purification of cathepsin C by this 
method. Lysosome preparations contain less contaminating protein and yield a 
product with a higher specific activity than can be obtained from the mitochondrial- 
lysosomal fractions, but they give a lower yield of protein and of total activity than 
the latter. 

The activation of cathepsin C by - S H  compounds is necessary for enzyme 
activity. Why a concentration of 25 mM - S H  activator was required for full activation 
is unknown. Such a high concentration o f - S H  activator inside the cell would be 
difficult to maintain, but when the intracellular reducing atmosphere is considered, 
the in vivo requirement for - S H  protector may be quite different from the in vitro 
requirement. In vivo the protection o f - S H  enzymes by reduced glutathione might 
be afforded through a thiol-disulfide exchange. Recently, a thiol:protein disulfide 
oxidoreductase from rat  liver was characterized 16, and glutathione and cysteine were 
shown to be substrates for the enzyme. The subcellular localization of this enzyme 
has not been examined, but it could be involved in the activation of cathepsin C 
by thiols. 

Cathepsin C catalyzes the transfer of a dipeptidyl group of a suitable substrate 
to nucleophilic amines, such as hydroxylamine, free amino acids, and excess dipeptide 
amide substrate (to form polymers), or even water (to cause hydrolysis) 1~,18. The 
relative extent to which the activated dipeptidyl unit reacts with water or with the 
amino group of another substrate depends upon the pKa of the corresponding ammo- 
nium group and upon the pH of the solution 19. At pH values at which the NH2- 
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terminal group of the substrate is largely protonated (pH < 6), the partition between 
hydrolysis and polymerization is strongly in favor of the former process. In the range 
of pH 7-8, where the conjugate acids of the substrate have their pKa values, the 
predominant reaction is polymerization. For these reasons, the study of the specificity 
cathepsin C as a hydrolase was done at pH 5- From the pH activity profile, the 
catalysis of the polymerization reaction at pH 7-8 by cathepsin C was seen to be more 
active than the hydrolytic action at approximately pH 5. Whether the polymerization 
reaction is physiologically important is not known, although this reaction has been 
intensively studied in  vitro 2°. Cathepsin C is a lysosomal enzyme, and upon consider- 
ation of the assumed acidic pH inside the lysosome, it seems improbable that polymer- 
ization reactions would be significant under physiological conditions. 

The substrate specificity study confirmed cathepsin C to be a dipeptidyl 
aminopeptidase 3. The specificity appeared to be broader than that  reported in the 
older literature 12. The enzyme was active against a variety of dipeptide amides when 
examined by its transfer action. Among the dipeptide amides tested, those having 
leucine as the aliphatic residue in the penultimate position and at the same time 
having a small NH2-terminal residue, were most susceptible to attack. The prefer- 
ential attack on peptides with hydrophobic TM and aromatic 2~ residues in the penulti- 
mate position has been reported previously. These results differed from the general 
conclusion of McDonald et al. 3 that  dipeptide derivatives having basic residues at 
the penultimate position were the best substrates for cathepsin C ; however, the same 
substrates were not used in this study as were used by McDonald et al. 3. There are 
limitations to the types of bonds that  can be hydrolyzed by cathepsin C. As reported 
in the literature, those dipeptide derivatives with a substituted, basic, or acidic 
residue at the NH2-terminal position, or having proline at the penultimate position 
were inert to the action of cathepsin C3,11. These limitations were found for dipeptide 
amide hydrolysis. 

The broader substrate specificity of cathepsin C observed in these studies and 
by McDonald et al. 3 certainly adds more possibility to a role for cathepsin C in 
protein hydrolysis within lysosomes. Purified cathepsin C also has been shown to 
be active on certain polypeptide hormones3,14, and has been considered to be the 
specific enzyme for glucagon degradation 14. As more data develop, the evidence indica- 
tes that cathepsin C, acting in concert with the other lysosomal proteolytic enzymes, 
must be important  in the process of protein and peptide hydrolysis and turnover. 
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