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SUMMARY 

I. Difference spectra of Triton WR I339-filled lysosomes show the presence 
of unusual hemochromes. 

2. Incubation of Triton WR I339-filled lysosomes with mitochrondria alters 
the spectral characteristics of mitochondrial cytochromes c, cl and a + aa to corre- 
spond with the spectral characteristics of the lysosomal hemochrome. 

3- Digestion of cytochrome c by lysosomes alters the spectral characteristics 
of the cytochrome. This reaction provides a model that  shows how the lysosomal 
hemochrome could be formed. 

4. The pH optimum for reduction of the cytochrome c Sorer peak by lysosomes 
is pH 3.6-3.8. 

5. No spectral changes were caused by the detergents Triton X-ioo or by 
Triton WR 1339 nor by mitochrondrial and microsomal preparations. 

6. Pronase and pepsin digestion of cytochrome c produced similar hemochromes. 
A plot of pH dependence of pronase activity corresponded with a plot of maximum 
reduction of the cytochrome c Soret peak. 

7. Digestion of cytochrome c and the resulting spectral changes corresponded 
with the content of cathepsin D in the Triton WR I339-filled lysosomes and the 
hydroxylapatite column fractions used as enzyme source. 

8. The greater reduction of the Soret peak of cytochrome c by lysosomes in 
the presence of cysteine implicates the participation of the sulfhydryl cathepsins B 
and C in the digestion process. 

9. The absolute spectra of a modified high molecular weight heme compound 
separated by chromatography from the products of lysosomal digestion of cyto- 
chrome c were similar to the spectra produced by action of lysosomes and hydroxyla- 
patite fractionated cathepsins on cytochrome c. 

INTRODUCTION 

Lysosomes, a heterogeneous population of subcellular particles, have the ability 
to degrade other subcellular organelles such as mitoehondria and microsomes 1-4. 
Electron mierographs clearly show the digestion of these organelles within membrane- 
bound vacuoles biochemically and microscopically identified as lysosomes. KADEN- 
BACH 5 has shown a positive correlation between the half-life of rat cytochrome c 
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and the activity of lysosomal cathepsins in various tissues. This paper describes the 
presence within lysosomes of pigments which have spectral characteristics unlike 
any of the known cellular cytochromes. With cytochrome c as a model, these studies 
show the formation of hemochrome products by proteolytic digestion. 

MATERIALS 

Cytochrome c and Triton X-Ioo were obtained from Sigma Chemical Co., 
pepsin from Nutritional Biochemical Corp., and pronase from Calbiochem. Triton 
WR 1339 was purchased from Ruger Chemical Co. Sephadex G-25 and Blue Dextran 
200o were obtained from Pharmacia Fine Chemicals Inc. All other chemicals were of 
reagent grade. 

METHODS 

Subcellular fractionations 
Triton WR I339-filled lysosomes were prepared from rat  liver as previously 

described 6. Subcellular fractions from rat  liver were isolated as described by RAGAB 
et al. 7. Hydroxylapati te  column fractions which contained the catheptic enzymes 
from rat  liver were obtained as described by YOUNG et al. 8. 

Spectral studies 
Spectral properties of the hemochrome pigments were measured with a dual- 

wavelength scanning spectrophotometer (Pheonix Precision Instrument Co.) and a 
ratio recording spectrophotometer (Beckman DK-2). The spectrophotometers were 
calibrated with a mercury lamp and with cytochrome c. The kinetics of cytoehrome c 
degradation were followed by measurements of the decrease of the y peak of oxidized 
cytochrome c at 41o nm. These reactions were measured with the dual wavelength 
spectrophotometer with 39 ° n m  as the reference wavelength. For measurement of 
difference spectra, sodium dithionite was used as the reducing agent. 

Chromatography 
Lyophilized products of cytochrome c digestion were redissolved in 0.3-0.5 ml 

of o.I M sodium acetate buffer (pH 5) which contained 0.2 M NaC1 and were applied 
to a 1.5 cm × lO5 cm bed of Sephadex G-25. The column was eluted with the same 
buffer at a flow rate of 30 ml/h and I ml-fractions were collected. The column was 
standardized with bradykinin (tool. wt., lO6O) and with B chain of insulin (tool. wt., 
3500). Ninhydrin-positive material in the fractions was analyzed by the method of 
MOORE AND STEIN 9. 

Enzyme determinations 
The activities of acid phosphatase and eathepsin D were determined according 

to the methods of QIANETTO AND DE DUVEI°;  cathepsin A activity by the method of 
IODICE et al. 11 ; cathepsin C activity by the method of METRIONE et al. ~2 ; and cathepsin 
B activity by the method of GREENBAUM AND FRUTON la, the liberated NH3 being 
determined by the method of SELIGSON AND SELIGSON 14. Protein was measured by the 
method of MILLER 15. 
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RESULTS AND DISCUSSION 

Spectra a~,d origi~ of hemochrome pigme~t 
Difference spectra were measured on a number of Triton WR I339-filled lyso- 

some preparations and unusual hemochrome pigments were found. Fig. I shows the 
difference spectra of these lysosomal hemochromes which are characterized by major 
peaks in the ~ region at 562 nm and in the y region at 428 nm. The absolute spectra 
have a y peak at 413 nm for the hemiehromes, and a 7 peak at 422 nm and an 
peak at 562 nm for the hemochromes. The low-temperature spectra of the lysosomal 
hemoehromes have a 7 peak at 422 nm, a fl peak at 528 nm and an ~ peak at 561 nm. 
In comparison with the low temperature spectra of cytochrome c, those of the lyso- 
somal hemochromes do not have much sharpening of the ~ and/3 peaks. 

The use of density-gradient eentrifugation in the preparation of Triton WR 
z339-filled lysosomes ~ allows good resolution of lysosomal fractions. The lysosomes 
obtained by this method are freer from contamination by mitochrondria and micro- 
somes than are lysosomes separated by conventional differential eentrifugation tech- 
niques. This isolation method made possible the identification of the spectral charac- 
teristics of the hem/)ehrome pigment of lysosomes, heretofore masked by the cyto- 
chromes of mitochondria and microsomes. 

In the density gradient the lysosomal fractions are well-set)arated from the 
mitochondria and the major part of the mierosomes. Analysis of a typical fractiona- 
tion showed a distinct lysosomal band of 5 ml per 28 ml gradient tube with a protein 
concentration in the lysosomal band of o. 9 mg protein per ml and a purification ot 
acid phosphatase of 44-fold. The lysosomal fraction had a hemochrome e peak of 
562 nm and an absorbance of o.o3. The fractions immediately adjacent to the lysoso- 
real band contained only small amounts of microsomes having an ~ peak of 557 nm 
and an absorbance of o.o2 and less. Based upon this evidence it was concluded that 
mierosomal contamination could not account for the lysosomaI hemochromes. 

Careful measurements of the spectral characteristics of the mitochondrial and 
microsomal b cytochromes indicated that the 562 nm hemoehromes found in lysosomes 
did not correspond with the b cytochromes of either of these subcellular fractions 
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Fig. I. Difference spec t ra  of lysosomal  hemochromes .  The l iver  lysosome p r epa ra t i on  had  a 44-fold 
increase in acid phospha ta se  a c t i v i t y  and  the  spec t ra  were recorded wi th  i mg of p ro te in  per  ml.  
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In addition, succinate, hydroxybutyrate  and ADP were unreactive when tested as 
substrates for the reduction of lysosomal hemochromes. 

Fig. 2 shows the result of the action of lysosomal enzymes on mitochondria. 
Lysoson]es (I mg of protein per ml) were incubated with mitochondria (2 mg of pro- 
tein per ml) at pH 5.o. The spectral changes observed after incubation point to an 
extensive rearrangement of the original protein structure controlling the ligands to 
the iron and the heme portions of the cytochromes. After 3.5 h of incubation at 37 °, 
the spectral characteristics of cytochromes c, c t and a + aa, apparent at o time, were 
lost and the a peaks at 553 nm and 56o nm were altered to resemble the 562-nm 
peak of the lysosomal hemochromes. The 7 region of the spectrum was greatly affected, 
some 445 nm cytochrome a3 absorbance being lost after only a short period of incuba- 
tion and the 428-nm Soret peak being decreased sharply. The spectral changes ob- 
served: decreases in the ~,/3 and 7 regions of the spectrum and the shifting of the 55o- 
nm (reduced) peak toward the 562-nm peak characteristic of the lysosomal hemo- 
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Fig. ~. Difference spec t ra  of the  r eac t an t s  ( . . . . . . .  ) and  p r o d u c t s  ( ) of the  d iges t ion  ot 
m i tochond r i a  by  lysosomes.  The reac t ion  sys t em con ta ined  l iver  mi tochondr i a ,  9 mg  of prote in ,  
and  l iver  Iysosomes,  4 mg of pro te in ,  in 4.7 ml  of sod ium ace t a t e  buffer (pH 5.o). Af ter  3.5 h o t  
r eac t ion  a t  37 ° , an a l iquo t  was d i lu ted  one-half  for spect ra l  measurements .  
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Fig. 3. p H  o p t i m u m  of r educ t ion  of the  Soret  peak  of cy toch rome  c. The reac t ion  m i x t u r e  cons is ted  
of o. 5 ml  of cy toch rome  c (o. 5 mg/ml) ,  o. 3 ml  of T r i ton  W R  I339-filled lysosomes  (o. 3 mg  of 
p ro te in  per  ml) and  o.2 ml  of o.2 M sod ium ace t a t e  (pH 2.o-3.4) or o. i M sulfate  buffer (pH 3.5-6.o). 
Ra te  -- Z] abso rbance /min  × io  -a. 
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chrome, point to the formation of the pigment by digestion of cellular cytochromes 
within the lysosomes. 

Cytoehrome e model system and the egeet of p H  
A model system in which purified cytochrome c was substituted for mitochondria 

in a reaction system with lysosomes was used to determine the characteristics ot 
cytochrome degradation of the types that might occur in the formation of the lyso- 
somal hemochromes. Cytochrome c was chosen to represent a cellular cytochrome. 

Fig. 3 shows the effect of pH on the reduction of the Soret peak by lysosomes 
between pH 2.0 and 6.0. Control samples without enzyme showed that there was no 
effect of the buffer alone on cytochrome e in the pH range tested. The optimum pH 
for reduction of the Soret peak is seen in Fig. 3 to be pH 3.6-3.8. 

The changes seen in the spectra of cytochrome e after incubation with lysosomes 
are similar to the changes seen in the spectra of the mitochondrial cytochromes in- 
cubated with lysosomes. Since cytochrome c is not the only cytochrome found in the 
cell, it is unlikely that the spectral characteristics after treatment with lysosomes 
would be identical with the lysosomal hemochromes found within cells. However, 
the model system indicates the modification caused by digestion and suggests the 
possible mode of formation of the cellular lysosomal hemochromes. There are several 
reports of modified cytochromes, with the process of modification and the resultant 
spectral characteristics similar to those obtained upon treatment of cytochromes with 
lysosomal enzymes. ELLIOTT et a,l. 16 have reported the appearance of a pigment, 
termed mitochrome, which results from aging mitochondrial cytochrome a + a 3 at 
4 ° for 14 days. The preparations of cytochrome a + a~ lost their c~ peak at 6o5 nm 
(reduced) and the 7 band shifted from 445 nm (reduced) to 442 nm with attendant loss 
of cytochrome oxidase activity. The 445-nm peak of cytochrome a 3 was also lost 
upon incubation at 37 ° with lysosomes and may reflect the same type of shift. 

When smooth-surfaced microsomes are digested with proteolytic enzymes or 
treated with deoxycholate, a hemochrome is obtained which is characterized by ab- 
sorption peaks at 559 nm, 529-539 nm and 425-426 nm in the reduced form 17. This 
hemochrome, when treated with CO in the reduced form, yields a strong band at 
42o nm. The native cytochrome before enzymatic or deoxycholate treatment yields a 
broad peak at 45o nm in the presence of CO. 

I{EILIN 18 has reported the presence of a pigment, helicorubin, found free in the 
gastrointestinal tract of land snails and other invertebrates. The absorption spectrum 
of helicorubin shows sharp peaks at 562.5 nm in the ~ region and 427. 5 nm in the y 
region. Helicorubin arises from a cytochrome h, which is modified during the secretory 
process of the digestive gland. The modified pigment is similar in spectral charac- 
teristics to the pigment found in lysosomes. 

Effect of detergents on cvtochrome c 
Triton X-Ioo (octyl phenoxy polyethoxyethanol), a surface active agent, in 

concentrations from I to 20 % and Triton WR 1339 (oxyethylated tert.-octyl phenol 
polymethylene polymer), the non-ionic detergent used in the preparation of lysosomes, 
in concentrations from 1-35 mg/ml, were tested for their effects on the Soret peak at 
41o nm in the absence of lysosomal enzymes. There was no effect on the Soret peak 
of cytochrome c in the presence of Triton X-Ioo in the concentration range tested. 
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There was also no significant effect on the Soret peak by  Triton WR 1339 until 32-35 
mg/ml of the compound were used. These high concentrations were not present in the 
small amount of lysosomal protein used in the model reaction systems. These results 
eliminated nonspecific detergent effects as possible causes of the changes seen in the 
Soret peak. 

Effect of mitochondria and microsomes on cytochromc c 
Triton WR I339-filled lysosomes may contain 5- I2  %19 of their total protein as 

mitochondrial and microsomal contamination, but they are relatively uncontaminated 
by  other cell fractions. To investigate any possible contribution to tile effects seen 
on the Soret peak by mitochondrial or microsomal particles present in the lysosomal 
fraction, freshly prepared mitochondria and microsomes were incubated with cyto- 
chrome c at pH 3.6. Mitochondria in concentrations ranging from 0. 9- io 4- 9. io -~ mg 
of protein per ml and microsomes in concentrations ranging from 4.4" IO a-4. 4- io -a 
mg of protein per ml were used. There was no effect on the Soret peak of cytochrome c 
by mitochondria or microsomes in the concentration ranges tested. These results 
eliminated the possibility that  the changes observed in the spectrum of cytochrome 
c were caused by subcellular fractions other than lysosomes. 

Effect o[ pronasc and pepsin on cytochrome c 
The pH optimum for reduction of the Sorer peak by lysosomes was shown to be 

pH 3.6-3.8. Since the pH opt imum of cathepsin D, a major proteolytic enzyme of the 
lysosome, is at pH 3.62°, the possibility that  the reduction of the Soret peak of cyto- 
chrome c was due to proteolysis was tested with the use of pronase and pepsin as 
positive controls. An activity curve between pH 3.0 and pH 8.8 for the reduction of 
the Soret peak was determined with pronase (3 #g/ml) as the enzyme source and cyto- 
chrome c (0. 5 mg/ml) as the substrate; the results are shown in Fig. 4 A. A plot of the 
pH dependence of pronase activity between pH 5.0 and pH 8. 4 with cytochrome c 
as substrate is shown in Fig. 4 B. Appropriate enzyme and buffer controls were in- 
cluded in both of the experiments. I t  can be seen from a comparison of the two curves 
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Fig. 4. A. Effect of p H  on the reduction of the Soret peak of cytochrome c. The reaction mixture  
was as described in Fig. 3, with pronase (3/~g/ml) replacing the lysosomes. B. p H  op t imum of 
pronase with cytochrome c as substrate .  Pronase (0. 3 mg/ml) was incubated with cy tochrome c 
(o.25 mg/ml) for 3 ° min at 37 °. Ci t ra te -phosphate  buffer (o.2 M) was used from p H  5.o to 7.6 
and o.2 M Tris-maleate  from pFI 8.0 to 8. 4. 
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that  maximum proteolysis coincides well with maximum reduction of the Soret peak 
of cytochrome c, although the plot of the reduction of the Soret peak is somewhat 
broader than the plot of proteolysis. 

Fig. 5 shows the effects of pronase (o.3 mg/ml, pH 6.8) and pepsin (o.3 mg/Inl, 
pH 3.6) activities on the absolute spectrum of cytochrome c (5o #g/ml). The 7 peak 
at 4o7 nm was shifted to 397 nm with pronase and to 396 nm with pepsin. The loss of 
the 4o7 nm peak did not occur when pepsin was reacted with cytochrome c at pH 5.o. 
All incubations were for xo min at room temperature. 

Comparison of enzyme activity and effects on the differe~zce spectra of cvtochrome c 
Table I gives the protein content, specific activity and purification factor of 

lysosomal enzymes for two Triton WR I339-filled lysosome preparations and for six 
hydroxylapatite column fractions that contained partially purified catheptic enzymes. 
Conditions for the incubation of the hydroxylapatite column fractions are given in 
Table I. The lysosome preparations were incubated at 37 ° with cytoehrome c (o.5 rag/ 
ml, pH 3.6) for up to 2o h with samples being taken at various intervals for deter- 
mination of difference spectra. In separate reaction mixtures incubated under the 
same conditions, cysteine (o.oi M) was added to cytochrome c with lysosome Prepara- 
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Fig. 5. Effects of pronase and pepsin on the absolute spectrunl  of cytocl, r o m e c .  Pronase (0. 3 
mg/ml) buffered at p H  6.8 and pepsin (o. 3 mg/ml) buffered at pH 3.6 were reacted wi th  cyto- 
chrome c (o.o 5 mg/ml) for io min at room temperature .  

Biochim. Biophys. Acta, 245 (~97 l) 42-53 



LYSOSOMAL H E M O C H R O M E S  49 

T A B L E  I 

ENZYME ACTIVITIES OF TRITON W R  IB39-FILLED LYSOSOMES AND HYDROXYLAPATITE COLUMN 
FRACTIONS 

E n z y m e  a s s a y s  w e r e  d o n e  as  i n d i c a t e d  in  METHODS. F i g u r e s  g i v e n  in  p a r e n t h e s e s  r e p r e s e n t  t h e  
- f o l d  p u r i f i c a t i o n  of  a c t i v i t y  o v e r  t h a t  of t h e  h o m o g e n a t e .  

Enzyme Protein 
source (mg/ml) 

Specific activity (nmoles product formed~rag protein per rain) 

Acid 
phosphatase Cathepsin A Cathepsin B Cathepsin C Cathepsin D 

P r e p a r a t i o n  
I 1.9 148 (7) 21 (4) 54 (IO) 

I I  0. 7 245  (IO) 35 (8) 97 ( I I )  

F r a c t i o n  
i i .75 474  56 3908  868  
2 0 .75  i o .9  88 o 
3 o .16  o o o i i i  
4 ° -31  46  o 324  397  
5 0 .23  o 0 .8  218 i i  
6 o . i o  o o 3317  468  

tion I. The hydroxylapatite column fractions were selected for their varying ratios of 
all the cathepsins and they were diluted to equal protein concentration (o. 4 mg/ml) 
before incubation with cytochrome c (5 °/~g/ml). 

Fig. 6 shows the effects of the lysosome preparations and the hydroxylapatite 
column fractions on the difference spectra of cytochrome c. In comparing the two 
preparations (Fig. 6A and 6B), a correlation can be seen between the activities of 
cathepsins B and D and the effects on the spectra. Preparation I, with relatively low 
activities of cathepsins B and D, had little effect on the spectrum. The addition of the 
sulfhydryl group protector cysteine to Preparation I enhanced the effect on the spec- 
t rum. 

Fig. 6C shows the effect on the spectrum of the different hydroxylapatite 
fractions. Again a correlation can be seen between enzyme activity and the effect on 
the spectrum of cytochrome c. The effect was more pronounced with Fractions i 
and 3, which contained only cathepsin D or which had high cathepsin D activity, 
when incubated at the pH optimum of the enzyme. Fractions 2 and 5, low in all of the 
cathepsin activities, did not affect the spectrum. Fractions 4 and 6, intermediate in 
activity of the cathepsins, showed a moderate effect on the spectrum. The above 
results, coupled with the effects of pronase and pepsin in the kinetic and spectral 
studies, show that  the changes seen in the spectrum of cytochrome c provide a model 
s tudy of how the pigment found in lysosomes may result from proteolytic action on 
the cytochrome molecules. The pH 3.6 optimum and these studies on the effect of 
varying ratios of catheptic enzymes suggest that cathepsin D would be the primary 
enzyme responsible for proteolytic action. Activation by cysteine also implicates 
cathepsins B and C, sulfhydryl activated enzymes, in the reaction. 

Effect of hydroxylapatite column fractions on the absolute spectrum of cytochrome c 
The hydroxylapatite column fractions that  caused the greatest reduction in 

tile peaks of cytochrome c as shown by the difference spectra in Fig. 6C caused changes 
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in the  absolute  spec t ra  t ha t  were the  same as those found upon t r ea tmen t  of cyto-  
chrome c with pronase and  pepsin (Fig. 5)- The 4o7-nm (oxidized) peak  was lost and 
a new peak  appeared  at  398 nm. 

Chromatography on Sephadex G-25 of the digestion products of eytochrome c 
Cytochrome e (20 rag) was digested with Triton WR I339-fiiled lysosomes (3 mg) 

at pH 3.6 for 20, 30 and 50 h at 37 °. The reaction mixtures were then lyophilized and 
chromatographed on a Sephadex G-25 column. 

Fig. 7 shows the protein and peptide peaks from the reaction mixture incubated 
for 50 tl. Also shown is the elution pattern of heine-containing compounds as measured 
by absorbance at 41o nm. Although somewhat broader, tile peak of heine-containing 
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Fig.  6. Effects  of  T r i t o n  VVR I339-f i l led  l y s o s o m e s  a n d  f r a c t i o n a t e d  c a t h e p s i n s  o n  t h e  d i f fe rence  
s p e c t r a  of c y L o c h r o m e  c. I n c u b a t i o n s  w e r e  d o n e  a t  37 ° w i t h  5o fig of  c y t o c h r o m e  c p e r  ml .  
A. P r e p a r a t i o n  I :  . . . .  , o t i m e ,  p H  3.6; . . . . .  , 2o h, p H  3.6;  , 2o h, pI-I 5, o .o i  M 
c y s t e i n e .  B. P r e p a r a t i o n  I f :  , o t i m e ,  p H  3.6; . . . . .  , 18 h, p H  3.6. C. H y d r o x y l a p a t i t e  
c o l u m n  f r a c t i o n s  : , o t i m e  a n d  a f t e r  20 h i n c t l b a t i o n  w i t h  e i t h e r  F r a c t i o n  2 or w i t h  F r a c t i o n  
5, p H  5, o .o i  ~I c y s t e i n e ;  . . . . .  , a f t e r  2o h w i t h  e i t h e r  F r a c t i o n  4 or  w i t h  F r a c t i o n  6, p H  5, 
o .o t  M c y s t e i n e ;  - - - - - - ,  a f t e r  2o h w i t h  e i t h e r  F r a c t i o n  I,  p H  3.6, or  w i t h  F r a c t i o n  3, p H  3.6, 
o.o~ M cys t e ine .  
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compounds followed the large protein peak that eluted at the beginning of the 
separation. As the time of incubation was increased from 2o to 5o h, the large protein 
peak eluting close to the void volume decreased, with a concomitant increase at the 
end of the separation of the peptide peak that contained smaller molecular weight 
peptides and amino acids. All colored products formed, as indicated by absorbance at 
41o nm, were in the higher molecular weight range (mol. wt., 35oo-5ooo). A smaller 
molecular weight product, similar to that found for cytochrome c digested by pepsin 21 
and separated on Sephadex G-25 by PORATH 22, was not found. 

1"001_ 

2E 
o.ld 

O 

"K 

0.05 

ol 
90 110 130 150 170 190 

Eluant volume (ml) 

- 20 

- 1 5  

- 1 0  

E 
- 5  

210 

Fig. 7. C h r o m a t o g r a p h y  on Sephadex  G-25 of t he  d iges t ion  p roduc t s  of l y sosomes  and  cyto-  
ch rome  c. Absorbance  of n inhydr in -pos i t i ve  p roduc t s  (- ) shows  t he  e lut ion p a t t e r n  of t he  
d iges t ion  p roduc t s .  Absorbance  a t  41o n m  ( A - - A )  shows the  e lu t ion  p a t t e r n  of the  h e m e  con- 
t a in ing  c o m p o u n d s .  

Cytochrome c is not a good substrate for lysosomal cathepsins, possibly because 
it is a very basic protein that  contains many lysine residues. This is undoubtedly one 
of the reasons that  a small molecular weight heme peptide was not formed and could 
not be found chromatographically. The ease of detection of the pigment within the 
lysosome may be owing to the slow destruction of the cellular cytochromes with the 
accumulation of a product that is easily detectable by its spectral properties. Another 
possible explanation for not detecting a low molecular weight heme peptide could be 
that  such a product was formed but that  it polymerized, as has been reported in some 
cases ~a, and that  it separated with the higher molecular weight products. Reports 21, 2~ 
indicate molecular rearrangements during digestion of cytochrome c. Increases and 
decreases in peak size suggest breaking and reforming of the ligand structure to the 
heme group and consequent reconstruction of spectral characteristics that are 
similar to the original cytochrome c spectrum. In a complicated digestion system, 
there may exist many possibilities among protein, peptide and amino acid fragments 
for the reforming or partial reforming of ligand structures. 

The higher molecular weight colored products separated after the void volume 
were extremely autoxidizable, which suggested lysosomal proteolytic action on the 
cytochrome c molecule. Autoxidizability, noted during the digestion of cytochrome c 
with purified proteases ~1, is manifested by a tendency of the reduced spectrum to 
revert to the oxidized spectrum. Autoxidation did not occur with native cytochrome 
c nor with the chromatographed control cytochrome c. Control cytochrome c, in- 
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cubated for 50 h at 37 ° in the absence of enzyme and  then chromatographed,  eluted 
in the void volume as did nat ive un incuba ted  cytochrome c. 

The absolute spectra of the chromatographed modified high molecular weight 
colored products of the lysosomal digestion of cytochrome c were similar to the spectra 
produced by  action of Tr i ton  W R  I339-filled lysosome preparat ions  and  the frac- 
t ionated  cathepsins on cytocrhome c. 

The use of the model system with cytochrome c and  the digestion by Tri ton 
W R  I339-filled lysosomes and par t ia l ly  purified lysosomal cathepsins has demonst ra t -  
ed decreases in the chromophore of cytochrome c. These decreases are similar to those 
found with the digestion of mitochondria  by  lysosomes and are also found in the frac- 
t ions separated chromatographical ly after digestion of cytochrome c with lysosomes. 
Cytochrome c was chosen as a convenient  model to represent  a fairly typical  heine 
compound.  Undoubtedly ,  it accounts for a very  small  proport ion of such types ot 
compounds within the cell tha t  are digested by  lysosomes. The combinat ion of studies 
represented here suggests tha t  the lysosomal hemochromes are digestion products 
derived from lysosomal enzyme action on all of the cytochromes of the cell. Results 
with cytochrome c demonstra te  tha t  small amount s  of proteolytic digestion greatly 
modify its spectral properties in a manne r  tha t  correlates with what  is known of the 
in vivo formation of the hemochromes found in lysosomes. 

The numerous  electron micrograph studies2, a,4 and the results of the experi- 
ments  reported here serve to i l lustrate the impor tan t  role played by  lysosomes in the 
process of cellular autophagy.  Found  in all of the Tr i ton W R  I339-filled lysosome 
preparat ions investigated, the unique pigment  ma y  be present  in s teady-state  
concentrat ions,  representing a marker  for the slow cont inuous breakdown of sub- 
cellular particles. By quan t i t a t ion  of the amounts  of this p igment  present  in the 
lysosomes, a measurement  of the extent  of normal  cellular autophag T can be obtained.  
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