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EVIDENCE THAT PEROXIDATION OF LYSOSOMAL MEMBRANES IS INITIATED BY 

HYDROXYL FREE RADICALS PRODUCED DURING THE ACTIVITY 

OF CERTAIN FLAVIN ENZYMES 

By Kuo Lan Fong 

Major Professor: Paul B. McCay, Ph.D.

The nature of the free radicals produced during the activity of several 
oxidative enzymes, using lysosomes as a sensitive indicator, has been studied. 
These radicals appear to play important roles in biological oxidations involv
ing one electron transfer. The enzymes investigated in this york are flavo- 
proteins: microsomal NADPH oxidase, partially purified cytochrome P450
reductase, and a highly purified xanthine oxidase. These enzymes, when 
operating upon their own substrate Iji vitro, produce a factor which causes 
the release of acid hydrolases from lysosomes. The factor appears to be a 
free radical involved in the activity of these enzymes, the generation of 
which is dependent on Fe^^ bound to the membrane in which the enzyme is 
located, or in the case of the purified enzymes, Fê "*" which is added in che
lated form to maintain it in solution. The free radical component is apparently 
responsible for the lipid peroxidation in the microsomal membranes which occurs 
during NADPH-dependent electron transport. It was found that preparation of 
either lysosomes or microsomes from rats supplemented with a-tocopherol has a 
protecting effect on lysosomal integrity in the microsomal NADPH oxidase systems. 
These interactions suggest possible mechanisms which might promote necrosis 
through the release of lysosomal enzymes ^  vivo, especially in animals deficient 
in dietary scavenging components.

The lysosomal lysis caused by these 3 enzyme systems is prevented a) by 
inhibitors of lipid peroxidation, b) by prior heat dénaturation of the enzymes, 
and c) by including free radical-trapping agents in the incubation system. 
Preincubation of these enzyme systems in the presence of its substrate and 
chelated iron for 30 minutes, followed by the addition of 1.0 mM M n ^  and then 
followed by the addition of lysosomes, results in no disruption of these parti
cles. The role of M n ^  appears to be to displace F e ^  from an essential position 
on the enzyme required to generate the radicals. The factor causing lysosomal 
disruption is formed only during the activity of the respective enzymes.

The addition of superoxide dismutase enhances the lysosomal membrane break
down during the microsomal NADPH oxidase system and xanthine oxidase system, and 
prevents the lysosomal membrane breakdown during the cytochrome P450 reductase 
system.

The studies described in this report indicate that the hydroxyl free radi
cals are derived from the activity of certain flavin enzymes (probably metallo- 
flavin enzymes), and that superoxide anion must play a role in the formation of 
the HO" radicals. Since adequate chelated iron is present in the cytosol of 
cells to promote these reactions, these studies also suggest that the activity of 
such flavin enzymes may contribute to the turnover of membrane polyunsaturated 
fatty acids, or possibly initiate membrane lesions under some conditions, and 
carries certain implications concerning the process of aging.
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EVIDENCE THAT PEROXIDATION OF LYSOSOMAL MEMBRANES IS 

INITIATED BY HYDROXYL FREE RADICALS PRODUCED DURING 

THE ACTIVITY OF CERTAIN FLAVIN ENZYMES

CHAPTER I 

INTRODUCTION

Animal t is s u e s  a re  r ic h  in  po lyunsa tu ra ted  f a t t y  ac ids  which 

are  found p r im a r i l y  in  e s te r  l inkage  to  the va r iou s  phospho l ip ids  o f  

c e l l u l a r  membranes. L ip id  p e ro x id a t io n  in  membranes re s u l ts  in ox ida 

t i v e  d e te r io ra t io n  o f  po lyunsa tu ra ted  l i p i d s ,  and is  a consequence o f  

a re a c t io n  between oxygen and unsatura ted l i p i d  in v o lv in g  f re e  ra d ic a l 

in te rm ed ia tes  which produces sem is tab le  pe rox ides . L ip id  p e ro x id a t io n  

and o the r  f r e e  ra d ic a l re a c t io n s  probably  c o n s t i t u t e  an on-go ing mechanism 

o f  c e l l u l a r  membrane damage in  a l l  m e ta b o l iz in g  animal c e l l s ,  ju d g in g  by 

the accumulation o f  l ip o fu s c in  and c e ro id  pigments in animal t is s u e s  

du r ing  t h e i r  l i f e - t im e  which are  be l ie ved  to  be end-products o f  membrane 

l i p i d  p e ro x id a t io n  (1 ) .  In v i t r o  l i p i d  p e ro x id a t io n  has been s tud ied  in 

model systems f o r  severa l years and many, a lthough  not a l l ,  o f  the bas ic  

mechanisms and p ro p e r t ie s  o f  such systems a re  known. P e ro x id a t io n  o f  

pure l i p i d s  is  though t to  be an a u to c a ta ly t ic  s e r ie s  o f  re a c t io n s  in v o lv 

ing a f re e  ra d ic a l mechanism (2 ,3 ) .  The process can be d iv id e d  in to  

fo u r  phases.

1



1) I n i t i a t i o n  fo rm a t ion  o f  a f re e  ra d ic a l on a po lyunsa tu 

ra ted  l i p i d  by hydrogen a b s t ra c t io n  a t  a methylene group o f  a m ethy lene- 

in te r ru p e d  (1, 4) pentad iene p o r t io n  o f  the  l i p i d  s t r u c tu r e ;  t h i s  methene 

ra d ic a l  (H -C .),  which is  in  the unconjugated d iene c o n f ig u ra t io n ,  s h i f t s  

to  the more s ta b le  conjugated 1,3 d iene ra d ic a l  c o n f ig u ra t io n .

2) P ropagation  fo rm a t ion  o f  a peroxy ra d ic a l by re a c t io n  o f

the d iene f re e  ra d ic a l  w i th  m o lecu la r oxygen. Subsequent a b s t ra c t io n  o f  

H atoms from o th e r  l i p i d s  to  form hydroperox ides and more f re e  ra d ic a ls  

occurs.

3) Hydroperoxide breakdown hom o ly t ic  chain c leavage w i th

fo rm a t ion  o f  more f re e  ra d ic a ls ,  carbonyl compounds and o th e r  substances.

4) Chain te rm in a t io n  ra d ic a l  p roduc ts  reac t w i th  each o th e r

or o th e r  substances to  form s ta b le  p roduc ts .

I n i t i a t i o n  RCH=CH-CH2“ CH=CH-R'

S»H<

RCH=CH-CH-CH=CH-R'

Propagation RCH-CH=CH-CH=CH-R'

Of*

R-CH-CH=CH-CH=CH-R'-ÇH-C
0 - 0 '

R^H

1

R-CH-CH=CH-CH=CH-R' 
6 -OH

or ^>RCH=CH-CH=CH-CH-R'

RCH=CH-CH=CH-CH-R'

R.H.

RCH=CH-CH=CH-CH-R'
O-OH

Peroxide breakdown: aldehydes, ketones, a lc o h o ls ,  c a rb o x y l ic  a c id s ,

polymers, e tc .



Chain te rm in a t io n :

R-CH=CH-CH=CH-CH-R' + X ----------- > In a c t iv e  Products
6- 0 .

R* + X --------------)  In a c t iv e  Products

R^H may be an unsa tura ted  f a t t y  ac id  w i th  a methylene group o f  a m e th y l

ene in te rupped (1, 4) pentad iene p o r t io n  p resen t and X is e i th e r  another 

f re e  ra d ic a l  or compound which may react w i th  a f re e  ra d ic a l to  form 

o th e r  substances which may then be s ta b le  and in a c t iv e .

Reports o f  l i p i d  p e ro x id a t io n  in v iv o  have been reviewed by 

Tappel (4 ) .  The f i r s t  obse rva tion  o f  l i p i d  p e ro x id a t io n  re la te d  to  the 

fu n c t io n  o f  an enzyme has been reported  to  occur w i th  the r a t  l i v e r  m ic ro 

somal enzyme L -gu lono lac tone  oxidase in  a - to c o p h e ro l - d e f ic ie n t  animals 

(2 , 5 ) .  However, i t  has been d i f f i c u l t  to  demonstrate d i r e c t l y  th a t  

l i p i d  changes occurred du r ing  the fu n c t io n  o f  t h i s  enzyme (3 ) .  M ic ro 

somes from severa l t is s u e s  c on ta in  a v a r ie t y  o f  mixed fu n c t io n  oxidases, 

which a re  concerned w i th  the metabolism o f  substances fo re ig n ,  and o f te n  

to x ic  (termed " x e n o b io t ic s " )  to  the m e ta bo l ic  network. The mixed fu n c t io n  

oxidases a re  invo lved  in  the metabolism o f  normal components such as 

s te ro id s .  These oxidases appear to  c o n s t i t u t e  an e le c tro n  t ra n s p o r t  

system s i tu a te d  in the  membrane o f  the endoplasmic re t icu lu m  (6 ) .  The 

a c t i v i t y  o f  the m ix e d - fu n c t io n  oxidases conform to  the general re a c t io n :

NADPH + H* +  R-H + 0^ ------- > NADP'*’ + R-OH + H^O

The r e la t io n s h ip s  between the  components o f  the  microsomal e le c t ro n  t ra n s 

p o r t  system have been e s ta b l is h e d  by: a) s tu d ie s  on is o la te d  components;

b) s tu d ie s  o f  the  e f fe c t s  o f  va r ious  e le c t ro n  acceptors  and in h ib i t o r s ;

c )  s tu d ie s  on the in d u c t io n  o f  c e r ta in  components o f  the  system by drugs;



and d) s tu d ie s  concern ing the appearance o f  va r ious  enzymic a c t i v i t i e s  

in the  l i v e r  o f  f e ta l  and deve lop ing  an im a ls . These s tud ies  have led to  

the fo l lo w in g  scheme o f  a c t io n  which is  a composite o f  those given by 

S ie k e v i tz ,  Mason, E rns te r  and Sato (7, 8, 9, 10, 11).

NAD +

o x id iz a b le

s u b s tra te

/
Fp(FA^)—^ X—> Cytochrome b^

—> NADH

F (FMN)
p

Cytochrome £ ,  e tc .

P450

NADP + 

oxi di zab le  

s u b s t ra te

c
R-H

R-OH
HgO

NADPH + Fp(FAD)

Ctochrome £ ,  e tc .

E le c tro n  acceptors 
Foreign substances 
M etaboli tes

Where NADPH and NADH are  t r i -  and d ip h o s p h o p y r id ine n u c le o t id e s ,  respec t

iv e ly ,  Fp(FAD) and Fp(FMN) are  f la v o p ro te in s  c o n ta in in g  f l a v i n  adenine 

d in u c le o t id e  and f la v in e  mononucleotide, re s p e c t iv e ly .

R ecen t ly ,  Cohen and Estabrook in v e s t ig a te d  a coop e ra t ive  i n t e r 

a c t io n  between NADH and NADPH-1inked e le c t ro n  t ra n s p o r t  pathways in  m ic ro 

somes by s tu d y in g  codeine, e thy lm orph ine , and am inopyrine dém éthy la tion  

(12 ) .  Two hypotheses, both in c lu d in g  an NADPH-sensitive " v a lv e "  which 

c o n t ro ls  the f lo w  o f  e le c t ro n s  from NADH to  cytochrome P450, were proposed 

to  e x p la in  the  synergism between NADH and NADPH. The s i t e  o f  in te r a c t io n  

is  the  e s s e n t ia l  d i f fe re n c e  between the two hypotheses. One hypothes is  

proposes th a t  the  NADPH-cytochrome £  reductase f la v o p ro te in  is  the  s i t e  

o f  NADH-NADPH in te r a c t io n .  In t h i s  scheme, F , and F „  represent NADH-p i p3

cytochrome bg reductase and NADPH-cytochrome £  reductase re s p e c t iv e ly .
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The s in g le  and double primes o f  F g in d ic a te  the h a l f -  and f u l l y  reduced 

forms o f  the f la v o p ro te in ,  re s p e c t iv e ly .

NADH^
i

C yt. bg 

?

NADPH
4

F"

c
Paso'AHg-Og

Og,AHg

4B0 ^

S i AOH + HgO

The second mechanism (shown below) suggests th a t  the NADPH-NADH e f fe c t  

is  due to  an in te ra c t io n  a t  the leve l o f  cytochrome P450. In t h is  scheme, 

Fp^ and F^g represent NADH-cytochrome bg reductase and NADPH-cytochrome £  

reductase, re s p e c t iv e ly ,  P450' in d ica te s  cytochrome P4-50 was " h a l f  

reduced" by a s in g le  e le c t ro n  and P4-50" means the cytochrome P450 in  

the " f u l l y  reduced fo rm ". The reduced and ox id ize d  subs tra tes  are 

in d ic a te d  by AHg and AOH, re s p e c t iv e ly .

AH,

NADPH

C yt.  c

L ip id  p e ro x id a t io n AOH

NADH

? C yt. c

Hochste in and E rns te r f i r s t  described the re la te d  re a c t io n  o f  l i p i d  p e r 

o x id a t io n  in  the pathway o f  microsomal e le c t ro n  t ra n s p o r t  f o r  cytochrome



P450 red u c t io n  and the  a c t iv a t io n  o f  oxygen in  "mixed fu n c t io n  ox idases".  

I t  was found th a t  l i v e r  microsomes, in the  presence o f  reduced tr ip h o sp h o -  

p y r id in e  n u c le o t id e ,  f e r r i c  ion, and adenine d in u c le o t id e  phosphate, 

ca ta ly z e  the rap id  fo rm a tion  o f  a 2 - t h io - b a r b i t u r i c  a c id  (TBA )-reac ting  

compound which was be lieved  to  be malondia ldehyde, a product formed in 

the p e ro x id a t io n  o f  unsa tura ted  l i p i d s .  They proposed the f i r s t  mechanism 

o f  NADPH l i p i d  p e ro x id a t io n  (13).

NADPH

ROH

SH"

,ADP'T

dL ip i L ip id

MA

The fo rm a t ion  o f  t h is  t h io b a r b i t u r i c  a c id - re a c t in g  substance du r ing  the 

re a c t io n  could be prevented by an in h ib i t o r  o f  microsomal e le c t ro n  t ra n s 

p o r t  such as para -ch lo rom ercuribenzoa te  (PCMB), the metal c h e la t in g  agent 

e th y le n e d ia m in e te t ra a c e ta te  (EDTA), and severa l a n t i - o x id a n ts  such as 

e thoxyqu in , diphenylphenylenediam i ne and a - to c o p h e ro l . The reac t ion  

cou ld  be in a c t iv a te d  by heat trea tm ent o f  microsomes p r io r  to  in cuba t ion  

w i th  NADPH. On the bas is  o f  these re s u l t s  they be l ie ved  th a t  fo rm a tion  

o f  an (ADP-Fe^^Og) in te rm ed ia te  ca ta lyzed  l i p i d  p e ro x id a t io n  in  the NADPH 

ox idase system.

The presence and necess ity  o f  NADPH oxidase a c t i v i t y  and i t s  

involvement in  the c a ta ly s is  o f  microsomal l i p i d  p e ro x id a t io n  as w e l l  as 

the  i d e n t i f i c a t i o n  o f  malondia ldehyde as the chromogenic substance re a c t in g  

w i th  t h io b a r b i t u r i c  a c id  was demonstrated by McCay and co lleagues
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(20, 21, 22, 53) and confirm ed by W i l ls  (70) and o th e rs .  Poyer, by 

s tudy ing  the dependence f o r  Fe®"  ̂ on oxygen consumption and m a lond ia lde

hyde fo rm ation  du r ing  the enzymic o x id a t io n  o f  NADPH, proposed a mechanism 

f o r  f re e  ra d ic a l fo rm a t ion  in l i p i d  p e ro x id a t io n  ( l 4 ) .  He showed th a t  

the a d d i t io n  o f  f re e  ra d ic a l  t rap p in g  compounds w i l l  i n h i b i t  the  0 ,  

u t i l i z a t i o n  and malondia ldehyde fo rm a t ion  f o r  the NADPH oxidase system 

both in v iv o  and in  v i t r o . Th is  i n h ib i t i o n  in d ic a te s  th a t  a f re e  ra d ic a l  

species is  formed in the  process o f  microsomal l i p i d  p e ro x id a t io n .  A 

hypo thes is  was proposed th a t  the re  m ight be an enzymic complex such as 

th a t  dep ic ted  in F igu re  1, which conta ined a re d u c ib le  su lphyd ry l group 

bound to  p ro te in  ( rep resen ted  by the re c ta n g u la r  bar) and which m ight 

a ls o  have some o th e r  l igand  (X ), such as a ca rb o x y la te  group, capable o f  

b ind ing  Fe®"*". The change in  redox p o te n t ia l  o f  the reduced enzyme a f t e r  

Fe®"*̂  b ind ing  to  su lphyd ry l groups o f  the  enzyme could lead to  the fo rm a t io n  

o f  a reduced oxygen f re e  ra d ic a l spec ies, as appears to  be the case f o r  

xan th ine  oxidase. The ra d ic a l  species may then cause l i p i d  p e ro x id a t io n  

o f  the po lyunsa tu ra ted  f a t t y  ac ids o f  the microsomal membrane by promoting 

hydrogen a b s t ra c t io n  from methylene carbons. The re d u c t io n  o f  the Fe®"*" 

t o  Fe®"*" in  a s s o c ia t io n  w i th  the fo rm a t ion  o f  the Ô t- ra d ic a l  must a ls o  

be considered in t h i s  system, in the presence o f  H^ ions, the Og-r ra d ic a l  

would be converted to  the  HOO* ra d ic a l .  However, a t  pH 7 -4 , pe roxy1 f re e  

ra d ic a ls  would e x i s t  in  the Oj,t  form.

Since 1959, i t  has been p o s tu la te d  th a t  f r e e  ra d ic a ls  a re  

necessary in te rm ed ia tes  in  b io lo g ic a l  o x id a t io n - reduct ion systems (15) 

and a number o f  e le c t ro n  resonance s tud ie s  o f  enzyme re a c t io n s  have been 

performed to  in v e s t ig a te  the d e ta i ls  o f  the  re a c t io n  mechanisms. Many 

la b o ra to r ie s  have in v e s t ig a te d  the fo rm a t ion  and the importance o f  super-
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F igure  I .  Proposed Mechanism f o r  Free Radical Formation.
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ox ide anion ra d ic a l in a wide range o f  b io lo g ic a l  o x id a t io n - re d u c t io n  

systems (16, 18, 1 1 ) ,  and the d iscovery  o f  the superox ide anion dismutase 

a c t i v i t y  o f  e ry th ro c u p re in  (16) has prov ided  an im portan t too l f o r  d e t 

e c t in g  the p a r t i c ip a t io n  o f  the superoxide anion in  systems in  which the 

ra d ic a l is  generated in  the re a c t io n  under o bse rva t ion .

The l i v e r  microsomal d rug -m e ta bo liz in g  enzyme system has been 

s o lu b i l iz e d  and separated in to  3 f r a c t io n s  c o n ta in in g  cytochrome PkSO,  

cytochrome P450 reductase, and l i p i d s ,  a l l  o f  which a re  needed to  recon

s t i t u t e  the c a t a l y t i c  a c t i v i t y  o f  h y d ro x y la t io n  o f  a v a r ie t y  o f  s te ro id s ,  

drugs, and o th e r  substances, when the f r a c t io n s  are  recombined (17). 

S trobe l and Coon (18) proposed a mechanism o f  enzymic h y d ro x y la t io n  in 

v o lv in g  superoxide anion bound to  cytochrome P4-50 by s tudy in g  the  e f fe c t  

o f  superoxide genera tion  and d ism u ta t ion  on l i v e r  microsomal h y d ro x y la t io n  

re a c t io n s .  They showed th a t  superoxide dismutase i n h ib i t s  h y d ro x y la t io n  

o f  benzphetamine by a re c o n s t i tu te d ,  p u r i f i e d  r a t  l i v e r  drug m e ta bo l iz in g  

system in the presence o f  NADPH and m o lecu la r  oxygen as w e l l  as in  a 

superoxide genera ting  system (xan th in e  and xan th ine  ox idase) c o n ta in in g  

cytochrome P450 which is  capable o f  promoting h y d ro x y la t in g  reac t ion s  in  

the absence o f  NADPH (F ig .  2 ) .

Aust and Pederson (19) p rov ided evidence th a t  superoxide was 

generated by a p u r i f i e d  NADPH-cytochrome £  reductase from r a t  l i v e r  m ic ro 

somes and suggested th a t  the ra d ic a l  may be respons ib le  f o r  l i p i d  p e ro x i

d a t io n .  However, the presence o f  EDTA, a po ten t i n h i b i t o r  o f  l i p i d  p e r 

o x id a t io n  in  b io lo g ic a l  m a te r ia ls ,  is  requ ired  in  t h e i r  system (20), and 

th e re fo re  the re a c t io n  they are  s tudy ing  may in vo lve  e n t i r e l y  d i f f e r e n t  

mechanisms than th a t  under c o n s id e ra t io n  in  t h is  d i s s e r t a t io n .



1 0

(D i smutase)'

(G ,- )  (RH)P450(FeS+)

(Xanth ine oxidase)
(P hospha t ldy Icho l ine )

(CL)(RH)P450(Fe2+)

F igure  2. Mechanism o f  h y d ro x y la t io n  re a c t io n  ca ta lyzed  
by cytochrome P450.
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In our la b o ra to ry ,  P f e i f e r  and McCay (21) have reported th a t  

l i v e r  microsomes o x id iz in g  NADPH in the presence o f  p h y s io lo g ic a l  le v e ls  

o f  i ro n  and ADP, produced a f a c to r  w ith  p ro p e r t ie s  o f  a f re e  ra d ica l 

capable o f  hemolyzing normal e ry th ro c y te s .  The evidence f o r  presuming 

the fa c to r  must be a f re e  ra d ic a l  has been g iven . The e ry th ro c y te s  were 

p ro tec te d  from hemolysis under any one o f th ree  d i f f e r e n t  c o n d i t io n s :

1) when a f re e  ra d ic a l t ra p p in g  agent was added to  the incuba t ion  system;

2) when the animals which were donors o f  the  e ry th ro c y te s  were supp le

mented w i th  a - to c o p h e ro l ,  and 3) when the in h ib i t o r s  o f  NADPH o x id a t io n  

were added to  the re a c t io n  systems. This f a c to r  is  a ls o  appa ren t ly  re 

spons ib le  f o r  the l i p i d  a l t e r a t io n s  which occur in  the microsomal membrane 

i t s e l f  du r ing  NADPH-dependent e le c t ro n  t ra n s p o r t  (22 ) .  The p roduc tion  o f  

the fa c to r  occurred on ly  when NADPH was being a c t iv e l y  o x id ize d  by m ic ro 

somes. The c o n d it io n s  o f  the enzymic rea c t io n  producing the ra d ic a ls  

appeared com patib le  w i th  in  v iv o  c o n d it io n s  in  the  l i v e r  c e l l  and sug

gested th a t  o the r  membraneous o rgane lles  in  the c e l l  m ight be a l te re d  in  

c e r ta in  s i t u a t io n s .  The fo rm a t ion  o f  f re e  ra d ic a ls  by o the r  mechanisms 

du r in g  the normal course o f  metabolism (23) assoc ia ted  w ith  the  a c t i v i t y  

o f  c e r ta in  types o f  f l a v i n  enzymes may represent a steady source o f  mem

brane a l t e r a t io n s ,  one to  which lysosomes are  p a r t i c u la r l y  s u s c e p t ib le  

(24 ) .

Rat l i v e r  lysosomes a re  cha rac te r ized  by a p rope rty  which has 

always been considered o f  fundamental importance: The s t r u c tu r e - l in k e d

la tency  o f  t h e i r  enzymes. Th is  la tency has been a t t r ib u te d  to  the 

ex is ten ce  around the lysosomes o f  a membrane-like b a r r ie r  o f  a l ip o p ro te in  

na tu re  r e s t r i c t i n g  the a c c e s s ib i l i t y  o f  t h e i r  in te rn a l  hydrolases to
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ex te rna l subs tra te s .  The a c t iv a t io n  and re lease o f  lysosomal enzymes 

depend on the l im i t i n g  membrane surround ing  the p a r t i c le s ,  i f  the mem

brane becomes la b i l i z e d  o r  rup tu red , lysosomal enzymes a re  f re e  and a c t iv e .  

Lysosomal enzymes are bound and e s s e n t ia l l y  in a c t iv e  in  the in ta c t  ly s o 

somal membrane. A comprehensive survey and c la s s i f i c a t io n  o f  lysosomal 

enzymes has been given (25 ) .  These lysosomal h y d r o ly t i c  enzymes are 

norm a lly  concerned w i th  the d ig e s t io n  o f  c e l l  n u t r ie n ts ,  tu rn o v e r  o f  c e l l  

p ro te in  and o rg a n e l le s ,  t is s u e  remodeling, l y s is  o f  invaders and a u to ly s is  

o f  dead c e l l s .  The leakage o f  lysosomal enzymes in to  the cytoplasm cou ld  

lead to  damage or the d ig e s t io n  o f  e s s e n t ia l  c e l l u l a r  components.

i t  has re c e n t ly  been reported  th a t  lysosomes from neurons o f  

o ld e r  animals are more permeable than those in  neurons o f  younger animals 

(73 ) .  Drugs which s t a b i l i z e  lysosomal membranes have been shown to  

lengthen the l i f e  o f  D rosophila  melanoqaster (?4). Other s tu d ie s  have 

shown th a t  such lysosome s t a b i l i z e r s  lengthen the l i f e  o f  severa l types 

o f  c e l l s  in c u l tu r e  (75, 76 ).  A recen t development has been the  demon

s t r a t i o n  by S u l l iv a n  and Debusk th a t  th e re  is  a c o r re la t io n  between the 

occurrence o f uns tab le  lysosomal membranes and the appearance o f  a l te re d  

p ro te in s  in Neurospora (77 ) .

There is  a p ro p o r t io n a l  re lease  o f  h y d r o ly t ic  enzymes w i th  

t ime when f re e  lysosomes a re  suspended in ra p id ly  p e ro x id iz in g  l i n o le a te  

emulsions (24). S im i la r  re s u l ts  were ob ta ined  by exposing lysosomes to  

f re e  ra d ic a ls  generated by the decomposition o f  hydrogen pe rox ide , i t  

was observed th a t  i t  takes several hundred times fewer pe rox ide  molecules 

per u n i t  su rface  area to  cause maximum re lease o f enzymes from a lysosome 

than i t  does to  sw e ll and lyse  m itochon d r ia .  The e x p lana t ion  is  th a t
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lysosomes possess a s in g le  membrane w h i le  m itochondria  have a double 

membrane. They conclude th a t  lysosomes a re  extremely s e n s i t iv e  to  

perox ides and f re e  ra d ic a ls ,  and th a t  lysosomal membrane damage can 

re a d i ly  re lease h y d r o ly t i c  enzymes lead ing  to  va ry ing  degrees o f  non

s p e c i f i c  iy s is  o f  c e l l  components.

The purpose o f  t h is  study was:

1. To determ ine whether o r  not lysosomal d is ru p t io n  could 

occur as a r e s u l t  o f  exposure o f  these p a r t ic le s  to  f re e  ra d ic a ls  

generated by the fu n c t io n  o f  the microsomal NADPH oxidase system,

2. To study the e f f e c t  o f  a - to cophe ro l and o th e r  rad ica l

scavengers on the re a c t io n ,

3. To study the e f f e c t  o f  f re e  ra d ic a ls  generated by a 

p a r t i a l l y  p u r i f i e d  NADPH-cytochrome P450 system and by va r ious  f l a v i n  

enzymes which a re  known to  produce superoxide anion when a c t in g  on 

t h e i r  subs tra tes  and how t h e i r  a c t i v i t y  a f fe c ts  lysosomal membranes,

4. To determ ine the  na tu re  and mechanism o f  a c t io n  o f  the

ac tu a l f re e  ra d ic a l f a c to r  respon s ib le  f o r  lysosomal l y s i s .



CHAPTER I I 

MATERIALS AND METHODS 

Reagents

A l l  chemicals and so lv e n ts  were reagent grade and were used 

as obta ined except where s p e c i f ie d  o the rw ise .

Adenosine 5 '-d ip hosph a te ,  sodium (ADP) was obta ined from P-L 

b iochem ica ls ,  In c . ,  Milwaukee, W isconsin .

The fo l lo w in g  chemicals were obta ined from Sigma Chemical 

Company, S t.  Lou is, M is s o u r i :  Horseheart cytochrome c, Type I I I ;

T r i t o n  X-100, o -n i t ro p h e n y 1- d - g a la c to s ide, 2 -h yd roxy -5 - n i tropheny1 

s u l f a te ,  4 -n i t r o c a te c h o l ,  p -n i t ro p h e n y 1 -p -d -g a la c to s id e ,  and NADPH 

( n ic o t in e  adenine d in u c le o t id e  phosphate, reduced fo rm ).

Xanth ine was purchased from Calbiochem, Sandiego, C a l i f .

T r i s  (hydroxymethy1) amino methane, ch lo ro fo rm , methanol, 

sucrose, m ann ito l,  and t r i c h lo r o a c e t i c  ac id  were obta ined from F ish e r  

S c i e n t i f i c  Company, P h i la d e lp h ia ,  Pennsylvania .

T r i t o n  WR-1339 (o xye th y la te d  t e r t i a r y  oc ty lpheno l p o ly 

methylene polymer) was purchased from Ruger Chemical Co., I r v in g to n ,  

New Jersey.

Benzoic ac id  was a product o f  C u r t in  S c i e n t i f i c  Co., T u lsa ,

Oklahoma.

The fo l lo w in g  chemicals were ob ta ined from Eastman Organic

14
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Chemicals,  Rochester, New York:  sodium e thy le ned iam ine te t raace ta te ,

2 - t h i o b a r b i t u r i c  ac id ,  a n i l i n e ,  Santoquin,  N -m ethy lan i1ine, d ipheny l -  

amine, and o - n i t r o p h e n o l .

Hydrogen perox ide  (30%) was obta ined from Merck & Co., Inc . ,  

Rahway, New Jersey.

P-n i t ropheno l  and p-n i t ropheny lphospha te ,  disodium s a l t ,  were 

obta ined from A ld r i c h  Chemical Co., Milwaukee, Wisconsin.

P a r t i a l l y  p u r i f i e d  NADPH-cytochrome P450 reductase was a g i f t  

from Dr. Anthony Y. H. Lu (36) ,  Dept, o f  B iochemis try ,  Hoffmann-LaRoche, 

I n c . ,  Nu t ley ,  New Jersey .

H igh ly  p u r i f i e d  p repa ra t ions  o f  xan th ine  oxidase and bovine 

superoxide anion dismutase were prepared in the labo ra to ry  o f  Dr. Bernard 

Keele,  U n iv e r s i t y  o f  Alabama Col lege o f  D e n t i s t r y ,  Birmingham, Alabama.

Instruments and Equipment

C e n t r i f u g a t io n s  were done using e i t h e r  a Spinco Model L U l t r a 

c e n t r i f u g e  o r  a Beckman Model L2-65 U l t r a c e n t r i f u g e ,  both made by Beckman 

Instruments ,  Palo A l t o ,  C a l i f o r n i a .  Enzyme incubat ions were c a r r i e d  ou t  

in a Dubnoff shaking waterbath equipped w i t h  a constant  te rmperature  reg

u l a t o r  from P rec is ion  S c i e n t i f i c  Company, Chicago, I l l i n o i s .

Spec trophotometr ic  measurements were made using a Beckman DU2, 

from Beckman Instruments Company, South Pasadena, C a l i f o r n i a .

Spec trophotometr ic  assays were performed w i th  a G i l f o r d  model 

2400 record ing  spect rophotometer.

Animals

The w h i te  a lb in o  ra ts  used in t h i s  study were der ived from the 

Hoitzman-Sprague-Dawley s t r a i n  bred in our la bo ra to ry .  The ra ts  were fed
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e i t h e r  a stock ra t  p e l l e t  d i e t  or  a s y n th e t i c  d i e t ,  the composi t ions 

o f  which are shown below. Animals fed the  s tock  p e l l e t  r a t i o n  u n t i l  

they were 11 to  12 weeks o f  age (300 to  350 grams in w e igh t )  were se lec ted  

f o r  use in these s tu d ie s .  In some cases, exper imental  animals were main

ta ined  on a Toru la  yeast d i e t  (26) f o r  a per iod o f  l8 to  21 days (80 to  

100 grams in we igh t)  were used.

M a te r ia ls  f o r  Diets 

Vi tamins (except a - tocophe ry l  a c e ta te ) ,  cod l i v e r  o i l ,  casein 

and Aiphacel  (a pure powdered c e l l u l o s e  added f o r  bu lk )  were obta ined 

from N u t r i t i o n a l  Biochemicals Co rpo ra t ion ,  Cleveland, Ohio. S t r ipped 

la rd  (a-tocophero l  and o ther  v o l a t i l e  m a te r ia ls  removed by molecu lar 

d i s t i l l a t i o n ) ,  a - tocophe ry l  ace ta te  and a - tocophero l  were obtained from 

D i s t i l l a t i o n  Products In d u s t r i e s ,  Rochester,  New York.

Experimental Diets

a - t o c o p h e r o l - d e f i c i e n t  d ie ts  

The exper imental  d i e t  used was f o l l o w in g  the method o f  

Schwarz (26).

Composit ion o f  Vi tamin  M ix ture  

Calcium pantothenate 0.044%

Chol ine c h l o r i d e  1.000%

Menadione 0.010%

Niac in  1.000%

Pyr idox in  HCl 0.020%

R ib o f la v in  0.025%

Thiamin HCl 0.040%
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Composi t ion o f  S a l t  M ix tu re

CaHPO^ 10.930%

Ca Lacta te 26.310%

CuSO^^SHgO 0.022%

Fe Citrate.SH^O 2.450%

KH^PO^ 19. 450%

Mgso^ 5 . 280%

MnSO^.yH^O 24. 500%

NaCl 4 . 070%

NagHPO^.yHgO 6 . 900%

ZnSO^yTHgO 0.038%

Composi t ion o f  Basal Diet

Cod 1i ver  o i 1 2 . 000%

Lard, s t r ipped 5 . 000%

S a l t  m ix tu re 5 . 000%

Sucrose 57. 750%

Vitamin  m ix tu re 0 . 250%

Yeast 30. 000%

The basal d i e t  was mixed w i th  Alphacel  in  a r a t i o  o f  10 p a r ts  d i e t  to  

1 p a r t  A lp h a c e l .

a-Tocopherol-supplemented d ie t s  

In severa l  exper iments,  a - tocophe ro l  was added to  the stock 

p e l l e t  r a t i o n  which had been f i n e l y  ground. The amount added was 30 mg 

o f  a - tocophero l  ace ta te  per 100 grams o f  ground p e l l e t  r a t i o n .  In some 

o f  the experiments a - tocophero l  was admin is tered by supplement ing the
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Q - to c o p h e ro l - d e f i c i e n t  d i e t  descr ibed above w i th  50 mg o f  a - tocophero l  

ace ta te  per 100 grams o f  d i e t .  In o th e r  exper iments,  a - tocophe ro l  was 

admin is te red in v i v o  by i n t r a p e r i t o n e a 1 i n j e c t i o n  o f  75 mg o f  the v i t a m in /  

kg body we ight 12 hours p r i o r  to  s a c r i f i c i n g .  The i n j e c t i o n  s o lu t i o n  was 

prepared by d i s s o lv i n g  the a - tocophe ro l  in 1 volume o f  ethanol  and 9 

volumes o f  16 Tween 80 in 0.85% (w/v) NaCl s o l u t i o n  and s t i r r i n g  v i g o r 

ous ly .

Stock Rat ion ( P e l l e t  Form)

Rats which were not  main ta ined on an exper imental  d i e t  were fed 

a commercial p e l l e t  r a t i o n  f rom Rockland Labo ra to r ies ,  Teckland Inco rpo r 

ated, Monmouth, I l l i n o i s .  Th is  d i e t  was composed o f  the f o l l o w in g  i n 

g re d ie n ts :  soybean meal, ground wheat, ground y e l low  corn,  f i s h  meal,

p u lv e r i z e d  b a r le y ,  wheat m id l in g s ,  dehydrated a l f a l f a  meal,  p u lv e r iz e d  

oats ,  feed ing  oat meal, d r ied  skim m i l k ,  1% animal f a t ,  v i ta m in  A palm- 

i t a t e ,  i r r a d i a t e d  d r ie d  yeas t ,  n i a c in ,  panto thenate ca lc ium,  r i b o f l a v i n  

supplement, 0.5% d ic a lc iu m  phosphate,  copper ox ide ,  t races  o f  manganese 

ox ide ,  menadione, v i t a m in  B^g, 1% ca lc ium carbonate ,  1% sodium carbonate,  

co b a l t  carbonate ,  i r o n  carbonate,  ca lc ium iodate  and z in c  ox ide .  The 

manufac turer guaranteed the f o l l o w in g  compos i t ion :  crude p r o t e in ,  24%;

crude f a t ,  4%; and crude f i b e r ,  6%.

Exper imental  Procedures

Prepa ra t ion  and Handl ing o f  Lysosomes 

Lysosomes were i s o la te d  from l i v e r  t i s s u e  by the procedure o f  

Leighton e t  a_l_. (27) as mod i f ied  by T u l s ia n i  and C a ru b e l l i  (28 ) .  Th is  

procedure takes advantage o f  the f a c t  t h a t  the hepatocytes accumulate
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the T r i t o n  WR-1339 w i t h i n  the lysosomal p a r t i c l e s ,  causing t h e i r  dens i ty  

to  be less than tha t  o f  o ther  c e l l u l a r  p a r t i c l e s .  The re fo re ,  by using 

a p p ro p r ia te  c e n t r i f u g a t i o n  g rad ien ts ,  e s s e n t i a l l y  pure p repa ra t ions  o f  

lysosomes can be obta ined.  Experiments descr ibed in t h i s  d i s s e r t a t i o n  

demonstrate tha t  lysosomes obtained in t h i s  manner behave in the var ious  

reac t ion  systems in the same way as lysosomes is o la ted  by the d i f f e r e n t i a l  

c e n t r i f u g a t i o n  procedure descr ibed below not in v o lv in g  i n j e c t i o n  of  

T r i t o n  WR-1339-

Male ra ts  (300-350 grams) were in je c te d  i n t r a p e r i t o n e a 1ly  w i th  

an aqueous s o lu t i o n  (26% w/v) o f  T r i t o n  WR-1339 a t  a dosage o f  85 mg/lOOg 

o f  body weight 3 1/2 days before s a c r i f i c i n g .  They were fas ted  f o r  the 

la s t  12 hr o f  tha t  pe r iod  and then k i l l e d  by a blow on the head. The 

l i v e r s  were ra p id l y  d issec ted  ou t ,  r insed in co ld  0.25 M sucrose ( a l l  

sucrose s o lu t i o n s  contained 0.001 M te trasod ium EDTA) and the adher ing 

f a t ,  connect ive  t i s sue  and blood c lo t s  were removed. The l i v e r  t i s s u e  

was cut  i n to  small p ieces and homogenized in 5 volumes o f  the same sucrose 

medium. A l l  steps were performed a t  0 -4° .  Homogenization was performed 

in a smooth-wal led glass  homogenizer f i t t e d  w i th  a mechan ica l ly  d r iven  

T e f lo n  p e s t le  (A r thu r  H. Thomas Company, P h i la d e lp h ia ) .  The p e s t le  was 

d r iven  a t  about 1,000 rpm by a f i x e d  hand d r i l l .  The glass homogenizer, 

maintained irh a beaker c on ta in in g  a m ix tu re  o f  crushed ice ,  was pushed 

upward u n t i l  a l l  the t i s s u e  had been fo rced  above the p e s t le ,  and then 

lowered. In each ope ra t ion ,  which was performed w i th  only  a s i n g le  up 

and down pass on the l i v e r ,  moderate pressure was app l ied  t o  the homogen

ize r  f o r  the purpose o f  avo id ing  the excess ive shear ing fo rces  generated 

by high v e r t i c a l  v e l o c i t y  g rad ien ts .  The homogenate was c e n t r i f u g e d  f o r
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10 min a t  about 2,900 rpm. The cytop lasmic  e x t ra c t  (supernatant  f r a c t i o n )  

was d i l u t e d  w i th  0.25 M sucrose to  o b ta in  a 1:10 d i l u t i o n  (w/v) and was 

c e n t r i f u g e d  a t  25,000 rpm (5^,500 x g) f o r  8 1/2 min. The supernatant 

and the  loose p ink  layer  on the sur face o f  the sediment were removed as 

tho rough ly  as poss ib le .  The p e l l e t  was suspended in homogenizing medium 

and c e n t r i f u g e d  again as above. A f t e r  the sediment was washed f o r  a 

second t ime,  i t  was f r a c t io n a te d  on a d iscont inuous  sucrose g rad ien t  by 

the procedure o f  Trouet  (29) .  The washed p e l l e t  was resuspended in 45% 

(w/v) sucrose (dens i ty  1.21) in a volume equ iva len t  to  1 ml per gram o f  

o r i g i n a l  l i v e r .  A 10 ml sample o f  t h i s  suspension, con ta in in g  mitochondr ia  

and lysosomes, was placed in the bottom o f  a p l a s t i c  tube f i t t i n g  the SW 

25.1 r o to r  and then 10 ml o f  34.5% (w/v) sucrose (dens i ty  1.155) and 5 ml 

o f  14.3% (w/v) sucrose (d e n s i ty  I . 06) were c a r e f u l l y  layered in tha t  order 

on top o f  the p a r t i c u l a t e  suspension. Three such tubes were then c e n t r i 

fuged f o r  2 hr a t  25,000 rpm (63,581 x g) in the Beckman U l t r a c e n t r i f u g e  

Model L or  L2-65. The T r i t o n - f i l l e d  lysosomes were c o l l e c te d  a t  the 

i n t e r f a c e  between the two upper layers w h i l e  most o f  the m itochondr ia  and 

peroxisomes remained in the bottom la ye r .  The lysosomal suspension was 

d i l u t e d  w i th  0.25 M sucrose and c e n t r i f u g e d  f o r  30 min a t  25,000 rpm 

( 54,500 X g) to  ob ta in  the lysosomes in the form o f  a p e l l e t .

I s o l a t i o n  o f  Lysosomes by D i f f e r e n t i a l  C e n t r i f u g a t i o n  and 

Densi ty  Gradient C e n t r i f u g a t i o n  

The lysosomes were i s o la te d  by the  method o f  Ragab, e^  aj[ (40) .  

Rats were s a c r i f i c e d  as p re v io u s ly  descr ibed a f t e r  f a s t i n g  them f o r  24 hrs .  

The l i v e r s  were ra p id l y  d issec ted  and washed w i th  0.25 M sucrose ( a l l  

sucrose s o lu t i o n s  contained 0.001 M te trasod ium s a l t  o f  EDTA). The l i v e r s
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Rats in jec ted  i n t r a p e r i t o n e a ] l y  
w i th  85 mg o f  T r i t o n  WR-1339 per 100 g 
body we igh t  3 1/2 days before  s a c r i f i c e

L ive rs  homogenized in 0.25 M sucrose

Spinco r o to r  No. 30 800 X Ç -  10 min

(D i scard)
supe rna tes

54,500 X g -  8 1/3 min

Spinco r o to r (2X)

No. 30

Pel l e t Supernates
(Discard)

Resuspended in 45% sucrose 
layered beneath a sucrose grad ien t

Sucrose 14.3%
(p= 1.06)

Sucrose 34.5%
( f >  = 1.155) ^

Lysosome + Mitochondr ia  
suspension in 45% sucrose

(^= 1 . 2 1 )

4^  Lysosomes

i4̂ . M i  tochondr i
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were minced and homogenized in 0.25 M sucrose (1:8 w / v ) .  The ra t  l i v e r  

homogenate was success ive ly  c e n t r i f u g e d  as shown below. A l l  c e n t r i f u g 

a t ion s  were done in a Spinco Model L o r  L 2-65 p re p a ra t iv e  u l t r a c e n t r i 

fuge w i t h  Rotor 30. The d iscont inuous  sucrose g rad ien ts  were prepared 

as fo l l o w s  from bottom to  top :  Grad ient I , 14 ml 0.60 M sucrose, 12 ml

0.45 M sucrose, and 10 ml 0.30 M sucrose in which a p o r t i o n  o f  sediment 

I was suspended; Grad ient 11, 14 ml O.7O M sucrose, 12 ml O.6O M sucrose, 

and 10 ml 0.45 M sucrose in which a p o r t i o n  o f  sediment I I  was suspended. 

Sediment I ,  sediment 11, m i t ro c h o n d r ia l ,  and lysosomal composi te f r a c t i o n s  

were resuspended by minimum homogenization w i th  the Po t te r -E lveh jem glass 

homogenizer.

Inc id e n ta l  P e l le t s  Lysosomal In te rmedia tes  Inc ide n ta l  Supernatants

Homogenate (suspend in 0.25 M sucrose)
Nuclear and d e b r i s ^

Mitochondr ia

L ig h t  m i t o c h o n d r i a ^

(3,400 rpm -  10 min)

Cytoplasmic e x t r a c t  
— ( 6, 200 rpm -  10 min)

M itochondr ia l  supernatant
( 1 1,600 rpm -  35 min)I Microsomal

supernatant

Sediment I (suspend in 0.3 M sucrose
on Grad ient I ) 

(6,200 rpm -  10 min)

L igh t  m itochondr ia  supernatant
( 11,600 rpm -  40 min)

Sediment I I  (suspend in  0.45 M sucrose 
laye r  on g rad ien t  I I )

(11,600 rpm -  35 min)___

V
Discard

i
Lysosomal composi te

(suspend in O.7 M sucrose) Discard

Microsomes

Male ra ts  were k i l l e d  by a blow on the head and exsanguinated 

by sever ing the neck vesse ls .  The l i v e r  was removed, washed w i th  0.15 M
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b u f f e r ,  pH 7-4,  so tha t  0.1 ml o f  the suspension was equ iva len t  to  1 mg 

microsomal p ro te in .

Enzyme Assay Procedures

A. Enzyme systems tes ted f o r  f r e e  rad ica l  genera t ion .

L ive r  lysosomes prepared as descr ibed above. Lysosomal 

p e l l e t s  were used immediately a f t e r  each p repa ra t io n  and suspended in

0.7 M sucrose. The la tency  o f  lysosomal enzymes was always determined 

on lysosomal p a r t i c l e s  suspended in 0.7 M sucrose. To ta l  a c t i v i t i e s  

o f  the enzymes were determined on lysosomal suspensions p re t rea ted  f o r  

30 minutes a t  0° w i th  the non - ion ic  de te rgen t  T r i t o n  X-100 a t  a f i n a l

co n c e n t ra t io n  o f  0.1% (31) .  Var ious a p p ro p r ia te  c o n t ro ls  were included

in a l l  exper iments.  The t o t a l  volume o f  every system, in c lud ing  the 

d i f f e r e n t  c o n t r o l s ,  was 1 ml. The c o n t r o l s  were c o n s t i t u t e d  by incuba t 

ing the lysosomes (0 .3 -0 .5  mg p ro te in /m l  of  reac t ion  system) a t  37° 

under any o f  the f o l l o w in g  c o n d i t io n s .

1. w i th  b u f f e r  only

2. w i th  subs t ra te  only

3. w i th  c o fa c to r  only

4.  w i th  enzyme only

5. w i th  subs t ra te  and enzyme

6. w i th  subs t ra te  and c o fa c to r

7. w i th  c o fa c to r  and enzyme.

The incuba t ion  t ime was var ied  depending on the nature  o f  the exper iments.  

In t h i s  s tudy , the e f f e c t  o f  f re e  r a d ic a ls  generated by the c a t a l y t i c  

a c t i v i t y  o f  var ious f l a v i n  enzymes on the s t a b i l i t y  o f  lysosomal membranes 

was tes te d .  (Two ml cuve t tes  w i th  a 1 mm l i g h t  pathway were used in a l l  

spec t ropho tom et r ic  assays. )
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1. Microsomal NADPH oxidase system. One ml o f  the complete 

exper imenta l  incubat ion  system conta ined lysosomes (O.3-0 .5  mg p r o t e i n /  

ml o f  reac t ion  system), microsomes ( 1 mg p ro te in /m l  o f  reac t ion  system), 

0 .4  mM ADP, 0.012 mM FeClg, 0.7 M sucrose, 0.015 M t r i s ,  pH 7*5,  and

0.3 mM NADPH. The incubat ions  were performed in a Dubnoff apparatus a t  

37°.  A f t e r  the incubat ions were c a r r i e d  ou t ,  Mn®^ was added to  the 

re a c t io n  systems a t  a f i n a l  concen t ra t ion  o f  1.0 mM to  stop f u r t h e r  

a c t io n  on the lysosomal p a r t i c l e s .  The reac t ion  systems were then 

assayed immediately f o r  re lease o f  acid  hydrolases from the lysosomes.

2. P u r i f i e d  NADPH-cvtochrome P450 reductase system. A t y p ic a l  

1 ml reac t ion  m ix tu re  had the f o l l o w in g  compos i t ion:  lysosomes (0 .3 -0 .5  

mg p ro te in /m l  o f  reac t ion  system),  NADPH-cytochrome P450 reductase 

(0.066 mg p ro te in /m l  o f  reac t ion  system),  0.3 mM NADPH, 2 mM ADP, 0.12 

mM FeClg, 0.015 M t r i s ,  pH 7-5 ,  and 0.7 M sucrose. The re a c t io n  m ix ture  

was incubated a t  37° f o r  30 minutes and fo l lowed  by a d d i t i o n  o f  1.0 mM 

Mn^^ t o  stop f u r t h e r  re a c t io n .  Assays f o r  the re lease o f  ac id  hydrolases 

from the lysosomes fo l low e d  immediately.

3. Xanthine oxidase system. The incubat ion  system conta ined 

lysosomes (0 .3 -0 .5  mg p r o te in /m l  o f  r e a c t io n  system),  xan th ine  oxidase 

(0.219 mg p ro te in /m l  o f  r e a c t io n  system),  0.1 mM xan th ine ,  2 mM ADP, 0.12 

mM FeClg, and 0.7 M sucrose. The t o t a l  volume o f  reac t ion  m ix tu re  was

1 ml.  The incubat ion  t ime was 30 minutes.  The incubat ions  were performed 

in a Dubnoff apparatus a t  37°. The reac t ions  were stopped by the a d d i t io n  

o f  1.0 mM Mn®"*". The a c t i v i t y  o f  lysosomal ac id  hydrolases released from 

lysosomes was determined immediately.
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B. Lysosomal hydrolase enzyme assays.

The a c t i v i t y  o f  lysosoma] enzymes a v a i la b le  to  react  w i th  

subs t ra tes  was determined under cond i t ion s  which would insure the i n t e g r i t y  

o f  p a r t i c l e s  remaining a t  the end o f  the p r i o r  incuba t ion ,  as much as 

poss ib le ,  namely, by means o f  an assay a t  37°,  m a in ta in ing  the same 

sucrose concen t ra t ions  in the assay system as in the suspension o f  i s o 

la ted  lysosomes (0.7 M sucrose) .  Any increase in enzyme a v a i la b le  brought 

about by the s p e c i f i c  exposure o f  the lysosomes t o  the enzymic react ions 

descr ibed above gives a q u a n t i t a t i v e  measurement o f  the re lease o f  the 

enzymes r e s u l t i n g  from the e f f e c t  o f  tha t  t reatment on the lysosomes.

A l l  experiments were done w i th  s u i t a b le  c o n t r o l s  and number o f  r e p e t i t i o n s  

to assure v a l i d i t y  o f  r e s u l t s .  A l l  the reagents f o r  ac id  hydro lase assays 

descr ibed below were made up in 0.7 M sucrose.

1. Acid phosphatase. The composi t ion o f  the reac t ion  systems, 

the c o n t r o l s ,  and c o n d i t io n s  o f  incubat ion  are as descr ibed in  p a r t  A 

above except fo r  the necessary a d d i t io n s  descr ibed below, s ince the assays 

were performed on the same systems in which the lysosomes were i n i t i a l l y  

exposed to  a p a r t i c u l a r  enzyme. At the end o f  the i n i t i a l  exposure per iod ,  

1.0 mM Mn®"*" was added to  the reac t ion  system to  stop f u r t h e r  a t ta cks  on 

the lysosomes (20).  Ac id  phosphatase a c t i v i t y  was determined e s s e n t i a l l y  

accord ing to  the method o f  Fukuzawa e^  aj_. (32) by adding 0.1 ml o f  250 mM 

sodium p -n i t r o p h e n y 1 phosphate and 0.1 ml o f  50 mM o f  sodium aceta te  

b u f f e r ,  pH 5-0 to  each ml o f  lysosomal incubat ion  systems to  be analyzed. 

The re a c t io n  was stopped a f t e r  10 minutes incubat ion  a t  37° by the a d d i t 

ion o f  0.25 ml of  10% (w/v) sodium hydrox ide s o lu t i o n .  A f t e r  adequate 

d i l u t i o n  w i th  d i s t i l l e d  water (about 1:20) ,  the o p t i c a l  den s i ty  o f  ye l low
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supernatant  was measured a t  420 nm. The amount o f  sod ium -p -n i t ropheny1 

phosphate hydrolyzed was est imated from a standard curve us ing p - n i t r o -  

phenol as standard.

2. A ry l  s u l f a t a s e . A ry l  s u l f a t a s e  a c t i v i t y  was measured by 

using the dipotassium s a l t  o f  2 -h y d rox y -5 -n i t ro phen y 1 s u l f a t e  as the 

subs t ra te  under c ond i t ion s  which measure the combined a c t i v i t i e s  of  

a r y l  su l fa tases  A and B (33) .  A f t e r  exposure o f  the lysosomes to  one 

o f  the p a r t i c u l a r  enzymic reac t ions  descr ibed above, the a c t io n  on the 

lysosomes was stopped by the a d d i t i o n  o f  1.0 mM Mn^+ ( f i n a l  c o n c e n t ra t io n ) .  

Then, 0.2 ml o f  0.17 M 2 -h y d ro x y -n i t ro p h e n y 1 s u l f a t e ,  and 0.2 ml o f  1.5 M 

o f  sodium aceta te  b u f f e r ,  pH 5«0 were added to  each tube. To ta l  volume

f o r  these assays was 1.4 ml.  A f t e r  incuba t ion  f o r  15 min a t  37°, the 

re a c t io n  was stopped by the a d d i t i o n  o f  3 ml o f  2% (w/v) phosphotungst ic  

ac id  in 0.1 N HCl. The p r e c i p i t a t e d  p ro te in s  were removed by c e n t r i f u g 

a t i o n .  To 1.5 ml o f  the supernatant  f r a c t i o n  was added 3.5 ml o f  a l k a l i n e  

qu ino l  reagent f o r  the f i n a l  c o lo r  development. (The a l k a l i n e  qu ino l  

reagent was made by combining 1 p a r t  o f  4% (w/v) qu ino l  in 0.1 N HCl and 

20 pa r ts  o f  5% Na^SOg in 2.5 N NaOH). The o p t i c a l  dens i ty  o f  the c o lo r  

was determined a t  520 nm. A standard curve was cons t ruc ted  using 2-hydroxy-  

5~n i t ropheno l  as standard.

3. P-ga1actos idase.  The a c t i v i t y  o f  P -ga lac tos idase  was assayed

by the use o f  the s u b s t ra te  0 -n i t ropheny1-P -d -ga lac topy ranos ide .  A f t e r  

p r i o r  exposure o f  the lysosomes to  one o f  the rad ica l  genera t ing  systems 

descr ibed above and te rm in a t in g  the a t ta c k  on the lysosomes by a d d i t i o n

o f  1.0 mM Mn®"*", the p -ga lac tos idase  a c t i v i t y  released was assayed according

to  the method o f  S e l l i n g e r ,  ^  j J .  (34) .  This  was done by adding 0.1 ml o f
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0.025 M s ubs t ra te  and 0.1 ml o f  py r id lne -HC l  b u f f e r ,  pH 5*0 t o  each ml 

o f  lysosomal p r i o r  incuba t ion  systems. The t o t a l  volume was 1.2 ml 

a f t e r  these a d d i t i o n s .  A f t e r  incubat ion  f o r  15 minutes a t  37°, the 

reac t ion  was stppped by a d d i t i o n  of  1.5 ml o f  2.75% (w/v) t r i c h l o r o a c e t i c  

ac id .  A c le a r  supernatant  was obtained a f t e r  c e n t r i f u g a t i o n .  To 2.0  ml 

o f  the c le a r  supernatant  were added 0.5 ml o f  0.5 M NaOH and 1.0 ml of  

0.25 M NagCOg-glycine b u f f e r ,  pH 10.0. The enzyme a c t i v i t y  was d e te r 

mined by measur ing the amount o f  o -n i t r o p h e n o l  formed by i t s  absorbance 

a t  420 nm. A standard curve was cons t ruc ted  using o -n i t ropheno l  as 

s tandard.

Co Assay o f  superox ide anion genera t ion  dur ing xan th ine  

oxidase a c t i v i t y .

Th is  assay was performed by the method o f  McCord e t  a l .  (37) 

w i th  s l i g h t  m o d i f i c a t i o n .  The reduc t ion  o f  cytochrome c by superoxide 

anion was performed in 0.05 M potassium phosphate,  pH 7»W, con ta in in g  

0.1 mM x an th ine ,  xan th ine  ox idase (0.015 mg p ro te in /m l  o f  assay system), 

and cytochrome £  (0.129 mg p ro te in /m l  o f  assay system). The amount o f  

cytochrome £  reduced was determined by measur ing the increase in absorbancy 

a t  550 nm, us ing 27,700 as the molar absorbancy o f  cytochrome c.

D. Assay o f  u r i c  ac id  p roduc t ion  by xan th ine  oxidase a c t i v i t y .

React ions were performed in a t o t a l  volume o f  1.5 ml. The 

assay system cons is ted  o f  0.05 M potassium phosphate b u f f e r ,  pH 7*8 ,  0.1 

mM xan th ine ,  and xan th ine  oxidase (0.015 mg p ro te in /m l  o f  r e a c t io n  system). 

U r ic  ac id  fo rm a t ion  was determined by measur ing the increase in absorbancy 

a t  280 nm.
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Eo Assay f o r  fo rm a t ion  o f  malond ia ldehyde.

The enzymic systems descr ibed under p a r t  A o f  "Enzyme assay 

procedures"  were terminated by the a d d i t i o n  o f  0.5 ml o f  5% (w/v) t r i 

c h lo ro a c e t i c  ac id  (TCA). One ml o f  5% (w/v) t h i o b a r b i t u r i c  ac id  (TBA) 

was then added and the m ix tures  were heated a t  60° f o r  90 min. A f t e r  

c o o l in g ,  1.0 ml o f  70% (w/v) TCA was added to  each tube and s w i r led  gen t l y .  

The samples were then c e n t r i f u g e d  and o p t i c a l  den s i t y  o f  c le a r  p ink  super

na tant  f r a c t i o n  was determined a t  a wavelength o f  532 nm. Samples th a t  

were t u r b id  were e x t ra c te d  w i th  ch lo ro fo rm  ( to  remove dispersed l i p i d )  

and the o p t i c a l  dens i ty  o f  the c le a r  aqueous was then determined. I f  

the sample c o l o r  was too in tense to  be read d i r e c t l y ,  s u i t a b le  d i l u t i o n s  

were prepared by a d d i t i o n  o f  a m ix tu re  w i th  the same reagent composi t ion 

as th a t  o f  the sample.

De te rm ina t ion  o f  P ro te in

The amount o f  p r o te in  was est imated by the method o f  Lowry 

e^  aj_. (35)"  Samples o f  lysosomal suspensions, microsomal suspensions 

and o f  the p u r i f i e d  enzymes c o n ta in in g  20 to  100 pg o f  p r o t e in  were d i l 

uted to  1.0 ml w i th  d i s t i l l e d  wate r  and added to  1.0 ml o f  the a l k a l i n e  

copper s u l f a t e  s o lu t i o n  descr ibed f o r  t h i s  method. A f t e r  s tand ing f o r  

15 min a t  room temperature,  0.1 ml o f  1 N phenol reagent was added t o  the  

sample m ix tu re  and the tube was shaken w i th  a Vortex mixer  immediately.

The sample was then al lowed t o  stand a t  room temperature f o r  30 min, 

a f t e r  which the absorbance a t  500 nm was determined. Bovine serum 

albumin was used as a standard.



CHAPTER 11 I 

RESULTS

Lysosomal D is ru p t io n  by a Free R a d ic a l - ] i k e  Component 

Generated dur ing  Microsomal NADPH oxidase A c t i y i t y  

Eyidence has been demonstrated f o r  the p roduc t ion  o f  a h ig h l y  

t r a n s ie n t  f a c t o r  having the p ro p e r t ie s  o f  a f re e  rad ica l  dur ing  the  o x i 

da t ion  o f  NADPH by l i v e r  microsomes (21).  Th is  f a c t o r  is  apparen t ly  res 

pons ib le  f o r  the p e ro x id a t i v e  chain sc iss ion  o f  phospho l ip id  po lyunsa tu ra ted  

f a t t y  acyl  groups which occur in the microsomal membrane i t s e l f  dur ing  

NADPH-dependent e le c t r o n  t ra n s p o r t .  The p roduc t ion  o f  t h i s  component by 

the enzyme system is enhanced in microsomes from to c o p h e r o l - d e f i c i e n t  ra ts  

and depressed in animals supplemented w i th  an a d d i t i o n a l  increment o f  (%- 

to c o p h e ro l .

Th is  being the case we opted to  determine i f  the f a c t o r  was 

capable o f  causing a decrease in the s t a b i l i t y  o f  lysosomes, s ince these 

o rgane l les  are  o f te n  in c lose  p ro x im i ty  to  elements o f  the endoplasmic 

re t i c u lu m ,  and because lack o f  a s u i t a b le  r a d ic a l - t r a p p in g  agent in animal 

d i e t  r e s u l t s  in i n t r a c e l l u l a r  s t r u c t u r a l  d e t e r i o r a t i o n  in c e r t a in  t issues  

cha rac te r ized  by increased lysosomal hydro lase a c t i v i t y  (38) .  The ensuing 

s tud ies  demonstrated t h a t  incubat ion o f  lysosomes w i th  microsomes which 

are  in the process o f  o x i d i z i n g  NADPH enzym ica l ly  r e s u l t s  in a p rogress ive  

increase o f  f r e e  lysosomal hydrolase a c t i v i t y .  F igure 3 i l l u s t r a t e s  the

30
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Figure 3* Progress curve o f  the release o f  ac id  phosphatase 
from lysosomes exposed t o  microsomal NADPH oxidase a c t i v i t y .  The reac t ion  
systems contained lysosomes (Lys),  (0.3 mg p ro te in /m l  reac t ion  system); 
microsomes (Mic),  (1.0  mg p ro te in /m l  reac t ion  system); NADPH (where 
in d ic a te d ) ,  0.3 mM; Fe^^, 0.012 mM; 0.01^ M Tr is -HCl b u f f e r ,  pH 7°4; sucrose 
0.7 M. Incubat ion was c a r r i e d  out a t  37 . The reac t ion  was stopped at  
the d i f f e r e n t  t ime i n te r v a l s  by the a d d i t i o n  o f  1.0 mM Mn^^ ( f i n a l  con
c e n t r a t i o n ) ,  and the a c t i v i t y  o f  f re e  ac id  phosphatase was determined 
immediately as descr ibed under Experimental Procedures.
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course o f  re lease o f  f r e e  ac id  phosphatase from lysosomes exposed t o  m ic ro 

somes which are in the process o f  o x id i z i n g  NADPH enzym ica l l y .  In t h i s  

case, about 60% o f  the t o t a l  phosphatase a c t i v i t y  was released in 45 min.

A small percentage o f  t h i s  lysosomal enzyme was released in the co n t ro l  

system, presumably due t o  shaking dur ing incubat ion  and to  thermal a c t i 

va t io n .  Th is  l y t i c  a c t io n  caused by the microsomal NADPH oxidase system 

is accompanied by the fo rmat ion  o f  s i g n i f i c a n t  amounts o f  malondialdehyde 

(Table 1). Table 1 a l s o  demonstrates the requirement f o r  Fe^^ to  e f f e c t  

d e t e r i o r a t i o n  o f  the lysosomal membranes. Without  the subs t ra te  f o r  the 

enzymic reac t ion  (NADPH), however, the a d d i t i o n  o f  the i ron  had very  l i t t l e  

e f f e c t  on the lysosomes. Evidence w i l l  be presented w i th  o the r  data to  

demonstrate the necess i ty  f o r  enzymic o x id a t io n  o f  NADPH to  occur  before  

a t ta c k  on the lysosomes occurs.  The presence o f  the ADP is requ i red  to  

promote the s o l u b i l i t y  o f  Fe®"  ̂ in the form o f  a che la te ,  o therw ise  very 

low concen t ra t ions  o f  i ron  would e x i s t  in s o lu t i o n  because o f  i t s  low 

s o l u b i l i t y .  Al though s i g n i f i c a n t  amounts o f  ac id  phosphatase and malon

dialdehyde were formed in the system: Lysosomes + Microsomes + NADPH,

more than th ree  t imes as much ac id  phosphatase was released and tw ice  as 

much malondialdehyde was formed when che la ted i ron  was included in the 

system. The re s u l t s  in d ic a te  tha t  a p e ro x id a t i v e  a t ta ck  on lysosomal mem

brane l i p i d s  was assoc ia ted w i th  release o f  the ac id  hydro lase.  The amounts 

o f  ADP and Fe®"  ̂ requ i red  f o r  t h i s  a c t i v i t y  a re  compat ib le w i th  p h y s io lo g ic a l  

le ve ls  o f  these substances found in the l i v e r  c y to s o l .

Tab le  2 shows analyses o f  three d i f f e r e n t  hydrolase enzymes which 

were a c t i v a te d  dur ing NADPH o x id a t io n  by microsomes, a l l  o f  which in d ic a te  

lysosomal membrane d e t e r i o r a t i o n .  Incubat ion o f  lysosomes + microsomes
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TABLE

A CORRELATION BETWEEN MALONDIALDEHYDE FORMATION AND 
ACID PHOSPHATASE RELEASED FROM LYSOSOMES 

EXPOSED TO MICROSOMAL NADPH 
OXIDASE SYSTEMS

A d d i t io n s  to  incubat ion1 Free ac id  phosphatase 
released

Malondialdehyde
fo rm at ion

% o f  T o ta l mp mole/ml
in cuba t ion  svstem

Mic 4.99 4.59

Lys 8.99 2.24

Lys +  Mic 12.99 5-71

Lys + Mic + ADP-FeS+ 19-99 8.85

Lys + Mic + ADP-Fe8+ + NADPH 94.99 30.24

Lys + ADP-Fe8+ + NADPH 19-49 8.74

Lys +  Mic + NADPH 29-39 13-44

Lys + ADP-Fe8+ 12.99 5-60

The incubat ion  medium was 0.7 M sucrose in  0.015 M Tr is -HC) b u f f e r ,  
pH 1 . h .  A d d i t io n s  were made as in d ic a te d .  Concent ra t ion o f  lysosomes, 
microsomes, ADP-Fe^^, and NADPH were as descr ibed under Exper imental  
Procedures. To ta l  a c t i v i t y  o f  ac id  phosphatase o f  lysosomes was 
measured a f t e r  t rea tment  o f  the  p a r t i c l e s  w i t h  0.1% T r i t o n  X-100. The 
percen t  o f  t o t a l  a c t i v i t y  o f  ac id  phosphatase released was determined 
by comparison o f  each value  t o  the  maximum released by t rea tment  w i th  
T r i t o n  X-100. The l a t t e r  t rea tment  is descr ibed under Exper imental  
Procedures.  The incuba t ion  t ime was 45 min.
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TABLE 2

RELEASE OF 3 DIFFERENT ACID HYDROLASE ENZYMES FROM THE 
LYSOSOMES DURING NADPH OXIDATION BY MICROSOMES

A d d i t io n s  to  incuba t ion  medium

Lys Lys + Mic 
+ ADP-Fe®+

Lys + Mic + ADP-Fe®"*" 
+  NADPH

Acid  phosphatase
pmoles p -N i t r o p h e n o l /1 0 m in /
mg p r o t e in  (avg. 5 exp.) 1.92 4.22 16.91

P-ga1actosidase
pmoles 0 -N i t ro p h e n o l /  # \ 0.19 0.25 1.10
15 mi n/mg p ro te i  n

#2 0.08 0.10 0.92

A ry l  S u l fa ta se
pmoies 0 -N i t roc a tec ho l  #1 0.64 0.87 2.39
15 min/mg p r o t e in

#2 0.73 1.26 2.89

The incuba t ion  medium was 0.7 M sucrose in 0.015 M T r is -HC l  b u f f e r ,  
pH 7*4.  A d d i t io n s  were made as in d ic a te d .  The concen t ra t ion  o f  ly so 
somes, microsomes, ADP-Fe®"^, and NADPH were as descr ibed under F igure 1. 
The t o t a l  volumes o f  the reac t ion  systems were 1.0 ml. The rea c t io n  was 
c a r r i e d  out  a t  37 f o r  45 min.  Assays f o r  the  a c t i v i t i e s  o f  ac id  
phosphatase, a r y l  s u l fa ta s e ,  and p -ga lac tos ida se  were as descr ibed under 
Exper imental Procedures.  A c t i v i t y  o f  enzymes was expressed by pmoles 
p roduc t /10  min/mg p r o te in .



35

+ NADPH +  ADR-Fe®"*" causes the values f o r  f ree  hydro lase a c t i v i t y  o f  ac id  

phosphatase, P -ga lac tos idase  and a r y l  s u l fa ta s e  to  r i s e  s i g n i f i c a n t l y .

The c o n t r o l s  (lysosomes + microsomes + ADP-Fe®*^) showed very l i t t l e  

a c t i v i t y  o f  these lysosomal enzymes.

Enzymic o x id a t io n  o f  NADPH by l i v e r  microsomes is markedly heat 

l a b i l e .  M i ld  warming o f  microsomes (65° f o r  one minute)  r e s u l t s  in com

p le te  loss o f  t h i s  enzyme a c t i v i t y  and t h e i r  a b i l i t y  t o  produce the f a c t o r  

which promotes lysosomal l y s i s  (Table 3)» Th is  t a b le  demonstrates t h a t  

the re lease o f  the hydrolases must be a consequence o f  enzymic o x id a t io n  

o f  NADPH by microsomes. Only in the system in which NADPH o x id a t io n  was 

o c c u r r ing  does s i g n i f i c a n t  hydrolase re lease occur .  Om i t t ing  NADPH r e 

s u l te d  in e s s e n t i a l l y  no a c t i v a t i o n  o f  hydro lase  a c t i v i t y .  The exposure 

o f  the lysosomes t o  NADPH alone d id  not  cause re lease o f  hydro lases.  The 

most s i g n i f i c a n t  data here shows t h a t  when the microsomes had been sub

je c te d  t o  a b r i e f  heat t rea tment  (a t reatment which t o t a l l y  in a c t i v a te s  

the enzymic o x id a t io n  o f  NADPH (20))  p r i o r  to  a d d i t i o n  t o  the reac t ion  

system, re lease o f  the hydrolases was abo l i shed .  In subsequent s tud ie s ,  

on ly  measurements o f  ac id  phosphatase is shown s ince  i t  was es tab l ished  

t h a t  the o the r  hydrolases e x h ib i te d  i d e n t i c a l  pa t te rn s  o f  re lease.

A study was done to  demonstrate th a t  the re  is  no accumulat ion 

o f  any product  which is respons ib le  f o r  lysosomal l y s i s .  The microsomes 

are sub jec ted to  p r i o r  incubat ion  in the presence o f  NADPH and ADP-Fe®"*" 

f o r  30 min,  fo l lowed  by the a d d i t i o n  o f  1.0 mM Mn®"  ̂ (which t o t a l l y  i n h i b i t s  

f u r t h e r  p e r o x id a t io n  o f  l i p i d s  in b i o lo g i c a l  systems (2 0 ) ) .  At  t h i s  p o in t  

a d d i t i o n  o f  lysosomes was made. The re s u l t s  show th a t  no lysosomal d i s 

ru p t io n  occurred du r ing  a subsequent 30 min incuba t ion  (Table 4 ) .  Thus
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TABLE 3

RELEASE OF LYSOSOMAL HYDROLASES BY MICROSOMAL 
NADPH OXIDASE ACTIVITY

Components added t o  Acid phosphatase 
incuba t ion  medium a c t i v i t y

Ary l  s u l fa ta s e  
ac t  i vi  ty

p-ga lac tos  i dase 
a c t i v i t y

umoles p roduc t /10  min/mq p ro te in

Lys 1.91 .49 .05

Mic 1.18 .11 .00

Lys + Mic 3.82 .84 .07

Lys + NADPH (0.3 pmole) 2.06 .53 .11

Lys + Mic + NADPH 25.74 1.93 .61

Lys + Mic ( a^ + NADPH 1.62 1.08 .08

Lys + Mic + NADPH + Mn=+ 6.32 .87 .29

Lys + T r i  ton X-100 29.41 3.40 1.33

The incubat ion  medium, q u a n t i t y  o f  components added and cond i t ion s  o f  
incuba t ion  were as descr ibed in Table 2. Incubat ion t ime was 4$ min.

^Mic (a ) = Microsomes heated a t  65° f o r  1 min before a d d i t i o n  to  the 
reac t ion  system.
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TABLE 4

DEMONSTRATION THAT LYSOSOMAL LYSIS IS NOT DUE TO ANY PRODUCT 
FORMED DURING THE MICROSOMAL NADPH OXIDASE SYSTEMS

Systems analyzed Free ac id  phosphatase released

% o f  To ta l

Contro l  enzyme system 15.19

Experimental enzyme system 83.99

Pre incubated exper imenta l^ 18.39
enzyme system

^Exper imental  enzyme system incubated f o r  30 min w i th ou t  lysosomes 
fo l low e d  by the a d d i t i o n  o f  1.0 mM Mn® . Lysosomes were then added and 
the system was incubated f o r  another 30 min. The release o f  ac id  
phosphatase was measured as descr ibed under Table 1.
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whatever f a c to r  causes the lysosomal l y s i s  e x is ts  on ly  du r in g  the  enzymic 

a c t i v i t y .  Evidence th a t  a fa c to r  having f re e  ra d ic a l p ro p e r t ie s  w i th  a 

b r i e f  h a l f - l i f e  was produced by the microsomal system and was respons ib le  

f o r  the  re lease o f  the  lysosomal hydro lases is  shown on Tab le  5. i f  f re e  

r a d ic a l - t r a p p in g  agents or compounds capable o f  reac t ing  w i th  f re e  ra d ic a ls  

a re  added to  the re a c t io n  system, the re lea se  o f  the hydro lases from the 

lysosomes is  la rg e ly ,  and in  some cases c om p le te ly ,  abo lished .

Table 5 shows th a t  Santoquin (e th o x y q u in ) ,  d ipheny lamine and 

N -m e th y la n i1ine a t  a f i n a l  con ce n tra t io n  o f  1.0 mM were a l l  e f f e c t i v e  in 

p re v e n t in g  the re lease  o f  the lysosomal hydro lases dur ing  the  o x id a t io n  

o f  NADPH by l i v e r  microsomes. The p ro te c t io n  was not due to  the i n a c t i 

v a t io n  o f  the lysosomal hydrolases by these substances nor due to  the 

in te r fe re n c e  w i th  the  a c t i v i t i e s  o f  these th re e  enzymes per se. The 

a d d i t io n  o f  T r i t o n  X-100 to  d u p l ic a te  systems a t  the end o f  the incuba t ion  

re s u lte d  in  re lease  o f  f u l l y  a c t iv e  hyd ro lases . I t  appears th a t  the 

o x id a t io n  o f  NADPH by microsomes i n i t i a t e d  fo rm a t ion  o f  ra d ic a ls  which, 

in  the  presence o f  Fe®^, a t ta c k  the lysosomal membrane.

F u r th e r  Evidence f o r  Free Radicals as the  Lysosomal L y t ic  Agent

The l i p i d  p e ro x id a t io n  re a c t io n  in  the system is  e l im in a te d  i f  

the  microsomes are ob ta ined  from animals supplemented w i th  somewhat h igher 

than normal le v e ls  o f  a - tocophe ro l (39 ).  Several groups o f  ra ts  were given 

the same la b o ra to ry  r a t io n  as those used in  a l l  o th e r  experiments except 

th a t  the ra t io n  was supplemented w i th  30 mg percen t o f  a - to c o p h e ro l .  The 

animals were fed the d ie ts  f o r  a t  le a s t  10 days be fo re  s a c r i f i c e .  Other 

groups o f  ra ts  were in je c te d  w i th  75 mg/Kg o f  body we igh t o f  tocophero l 

(as descr ibed under Experimental Procedures) ins tead o f  d ie ta r y  supplement.
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TABLE 5

EFFECT OF FREE RADICAL-SCAVENGING AGENTS ON 
THE RELEASE OF LYSOSOMAL HYDROLASES BY 

MICROSOMAL NADPH OXIDASE ACTIVITY

Components added to  Ac id  phosphatase A ry l  s u l fa ta s e  p -ga lac tos Id ase
in cu b a t io n  medium a c t i v i t y a c t i v i t y a c t i v i t y

umoles p rodu c t/10  min/mq p ro te in

Lys +  Mic 3.82 .58 .13

Lys + Mic + NADPH 24.41 1.60 .73

Lys +  Mic + NADPH
+ Santoquin (1 pmole) 6.18 .66 .13

Lys +  Mic + NADPH
+ N -m e th y la n i l in e  (1 pmole) 4.41 .62 .27

Lys +  Mic + NADPH
+  Diphenylamine (1 pmole) 10.29 .85 .13

Lys +  T r i t o n  X-100 29.41 3.15 1.07

The incuba t ion  medium, q u a n t i ty  o f  components added, and c o n d it io n s  o f  
in c u b a t io n  were as descr ibed in t a b le  2 except as in d ic a te d .  Incuba tion  
t im e  was 4$ min.
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adm in is te red 12 hours be fo re  use. Microsomes were prepared from animals 

from the va r ious  groups. These va r ious  microsomal p rep a ra t io n s  were 

incubated w i th  NADPH and w i th  a l iq u o ts  o f  lysosomes from the same ly s o 

somal p re p a ra t io n .  The re lease o f  h y d r o ly t i c  enzymes by incuba t ing  

lysosomes w i th  microsomes from animals fed the  standard la b o ra to ry  ra t io n  

in the presence o f  NADPH and ADP-Fe®+ is  shown in  Table 6. The re s u l ts  

showed in  a l l  cases a s ig n i f i c a n t  reduc t ion  in  lysosomal l y s i s  a f t e r  

tocophero l a d m in is t ra t io n  by e i th e r  method. In a d d i t io n .  F igu re  k  a lso  

shows the p rog ress ive  re lease o f a c id  phosphatase from lysosomes incubated 

in systems c o n ta in in g  microsomes from l i v e r s  in je c te d  w i th  a - tocophe ro l 

12 hrs be fo re  use, in which case one observes less hydro lase re lease.

Th is  in h ib i t i o n  o f  lysosomal ly s is  du r ing  the  enzyme re a c t io n  would 

appear to  be due to  a decreased a t ta c k  on lysosomal membrane l i p id s  

ju d g in g  by the decrease in malondia ldehyde by microsomes from a - to c o p h e ro l-  

supplemented an im a ls . The c o n tro l system (c o n ta in in g  no NADPH) showed 

e s s e n t ia l l y  no d i f fe re n c e  in ac id  phosphatase a c t i v i t y  du r ing  the time 

pe r iod  o f  the experiment. I t  was o f  in te r e s t  to  determ ine whether or not 

an in h ib i t i o n  o f  a c id  phosphatase re lease would occur in  lysosomes derived  

from animals supplemented w i th  a - to cophe ro l du r ing  in cuba t io n  w i th  the 

NADPH oxidase system o f  normal microsomes and, in  a d d i t io n ,  to  determine 

the e f fe c t  o f  normal microsomes o x id iz in g  NADPH systems on lysosomes der ived  

from a - to cophe ro l d e f ic ie n t  an imals. Three groups o f  ra ts  were analysed 

as i l l u s t r a t e d  in  F igure  5* Some o f  the ra ts  were fed a standard la b o ra to ry  

r a t io n ,  w h i le  o the rs  were fed a To ru la  yeas t d ie t  d e f ic ie n t  in  a - tocophe ro l 

(which was as descr ibed under Experimental Procedures) f o r  a pe r iod  o f  2 

weeks. The l a t t e r  group were in  an e a r ly  stage o f  l i v e r  n e c ro s is .  S t i l l  

o thers  were fed the  Toru la  yeast d ie t  supplemented w i th  50 mg o f  a - tocophe ro l
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TABLE 6

EFFECT OF SUPPLEMENTING a-TOCOPHEROL TO RATS DONATING THE LIVER 
MICROSOMES ON THE RELEASE OF ACID PHOSPHATASE FROM 

LYSOSOMES BY MICROSOMAL NADPH OXIDASE ACTIVITY

Method o f  tocophero l 
supplementation

Level o f  tocophero l supplement 
given to  microsome donors

Acid  phosphatase 
released

% o f  To ta l

D i e t None 100.00

D i e t 30 mg/100 g d ie t 43.75

1n t ra p e r i  tonea1 i nj e c t io n None 100.00

1n t ra p e r i  tonea1 in j  ect i on 75 mg/Kg body weight 52.75

Incubation  systems were assembled as described under Experimental Proced
ures w i th  the a d d i t io n  o f  0.1 ml o f  microsomes from one o f  the supplemented 
animals per ml of re a c t io n  system. The incuba t ion  per iod was 45 min a t  37 • 
Values a re  expressed as the percentage o f  ac id  phosphatase re lease obtained 
w i th  microsomes from animals fed the standard la bo ra to ry  r a t io n .

A l l  animals in  these experiments were fed the standard la b o ra to ry  ra t io n .  
Tocopherol supplementation by d ie t  was given by m ix ing w i th  the standard 
la b o ra to ry  ra t io n  (see Experimental Procedures).
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Figure h .  E f fe c t  o f  supplementing a -tocophe rc ] on the re lease 
o f  a c id  phosphatase from l i v e r  lysosomes by microsomal NADPH oxidase a c t i v i t y .  
Normal ra ts  fed a s tock ra t io n  were in je c te d  w i th  a - tocophe ro l (75 mg/kg 
body w e igh t)  12 hrs p r i o r  to  p reparing  microsomes. The c o n d it io n s  were as 
in  F ig .  3» (+E)mic = microsomes is o la te d  from C t- toco phe ro l- in je c ted  an im a ls ; 
o th e r  p a r t i c le s  were from normal an im a ls . Equ iva len t amounts o f  lysosomes 
from the  same lysosomal p repa ra t io n  were used in a l l  systems.
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Figure  5» E f fe c t  o f  d ie ta ry  le v e ls  o f  a - to co p h e ro l on the 
re lease  o f  ac id  phosphatase from l i v e r  lysosomes by microsomal NADPH 
ox idase a c t i v i t y .  N = lysosomes from normal ra ts ;  -E = lysosomes from 
ra ts  fed  a - tocophe ro l -  d e f ic ie n t  d ie t  (15 ) ;  +E = lysosomes from ra ts  
fed -E d ie t  supplemented w i th  50 mg% Q -to c o p h e ro l. The c o n d it io n s  o f  
the experiment a re  as in  F ig .  3. -EC, NC and +EC are 45 min values fo r  
c o n t ro l  systems in  which no NADPH is  added.
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Lysosomes were is o la te d  from a l l  th ree  o f  these types o f  an imals and 

exposed to  microsomal NADPH o x id iz in g  systems. Lysosomes from 

tocophero l-supplem ented animals showed le a s t  a c id  phosphatase re lease  

by the microsomes o x id iz in g  NADPH systems. Lysosomes from normal animals 

showed an in te rm ed ia te  s u s c e p t i b i l i t y .  The s ig n i f i c a n t  f a c t  is  th a t  

lysosomes from animals d e f ic ie n t  in  Cü-tocopherol showed the g re a te s t  

s u s c e p t i b i l i t y  and a re  cons ide rab ly  more s u s c e p t ib le  to  ly s i s  by the 

r a d i c a l - l i k e  fa c to r  than are  lysosomes from a-tocophero l-supp lem ented 

an im a ls .  These re s u l ts  were not due to  the d i f fe re n c e  in  lysosomal 

thermal s t a b i l i t y  s ince  lysosomes from the d i f f e r e n t  le v e ls  o f  Q -tocophero l 

ra ts  incubated w i th  microsomes from the same p re p a ra t io n ,  r e s p e c t iv e ly ,  

( c o n ta in in g  no NADPH) had e s s e n t ia l l y  the  same small e x te n t  o f  l y s is  as 

those is o la te d  from ra ts  fed the standard r a t io n .  Thus the p reven t ion  o f  

lysosomal a c id  phosphatase re lease du r in g  the  microsomal NADPH oxidase 

re a c t io n  would appear due to  ra d ic a l scavenging by the v i ta m in  E in the 

lysosomal membrane. Because the e f fe c t  o f  t h is  f a c to r  on lysosomes 

used in these s tu d ie s  may have been dependent on the lysosomes having 

been is o la te d  by the T r i t o n  in je c t io n  procedure , s im i la r  experiments were 

conducted w i th  lysosomes which were is o la te d  from ra ts  us ing  a d iscon tinuous  

sucrose g ra d ie n t  (40) w i th o u t  p rev ious in je c t io n  o f  the ra ts  w i th  T r i t o n .

The re s u l ts  were id e n t ic a l  w i th  those reported  above.

Lysosomal Lysis Caused by P u r i f ie d  NADPH Cytochrome P450 Reductase 

The l i v e r  microsomal h y d ro x y la t io n  system which m etabo lizes 

drugs and s te ro id s  was separated in to  f r a c t io n s  c o n ta in in g  cytochrome 

P450, cytochrome P450 reductase, and p h o s p h o l ip id ,  a l l  o f  which are 

needed f o r  c a t a l y t i c  a c t i v i t y  (17). Experiments were designed to  study
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the o r ig in  o f  the apparent ra d ic a l which a t ta c k s  the lysosomal membrane.

A p u r i f i e d  NADPH-cytochrome P4-50 reductase was incubated in a system 

c o n ta in in g  NADPH and lysosomes. The bas ic  medium conta ined 0.7 M sucrose 

in 0.015 M T r is -H C l b u f fe r ,  pH 7*4. Incuba t ion  was performed in a Dubnoff 

shaking waterba th  apparatus f o r  30 min a t  37°- The data (Table 7) shows 

th a t  t h is  system is  e f f e c t i v e  in causing ly s i s  o f  a la rge  p o r t io n  o f  the 

lysosomes in the presence o f ADP and Fe®'*’ a t  a f i n a l  conce n tra t io n  o f  

0.1 mM. An app re c iab le  amount o f  malondia ldehyde is  formed s im u ltaneous ly  

in the system. Table 8 shows the e f fe c t  o f  NADPH o x id a t io n  by p u r i f i e d  

NADPH cytochrome P450 reductase on the re lease  o f  lysosomal a c id  phos

phatase. Only in  the system in which NADPH o x id a t io n  was o c c u r r in g  in 

the presence o f  Fe®"*” (che la ted  by ADP) does s ig n i f i c a n t  hydro lase re lease 

occur. No a c id  phosphatase was re leased from lysosomes in the  systems 

o m it t in g  NADPH. Systems c o n ta in in g  b o i le d  NADPH-cytochrome P450 reductase 

re s u lte d  in  e s s e n t ia l l y  no a c t iv a t io n  o f  hyd ro lase  a c t i v i t y .  A small 

percentage o f  a c id  phosphatase released from lysosomes incubated in the 

presence o f  NADPH and ADP-Fe®"^ was presumably due to  s l i g h t  con tam ina tion  

o f  lysosomes by microsomes. Potent in h ib i t o r s  o f  l i p i d  p e ro x id a t io n  such 

as Mn®+, Co®^ and Ce^^ prevented the lysosomal ly s is  and l i p i d  p e ro x id a t io n  

caused by the p u r i f i e d  cytochrome P450 reductase systems. Furthermore, 

i f  the enzymic re a c t io n  is sub jected  to  p r i o r  in cuba t ion  f o r  30 min and 

then in a c t iv a te d  by the a d d i t io n  o f  1.0 mM Mn®"*" (which has been shown to  

i n h i b i t  l i p i d  p e ro x id a t io n  assoc ia ted  w i th  the  o x id a t io n  o f  NADPH by c y to 

chrome P450 reduc tase), the a d d i t io n  o f  lysosomes a t  th a t  p o in t  produces 

no membrane breakdown dur ing  a subsequent in cuba t io n  (Table 9 ) .  T h is  study 

a pp a ren t ly  e l im in a te s  the p o s s i b i l i t y  th a t  any s ta b le  product accumulates
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EFFECT OF PURIFIED CYTOCHROME P450 REDUCTASE ACTIVITY ON 
LYSOSOMAL MEMBRANES REQUIREMENT FOR CHELATED IRON 

TO EFFECT PEROXI DATIVE MEMBRANE DAMAGE

A d d it io n s  to  in cuba t ion  
medium

Free ac id  phosphatase 
released

Malondialdehyde
formed

Lys

Lys + c y t  P450 red^

Lys + ADP-Fe3+

Lys + c y t  P450 red + ADP-Fe®"*"

Lys + c y t  P450 red + ADP-Fe®"^
+ NADPH

Lys + ADP-Fe3+ + NADPH

Lys + c y t  P4S0 red + ADP-Fe^~F*^
+ NADPH

Lys + c y t  P450 red + NADPH

% o f  To ta l

8.99 

11.49

12.99

18.99

42.99 

19.41

16.99

12.99

mp moles/ml 
re a c t io n  system

2.24

3.58

5.82

9.41

18.14

8.51

7.50

4.93

The bas ic  medium conta ined O.7  M sucrose in  0.015 M T r i s ,  pH 7*4. A d d i t 
ions were made as in d ic a te d  in the ta b le .  Lysosomes (Lys ),  (0 .3 -0 .5  mg 
p ro te in /m l rea c t io n  system); NADPH, 0.3 mM; ADP, 20 mM; Fe®'*', 0.12 mM; 
p u r i f i e d  NADPH dependent-cytochrome P450 reductase (c y t  P450 red ),  O.O66 
mg p ro te in /m l re a c t io n  system. Incubations were c a r r ie d  out a t  37 f o r  
30 min and fo l low e d  by a d d i t io n  o f  1.0 mM Mn®"*" to  stop f u r t h e r  a c t io n  on 
lysosomes. Assay o f  a c id  phosphatase released was descr ibed under Tab le  1. 
Malondia ldehyde fo rm a t ion  was described under Experimental Procedures.

^ p u r i f i e d  NADPH dependent cytochrome P450 reductase ( c y t  P450 red)

In t h is  system, the iro n  c o n ce n tra t io n  was 0.012 mM instead o f  0.12 mM, 
and the  ADP was 0 .4  mM instead o f 2 .0  mM.
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TABLE 8

RELEASE OF LYSOSOMAL ACID PHOSPHATASE BY PURIFIED NADPH- 
DEPENDENT CYTOCHROME P450 REDUCTASE ACTIVITY

A d d it io n s  t o  the incuba t ion  
med i urn

Free a c id  phosphatase 
released

Malondialdehyde
fo rm ation

% o f  T o ta l mp moles/ml 
re a c t io n  system

Lys 3.30 2.69

Lys + ADP-Fe3+ 6.61 2.57

Lys + ADP-Fe®"*" +  c y t P450 red 7.66 2.80

Lys + AUP-Fe®"*" + c y t P450 red + NADPH 69.42 9.07

Lys + ADP-Fe®"^ + c y t P450 red ( a) + NADPH 16.52 3.58

Lys + ADP-Fe8+ + NADPH 17.35 3.36

Lys + ADP-Fe®"*” + c y t P450 red + NADPH
+ MnB^a 9.91 2.46

Lys + ADP-Fe®"^ + c y t P450 red + NADPH 
+ Co®+ a 14.05 2.69

Lys +  ADP-Fe®"^ + c y t P450 red + NADPH 
+ Ce®+a 12.39 2.64

The bas ic  in cuba t io n  medium, q u a n t i ty  o f  components added, and c o n d it io n s  
o f  incuba t ion  were as described in  Tab le  7 except where in d ic a te d .

^The f i n a l  c o n ce n tra t io n  o f  Mn®^, Co®"*", and Ce®"  ̂ was 1.0 mM.

( a ) Cyt P450 red heated a t  100° f o r  5 min.
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TABLE 9

DEMONSTRATION THAT LYSOSOMAL LYSIS IS NOT DUE TO ANY 
ACCUMULATIVE, STABLE PRODUCT FORMED DURING THE 

PURIFIED NADPH-DEPENDENT CYTOCHROME P4S0 
REDUCTASE ACTIVITY

System analyzed Free a c id  phosphatase released

% o f  T o ta l

Lys + c y t  P450 red + ADP-Fe®'*' 5*00

Lys + c y t  P450 red + ADP-Fe^^ + NADPH 44.17

Lys® + c y t  P450 red + ADP-FeS+ + NADPH 10.50

The com position o f  the systems and c o n d it io n s  o f  in cuba t io n  were the same 
as in  Tab le  8, except as in d ic a te d .  Measurements o f  f r e e  a c id  phosphatase 
a c t i v i t y  was then assayed accord ing to  Experimental Procedures. The bas ic  
medium, incuba tion  c o n d it io n s  and q u a n t i ty  o f  components added were the  same 
as descr ibed under Tab le  7*

®Lys + c y t  P450 red +  ADP-Fe®"^ + NADPH = System c o n ta in in g  c y t  P450 red + 
ADP-Fe®"^ + NADPH incubated f o r  30 min w i th o u t  lysosomes. Th is  was fo l lo w e d  
then by the a d d i t io n  o f  1.0 mM Mn®"  ̂ to  stop f u r t h e r  p o te n t ia l  p e ro x id a t iv e  
re a c t io n s .  Lysosomes were then added and the system was incubated f o r  
ano ther 30 min.
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in  the system which is  re sp on s ib le  f o r  the lysosomal ly s is  du r ing  the 

in cuba t io n  pe r io d .

The a d d i t io n  to  the  system o f  s t r u c t u r a l l y  un re la ted  f re e  

r a d ic a l - t r a p p in g  agents (such as Santoquin and d iphenylam ine) a t  the 

same c o n c e n tra t io n  as th a t  used to  i n h ib i t  NADPH-dependent microsomal 

phospho-1 ip id  p e ro x id a t io n ,  g re a t ly  in h ib i te d  l y s i s  o f  lysosomes promoted 

by cytochrome P450 reductase a c t i v i t y  (Table 10). These s tu d ie s  in d ic a te  

th a t  a f re e  ra d ic a l species is  involved in  the lysosomal degradation  

process.

Lysosomal Lys is  Caused by Xanth ine Oxidase A c t i v i t y

I t  is w e l l  known th a t  superoxide anion is  generated by m i lk  

xan th ine  oxidase when a c t in g  on i t s  su b s tra te  in  the presence o f  oxygen 

( 4 l ) .  In o rde r  to  de te rm in e  the e f fe c t  o f  the superox ide ra d ic a l  on the 

s t a b i l i t y  o f  the lysosomal membrane, the  behav io r o f  lysosomes in  the 

presence o f  a h ig h ly  p u r i f i e d  xan th ine  oxidase and xan th ine  was s tu d ie d .  

The bas ic  in cuba t ion  medium conta ined 0.7 M sucrose o n ly .  The incuba t ion  

tim e was 30 min. A lthough i t  was determined th a t  t h is  degree o f  xan th ine  

oxidase a c t i v i t y  produced a s u f f i c ie n t  f l u x  o f  Og— (superox ide anion 

r a d ic a l )  to  reduce cytochrome £  a t  a ra te  o f  4 pmoles/min, l i t t l e  or no 

degrada tion  o f  the lysosomal membrane occurred d u r in g  the in cuba t io n  

pe r io d  s ince  s ig n i f i c a n t  re lease  o f  ac id  phosphatase and fo rm a t ion  o f  

malondia ldehyde d id  not occur (Table 11). Even the a d d i t io n  o f  0.01 mM 

Fe®"  ̂ (che la ted  w i th  ADP) d id  not f a c i l i t a t e  an a t ta c k  on the membrane. 

However, a d d i t io n  o f  0.1 mM Fe®’*' resu lted  in a v igorous  d is ru p t io n  o f  the 

lysosomes and p roduc tion  o f  malondia ldehyde. Omission o f  the s u b s tra te  

(xan th in e )  from t h is  system re s u lte d  in no lysosomal membrane breakdown.
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TABLE 10

EFFECT OF FREE RADICAL-SCAVENGING AGENTS ON THE RELEASE OF 
LYSOSOMAL ACID PHOSPHATASE BY PURIFIED NADPH- 

CYTOCHROME P450 REDUCTASE

Components added to  
incuba t ion  medium

Free a c id  phosphatase 
re leased

Malondia ldehyde 
format ion

% o f  T o ta l mn moles/ml 
re a c t io n  system

Lys + ADP-Fe®"^ + c y t  P4-50 red 17.46 6.72

Lys + ADP-Fe3+ + c y t  P4-50 red + NADPH 63.25 15.46

Lys + ADP-Fe®+ + c y t  P450 red
+ NADPH + Santoquin (1 nmole) 18.69 6.94

Lys + ADP-Fe®"^ + c y t  P450 red
+ NADPH + Diphenylamine (1 nmole) 10.24 6.27

The incuba t ion  medium, q u a n t i ty  o f  components added, and c o n d it io n s  o f  
in cuba t ion  were as descr ibed  in  Tab le 7 except where s p e c i f i c a l l y  in d ic a te d .
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TABLE 11

EFFECT OF XANTHINE OXIDASE ACTIV ITY ON LYSOSOMAL MEMBRANES- 
REQUIREMENT FOR CHELATED IRON TO EFFECT MEMBRANE DAMAGE

A d d i t i o n s  t o  i n c u b a t i o n  
medium

Free  a c i d  phosphatase  
re l e a s e d

M a lo n d ia ld e h y d e
f o r m a t i o n

% o f  T o t a l

Lys 13 -99

Lys +  X a n t h i n e  8 . 9 9

Lys +  X a n t h i n e  +  X a n t h i n e  o x i d a s e  1 7 -99

Lys +  X a n t h i n e  +  X a n t h i n e  o x i d a s e
+ ADP-Fe3+ 64.00

Lys -F X a n t h i n e  o x i d a s e  +  ADP-Fe®'*' 1 0 . 9 9

Lys +  ADP-Fes+ 5 - 1 9

Lys +  X a n t h i n e  +  X a n t h i n e  o x id a s e
+  ADP-FeS+a I 7 .O I

mp mbl e s /ml  
r e a c t i o n  system

1.57

1.57

2.46

6 .5 0

2.91

2.46

2 .69

The i n c u b a t i o n  medium c o n s i s t e d  o f  O. 7  M s u c ro s e  o n l y .  A d d i t i o n s  were made 
as i n d i c a t e d .  Lysosomes (0 .3  mg p r o t e i n / m l  i n c u b a t i o n  sy s te m ) .  X a n t h i n e ,
0.1 mM; X a n t h i n e  o x i d a s e  (.219 mg p r o t e i n / m l  i n c u b a t i o n  s y s te m ) .  ADP, 2 .0  mM; 
Fe,  0.12 mM e x c e p t  as i n d i c a t e d .  A c id  phosphatase  r e l e a s e  was measured as 
d e s c r i b e d  under  E x p e r i m e n ta l  P ro c e d u re s .  I n c u b a t i o n  t im e  was 30 min.

^The Fe®"^ c o n c e n t r a t i o n  in  t h i s  e x p e r im e n t  was 0.012 mM.
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in d ic a t in g  th a t  the  a c t i v i t y  o f  xan th ine  ox idase was necessary to  promote 

the d is ru p t io n ,  but th a t  a conce n tra t io n  o f  iron  between 0.01 mM and 

0.1 mM was requ ired  in  o rde r to  e f f e c t  an a t ta c k  o f  Og— on the lysosomal 

membrane. The a d d i t io n  o f  l i p i d  p e ro x id a t io n  in h ib i t o r  (Mn®"*", Co®^ or 

Ce®"^) to  the xan th ine  oxidase system which a t ta cks  lysosomes, prevented 

the l y t i c  a c t io n  j u s t  as i t  d id  in  the microsomal system and the p u r i f ie d  

cytochrome P4S0 reductase system (Table 12). Again, xan th ine  oxidase 

p re v io u s ly  incubated in  the presence o f  xan th ine  and che la ted  iron  fo r  

30 min, fo l low ed  by the a d d i t io n  o f  Mn®"*", and then fo l low ed  by the a d d it io n  

o f  lysosomes, re s u l ts  in  no d is ru p t io n  o f  these p a r t ic le s  du r in g  a sub

sequent 30 min in cuba t io n  (Table 13). T h is  fa c t  demonstrated th a t  the re  

is  no s ig n i f i c a n t  accumulation o f  any p roduc t which is  respons ib le  f o r  

the  l y t i c  a c t io n .  The fo l lo w in g  experiment was designed to  determine i f  

a ra d ic a l species is invo lved in the lysosomal ly s is  caused by xan th ine  

oxidase a c t i v i t y  in  the presence o f  che la ted  i ro n .  An in h ib i t o r y  e f fe c t  

o f  lysosomal ly s is  was observed on the a d d i t io n  o f  f re e  ra d ic a l t rapp ing  

agents to  the system (Table 14). These agents have been shown n e i th e r  

to  in t e r f e r  w i th  xa n th in e  oxidase a c t i v i t y  per se nor to  i n t e r f e r  w i th  

the subsequent assay f o r  ac id  phosphatase a c t i v i t y .

■Effect o f Superoxide Dismutase 

The d iscovery  o f  superoxide dismutase, which ca ta lyze s  the 

d ism u ta t ion  o f  Og— to  oxygen and hydrogen perox ide  (37) has provided a 

use fu l to o l in  p rob ing  the reac t ions  in v o lv in g  oxygen ra d ic a ls  (42). I t  

has p re v io u s ly  reported  th a t  superoxide anion d id  not appear to  be the 

p e ro x id iz in g  agent produced by microsomal e le c tro n  t ra n s p o r t ,  s ince super

ox ide  dismutase had no e f fe c t  on microsomal l i p id s  in  th a t  system under
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TABLE 12

RELEASE OF LYSOSOMAL ACID PHOSPHATASE BY 
XANTHINE OXIDASE ACTIVITY

Components added to 
Incuba ti on medium

Free a c id  phosphatase 
re leased

Malondia ldehyde
fo rm a t ion

Lys + ADP-Fe®+ +

Lys + ADP-Fe®+ +
+ Xanth ine

Lys + ADP-Fe®+ +
+ Xanth ine

Lys + ADP-Fe®+ +
+ Xanthi ne +

Lys + ADP-Fe®+ +
+ Xanth i ne +

Lys + ADP-Fe®+ +
+ Xanth ine +

Xanth ine oxidase 

Xanth ine oxidase

Xanth ine oxidase ( a )

Xanthine oxidase 
Mn2+ (1 pmole)

Xanthine oxidase 
Co^^ (1 pmole)

Xanth ine oxidase 
Ce® (1 pmole)

% o f  T o ta l 

18.51

54.62

24.99

21.29

21.85

23.14

mp moles/ml 
re a c t io n  system

2.69

7.17

2.24

2.24 

2.58  

2.87

The in cu b a t io n  medium, q u a n t i ty  o f  components added, and c o n d it io n s  o f  
in cuba t io n  were as descr ibed in Table 11.

Xanth ine oxidase ( a) = Xanth ine oxidase heated in  b o i l i n g  w a te r f o r  2 
min be fo re  a d d i t io n  to  the  re a c t io n  system.
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TABLE 13

DEMONSTRATION THAT LYSOSOMAL LYSIS IS NOT DUE TO ANY 
SIGNIFICANT AMOUNT OF PRODUCT ACCUMULATED 

■ DURING THE ACTIVITY OF THE 
XANTHINE OXIDASE SYSTEM

System analyzed Free a c id  phosphatase
released

% o f  To ta l

Lys + ADP-Fe®+ + Xanth ine oxidase 9-59

Lys + ADP-Fe®"^ + Xanth ine  oxidase + Xanth ine 48.98

^Lys + ADP-Fe®'*’ + Xanth ine oxidase + Xanth ine 15*99

The incuba t ion  medium, q u a n t i ty  o f  components added and c o n d it io n s  o f 
in cuba t io n  were as descr ibed in Tab le I I .

^Lys + ADP-Fe®"*" +  Xanth ine  oxidase + Xanth ine = System c o n ta in in g  
ADP-Fe®+ + Xanth ine ox idase + Xanthine incubated f o r  30 min fo l low ed  
by the a d d i t io n  o f  1.0 mM Mn®’*' to  stop f u r t h e r  re a c t io n .  Lysosomes 
w e re  then added and the  system was incubated f o r  ano ther 30 min. The 
a c t i v i t y  o f  ac id  phosphatase re lease was measured as described in Table
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TABLE 14

EFFECT OF FREE RADICAL-SCAVENGING AGENTS ON THE RELEASE OF 
LYSOSOMAL ACID PHOSPHATASE BY XANTHINE OXIDASE ACTIVITY 

IN THE PRESENCE OF ADP-FeS+

Components added to  Free ac id  phosphatase Malondia ldehyde
in cuba t io n  medium released fo rm a t ion

% o f  T o ta l mp moles/ml
re a c t io n  system

Lys + ADP-FeS+ + Xanthine ox idase 20.49 4 .94

Lys + ADP-Fe3+ + Xanthine oxidase
+ Xanthine 56.55 10.98

Lys + ADP-Fe3+ + Xanthine oxidase
+ Xanth ine + Santoquin (1 pmole) 19.6? 5 .04

Lys + ADP-Fe3+ + Xanthine oxidase
+ Xanth i ne + Diphenylamine (1 pmole) 20.49 4.48

The incuba t ion  medium, q u a n t i ty  o f  components added, and c o n d it io n s  o f  
in cu b a t io n  were as described in  Table 11 except as in d ic a te d .
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the c o n d it io n s  s tud ie d  (43 ) .  I t  was o f  in te r e s t  to  determ ine the e f fe c t  

o f  dismutase on the lysosomal membrane breakdown caused by the f re e  

r a d i c a l - l i k e  component. In the experiments which were conducted, i t  was 

observed th a t  the a d d i t io n  o f  superoxide dismutase u s u a l ly  enhanced the 

p e ro x id a t iv e  breakdown o f  the lysosomes du r ing  the a c t i v i t i e s  o f  the 

microsomal NADPH oxidase and xan th ine  oxidase systems (Table 15). How

ever, the  a d d i t io n  o f  superoxide dismtase caused a s u b s ta n t ia l  reduction  

in  lysosomal breakdown and in malondialdehyde p roduc tion  du r ing  incuba t ion  

o f  the p u r i f i e d  cytochrome P450 reductase system (Table 16). The p ro te c t io n  

a f fo rd e d  by the dismutase was only s l i g h t l y  reduced by b o i l i n g  th is  enzyme 

fo r  severa l m inutes. Forman and F r id o v ic h  have re c e n t ly  reported  th a t  the 

holoenzyme is  ra th e r  s ta b le  to  temperature (44).

E f fe c t  o f  Fe^~  ̂ on Lysosomal D is ru p t io n  and L ip id  P e rox ida t io n

In o rder to  e f f e c t  an a t ta c k  on lysosomal membrane, a c e r ta in  

co n ce n tra t io n  o f  iron  was requ ired to  be presen t e i t h e r  du r ing  the a c t i v i t y  

o f  the xan th ine  oxidase system or du r ing  the a c t i v i t y  o f  the p u r i f ie d  c y to 

chrome P450 reductase system ( re fe r  to  Tables 7 and 11). The a d d i t io n  o f  

iro n  to  the microsomal NADPH oxidase system is  not always requ ired  unless 

the microsomes had been thorough ly  washed du r in g  t h e i r  p re p a ra t io n  (Table 1). 

Fe®"  ̂ has been shown to  be re v e rs ib ly  bound to  the microsomal enzyme system 

and is  lo s t  in v a r ia b le  amounts dur ing  the is o la t io n  o f  microsomes. I t  has 

been proven p re v io u s ly  th a t  Mn®"  ̂ i n h ib i t s  phospho l ip id  p e ro x id a t io n  by 

competing w i th  Fe®"*" f o r  b ind ing  s i te s  on the  microsomes (and presumably 

on the enzyme) (43 ) .  The fa c t  th a t  Mn '̂*' i n h ib i t s  lysosomal ly s is  in d ic a te s  

th a t  i ro n  may p a r t i c ip a t e  in  the process o f  genera ting  the ra d ica l e f f e c t i v e
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TABLE 15

ENHANCEMENT OF MICROSOMAL NADPH OXIDASE-CATALYZED AND 
XANTHINE OXIDASE-CATALYZED DISRUPTION OF LYSOSOMAL 

MEMBRANES BY SUPEROXIDE DISMUTASE

A d d it io n s  to  Free ac id  phosphatase 
incuba t ions  b u f fe r  re leased

Malondialdehyde
fo rm ation

% o f  T o ta l mp mo le s /ml 
re a c t io n  system

Lys + Mic + NADPH + ADP-Fe®+ 90.00 33.56

Lys + Mic + NADPH + ADP-FeS+ 
+ S.O.D. 130.00 34.29

Lys + Xanth ine + Xanth ine oxidase 
+ ADP-Fe®+ 38.00 5.82

Lys + Xanthine + Xanth ine oxidase 
+ ADP-FeS+ + S.O.D. 99.00 9.63

^The incuba tion  medium fo r  the microsomal NADPH oxidase system conta ined 
0.7 M sucrose in 0.015 M T r is ,  pH 1 - k ,  p lus  a d d it io n s  as in d ica ted  in  the 
Tab le . The basic medium fo r  xan th ine  oxidase systems conta ined 0.7 M 
sucrose o n ly ,  as w e l l  as the in d ica ted  a d d it io n s .  The q u a n t i ty  o f  com
ponents added is  described under Experimental Procedures except where 
in d ic a te d  o therw ise . Incubation  time was 30 min.

^S.O.D. = Superoxide dismutase. 0.066 mg p ro te in /m l incuba t ion  system.
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TABLE 16

INHIBITION OF PURIFIED NADPH-CYTOCHROME P450 
REDUCTASE-CATALYZED LYSOSOMAL MEMBRANE 

DAMAGE BY SUPEROXIDE DISMUTASE

A d d it io n s  to  Free 
in cuba t ion  b u f fe r

ac id  phosphatase 
released

Malondialdehyde
fo rm ation

% o f  To ta l mp moles/ml
re a c t io n  system

Lys + c y t  P450 red + ADP-Fe®"^ 12.50 4.48

Lys + c y t  P4S0 red + ADP-Fe®"*" + NADPH 58.23 8 . 06

Lys + c y t  P4S0 red + ADP-Fe®'*' + NADPH
+ S.O.D. 26.25 5.60

Lys + c y t  P450 red + ADP-FeS+ + NADPH
+ S.O.D. ( a ) 35.00 4.93

The incuba t ion  medium and c o n d it io n s  o f  in cuba t ion  were the same as 
descr ibed in Tab le 7 except where in d ic a te d .

5.0.Dw^ = Superoxide dismutase, 0.066 mg p ro te in /m l in cuba t ion  system.

5 .0 .D . ( a)*̂  = Dismutase heated in  b o i l i n g  water f o r  h a l f  an hour.
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in  damaging the lysosomal membrane. Furthermore, the a d d i t io n  o f  EDTA, a 

metal c h e la t in g  agent, a t  a co n c e n tra t io n  o f  1.0 mM t o t a l l y  p reven ts  ly s o 

somal membrane breakdown (Table 17).

Evidence th a t  Release o f  the  Acid Hydrolases is  Caused by Per

o x id a t iv e  Damage o f  Unsaturated Lysosomal Membrane L ip id s

Damage to  s u b c e l lu la r  p a r t i c le s  is  u s u a l ly  assoc ia ted  w i th  the 

membranous p o r t io n  o f  the p a r t i c le s .  L ip id  p e ro x id a t io n  has led to  mem

brane breakdown in hemolysis o f  e ry th ro c y te s  o f  v i ta m in  E d e f i c ie n t  animals 

(45). I t  has been shown p re v io u s ly  in these s tu d ie s  th a t  the re  was a 

c o r r e la t io n  between l i p i d  p e ro x id a t io n  and a c id  phosphatase re lease .

F u r th e r  evidence was given th a t  ac id  phosphatase re lease from lysosomes 

is  caused by p e ro x id a t iv e  damage to  unsa tu ra ted  l i p i d s .  Tab le  18 shows 

the a d d i t io n  o f  phospho l ip ids  ex tra c te d  from microsomes to  systems in which 

lysosomes a re  d is ru p te d  by f l a v i n  enzyme a c t i v i t y  re s u lte d  in  i n h ib i t i o n  o f  

a c id  phosphatase re lease and enhancement o f  malondia ldehyde p ro d u c t io n ,  p re 

sumably by com pe t it io n  o f  the p h o sp h o l ip id s ,  f o r  the ra d ic a ls  produced.

The re s u l t s  in d ic a te  th a t  the phospho lip ids  competed f o r  the  ra d ic a ls  gen

era ted  by the enzyme system and prevented an a t ta c k  on lysosomal membrane 

1ip id s .

Evidence th a t  Superoxide Anion is  no t a Reactive  Radical 

Toward B io lo g ic a l  Membranes 

McCord and F r id o v ic h  have shown th a t  superoxide anion (Og—) is 

an e f f e c t i v e  reduc tan t o f  cytochrome c and superox ide dismutase can reduce 

the le v e l  o f  the Og— f lu x  and thereby i n h i b i t  the  reduc tion  o f  cytochrome £  

(16, 37, 4 1 ) .  In the s tu d ie s  reported  in  t h is  d i s s e r ta t io n ,  we used the 

re d u c t io n  o f  cytochrome c by xa n th in e  oxidase a c t i v i t y  as an in d ic a to r  o f
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TABLE 17

EFFECT OF EDTA ON FLAVIN ENZYME CATALYZED 
LYSOSOMAL LYSIS

Enzyme system to  which 
lysosomes were exposed

Free ac id  phosphatase released

A d d it io n s  to  system

None

% o f  T o ta 1

EDTA

Microsomal NADPH oxidase 87.50 3.35

P u r i f ie d  c y t  P450 red 58.23 8.33

Xanth ine oxidase 66.39 17.59

The incubations were described under Experimental Procedures. EDTA was 
added a t  a f i n a l  co n c e n tra t io n  o f  1.0 mM. Incubations were c a r r ie d  out 
f o r  30 min a t  37 • Ac id  phosphatase re leased was determined as described
under Experimental Procedures.
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TABLE 18

EFFECT OF ADDED PHOSPHOLIPID ON LYSOSOMAL MEMBRANE INTEGRITY 
AND MALONDIALDEHYDE FORMATION DURING LYSOSOMAL MEMBRANE 

BREAKDOWN CAUSED BY THE ACTIVITY OF CERTAIN 
FLAVIN ENZYMES

Enzyme system to  which 
lysosomes were exposed

E f fe c t  o f  added phosphol ip ids  on the :

Release o f  lysosomal Formation o f
ac id  hydro lase Malondialdehyde

% Tota l  a c t i v i t y mp moles/ml system

None Phospho l ip ids None Phosphol ip ids

Microsomal NADPH oxidase 74.67 18.99 15.68 31.36

P u r i f i e d  cy t  P450 red 56.32 11.49 8.18 26.65

Xanth ine oxidase 22.00 0.00 5.8 22.40

Phospho l ip ids  ex t ra c ted  from microsomes was descr ibed under Exper imental  
Procedures.  The incubat ions  were descr ibed under Methods. Phosphol ip id  
added was equ iva len t  to  th a t  ex t rac ted  from I mg o f  microsomal p ro te in /m l  
r e a c t io n  system. Incubat ion  was c a r r ie d  ou t  f o r  30 min a t  37 . Ac id  
phosphatase re lease was measured as descr ibed under Experimental  Procedures.
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d ism utase  t o  v e r i f y  th e  g e n e r a t i o n  o f  s u p e r o x i d e  a n io n  and th e  a c t i v i t y  

o f  th e  d is m u ta s e .  We have shown t h a t  th e  a d d i t i o n  o f  f r e e  r a d i c a l  scaveng

ing age n ts  such as d i p h e n y l - p - p h e n y 1 e n e d i a m i ne and Santoqu in  t o  t h i s  system 

do not  i n t e r f e r  w i t h  th e  r e d u c t i o n  o f  cytochrome £ .  The r e d u c t i o n  o f  

cytochrome £  in the  p res e n c e  o f  x a n t h i n e  and x a n t h i n e  o x id a s e  is not  

i n h i b i t e d  by the  a d d i t i o n  o f  I . O  mM ( f i n a l  c o n c e n t r a t i o n )  o f  any one o f  

the  f o l l o w i n g  compounds: e t h a n o l ,  b e n z o a t e  and m a n n i t o l .  The impor tance

o f  t h i s  f i n d i n g  w i l l  be e x p l a i n e d  be low.  However,  th e  r e d u c t i o n  o f  c y t o 

chrome £  by the  x a n t h i n e - x a n t h i ne o x i d a s e  system is marked ly  i n h i b i t e d  by 

a d d i t i o n  o f  Mn̂ "*" ( 1 . 0  mM f i n a l  c o n c e n t r a t i o n ) ,  ADP-Fe®"*" ( 0 . 1  mM and 0.01  

mM f i n a l  c o n c e n t r a t i o n s ) ,  and,  o f  c o u rs e ,  by s u p e ro x id e  d is m uta s e  (0 .0 1 1  

mg p r o t e i n / m l  r e a c t i o n  system.  F i g .  6 ) .  T h i s  i n h i b i t i o n  by Mn^^ and 

ADP-Fe®+ was shown not  t o  i n t e r f e r e  w i t h  th e  a c t i v i t y  o f  th e  x a n t h i n e  

o x id a s e  a c t i v i t y  j u d g i n g  by th e  measurement o f  u r i c  a c i d  p r o d u c t i o n .

These r e s u l t s ,  p lu s  the  f a c t  t h a t  x a n t h i n e  o x id a s e  a c t i v i t y  i t s e l f  p r o 

duces no lysosomal membrane d i s r u p t i o n  o r  m a lo n d ia ld e h y d e  p r o d u c t i o n ,  

i n d i c a t e  t h a t  the  s u p e r o x i d e  an ion  r a d i c a l  is  no t  the r a d i c a l  s p e c ie s  

which a t t a c k s  the lysosomal membrane l i p i d s .  Only  when c h e l a t e d  i n o r g 

a n i c  i r o n  is p r e s e n t  in t h e  system a r e  th e  systems e f f e c t i v e  in e x e r t i n g  

membrane damage. The e x c e p t io n  is th e  microsomal  NADPH o x id a s e  system  

in which th e  microsomes have not been washed to o  th o r o u g h ly  as t o  reduce  

t h e  Fe®^ bound t o  th e  membrane below t h e  e f f e c t i v e  l e v e l .  Under t h e  

l a t t e r  c o n d i t i o n s ,  th e  r a d i c a l - s c a v e n g i n g  age n ts  ment ioned above a r e  

e f f e c t i v e  p r o t e c t o r s  o f  lysosomal membrane l i p i d s  (d a ta  has been shown 

p r e v i o u s l y ) .  I t  is  wor th  n o t i n g  t h a t  both th e  ADP-Fe®"^ complex and Mn®^ 

i n h i b i t  cytochrome £  r e d u c t i o n  by x a n t h i n e  o x i d a s e  a c t i v i t y .  Mn̂ "*" is  a
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F ig u re  6 .  The ré d u c t i o n  o f  cytochrome £  by s u p e ro x id e  an ion  
g e n e ra te d  by the  x a n t h i n e  ox id a s e  system.  The com p o s i t io n  and c o n d i t i o n s  
o f  the  assay a r e  e x p l a i n e d  under E xp e r im en ta l  Procedures .

.no i n h i b i t o r s  added

—— -  — 2 mM o f  ADP and 0 .1  mM Fe^^ added

—  —  — s u p e r o x i de d ism utase  (0 .0 1 1  mg p r o t e i n / m l  r e a c t i o n  system)  

- - - - - - - - - - - - -1.0  mM MnCl ,
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potent  i n h i b i t o r  o f  l i p i d  p e ro x id a t io n  w h i le  the ADP-Fe®+ complex p ro 

motes p e r o x id a t i v e  damage to  b i o lo g i c a l  membranes.

Evidence th a t  the Radical which Promotes P e rox ida t ive  

Damage to  Lysosomal Membrane is HO*

As mentioned above superoxide ra d ic a ls  produced by the p u r i f i e d  

NADPH-cytochrome P450 reductase and the x an th ine  oxidase systems c l e a r l y  

do not produce p e r o x id a t i v e  membrane damage except in the presence o f  

che la ted  Fe®^. I t  was reasonable to  assume th a t  the superoxide anion 

(OgT), in the presence o f  t h i s  form of i ron ,  is  d i v e r te d  to  a r e a c t io n  

which forms a rad ica l  t h a t  a t ta c k s  membrane unsa tu ra ted  l i p i d s  to  a 

measurable degree. The re fo re ,  s tud ies  were c a r r i e d  out t o  determine whether 

or not HO* is a r e a c t i v e  rad ic a l  toward lysosomal membranes. The fo l l o w in g  

exper iments suppor t  the conc lus ion  tha t  the e f f e c t i v e  rad ica l  produced is 

HO'. The a d d i t i o n  o f  scavengers w i th  s p e c i f i c i t y  f o r  HO* ra d ic a ls  causes 

a marked reduc t ion  in membrane damage. Table 19 shows tha t  a d d i t i o n  o f  

e thano l ,  benzoate,  and m ann i to l ,  a l l  known to  be scavengers o f  the  HO' 

rad ic a l  (46) ,  provided a s i g n i f i c a n t  degree o f  p r o t e c t i o n  aga ins t  l y s o 

somal membrane l y s i s .  I t  was a lso  mentioned p re v io u s ly  th a t  the rad ica l  

scavenging agents appa ren t ly  do not i n t e r a c t  w i th  0^— since a d d i t i o n  o f  the 

compounds a t  the same c o nc e n t ra t io n  in the x a n t h i n e - x a n t h ine ox idase systems 

c a ta l y z in g  the reduc t ion  o f  cytochrome £  do not i n t e r f e r  w i th  the  reduct ion 

o f  the l a t t e r .  Furthermore, the p r o te c t i o n  a f fo rde d  by the a d d i t i o n  o f  

these substances was not the r e s u l t  o f  the scavengers causing i n a c t i v a t i o n  

o f  the  lysosomal hydro lases.  Thiw was shown by the a d d i t i o n  o f  T r i t o n  X-100 

t o  d u p l i c a te  systems a t  the end o f  the incuba t ion ,  causing the l i b e r a t i o n  

o f  the f u l l  complement o f  lysosomal hydro lases.  A l l  e x h ib i te d  maximum
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TABLE 19

EVIDENCE THAT THE FACTOR WHICH EFFECTS LYSOSOMAL LYSIS 
IS THE HYDROXYL FREE RADICAL

Enzyme system A d d i t io n s  to  the system 

Free ac id  phosphatase released

% o f  To ta l

None Ethanol Benzoate Mann i to

Xanth ine oxidase 39.99 5.00 3.00 14.00

Microsomal NADPH oxidase 84.34 23.00 17.47 18.07

P u r i f i e d  c y t  P450 reductase 39.17 5.50 9.58 10.83

The incubat ions were as descr ibed under Exper imental  Procedures.  F ina l  
conce n t ra t io ns  o f  e thano l ,  benzoate and mannitol  were 1.0 mM. Incubat ion  
was c a r r i e d  out f o r  30 min a t  37 • Ac id  phosphatase was measured as 
descr ibed under Exper imental  Procedures.
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a c t i v i t y  even in the presence o f  the ra d ic a l  scavengers,  i t  was a lso 

shown tha t  the a d d i t i o n  o f  ca ta lase  to  the xan th in e -x a n th in e  oxidase 

system and to  the microsomal NADPH-cytochrome c reductase system re

su l te d  in a marked i n h i b i t i o n  o f  membrane damage (Table 20).
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TABLE 20

EFFECT OF CATALASE ON FLAVIN ENZYME 
CATALYZED LYSOSOMAL LYSIS

Enzyme system A d d i t io ns  to  the system 

Free ac id  phosphatase released

% o f  Tota l

None Catalase

Microsomal NADPH oxidase 84.34 8.43

Xanthine oxidase 39.99 3.00

The incubat ions were descr ibed under Methods. Catalase 0.029 mg 
prote^n/ml incubat ion system. Incubat ion was c a r r ie d  out f o r  30 min 
a t  37 . Acid  phosphatase release was measured as descr ibed under 
Exper imental  Procedures.



CHAPTER IV 

DISCUSSION

Lysosomal D is ru p t io n  by a Free R ad ica l - 1 î ke Component 

Generated by Microsomal NADPH oxidase A c t i y i t y  

Previous s tud ies  suggested th a t  the  nature  o f  the reac t ions  

ca ta lyzed by the microsomal mixed fu n c t io n  oxidase system is mediated 

by f re e  ra d ic a ls  (14, 47) .  However, negat ive  re s u l t s  were obta ined 

when at tempts to  demonstrate r a d ic a ls  a t t r i b u t a b l e  to  enzyme a c t i v i t y  

in the system were made by e lec t ron  spin resonance techniques (43) .

This  was not unexpected s ince  the e f f e c t i v e  concen t ra t ion  o f  such 

ra d ic a ls  must be very low due to  t h e i r  apparen t ly  extreme r e a c t i v i t y  

and consequent shor t  h a l f - l i f e  (48).  We re c e n t ly  demonstrated genera t ion  

o f  a f a c t o r  having f ree  ra d ic a l  p ro p e r t ie s  dur ing  the o x id a t io n  o f  NADPH 

by normal l i v e r  microsomes under c o n d i t io n s  resembl ing those e x i s t i n g  

in  v i v o . E ry throcy tes  were used as i n d ic a to r s  to  demonstrate the presence 

o f  the r a d ic a ls .  Th is  f a c t  suggested th a t  o the r  membraneous o rgane l les  

in the c e l l  might be a l t e r e d  under c e r t a in  i n t r a c e l l u l a r  c o n d i t io n s .

S i n c e  lysosomal membranes a r e  p a r t i c u l a r l y  s u s c e p t i b l e  t o  s t r u c t u r a l  

damage, we s t u d ie d  th e  e f f e c t  o f  th e  enz ym e -g e ne ra te d  f a c t o r  on lysosomes.  

The r e s u l t s  i n d i c a t e  t h a t  l i v e r  lysosomes r e l e a s e  a c o n s i d e r a b l e  q u a n t i t y  

o f  t h e i r  h y d r o la s e  c o n t e n t s  as a r e s u l t  o f  exposure  to  th e s e  enzyme

g e n e r a te d  r a d i c a l s .  P r e v i o u s  s t u d i e s  o f  Z a l k i n  ej^ aj_. showed t h a t  muscle

68
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t i s s u e  from to c o p h e ro l - d e f i c ie n t  ra b b i ts  con ta ins  an excess o f  f r e e  

lysosomal hydrolases c o r re la te d  w i th  the development o f  muscle degen

e r a t i o n .  They concluded t h a t  the increase in  hydrolases must have been 

a consequence o f  macrophage invasion i n i t i a t e d  by t i s s u e  damage r e s u l t i n g  

from l i p i d  pe ro x id a t io n  (38) .  In our s tu d ie s ,  however, we showed th a t  

p re p a ra t io n  o f  e i t h e r  lysosomes or  microsomes from ra ts  supplemented 

w i t h  cc-tocopherol has a p r o t e c t i n g  e f f e c t  on lysosomal i n t e g r i t y  in 

t h i s  system. Th is ,  p lus  the  e f f e c t  o f  r a d ic a l  scavengers in v i t r o ,  

toge the r  w i th  the f a c t  t h a t  the microsomal NADPH oxidase system generates 

a r a d i c a l - l i k e  f a c t o r ,  suggests th a t  the  a c t i v i t y  o f  t h i s  enzyme system 

cou ld  cause hydrolase re lease in v iv o  e s p e c ia l l y  in the d e f i c i e n c y  o f  a 

r a d ic a l  scavenging agent such as a - t o c o p h e r o l .

I t  is p o s s ib le  t h a t  r a d i c a l - l i k e  f a c t o r s  such as those assoc

ia ted  w i th  microsomal NADPH oxidase a c t i v i t y  cou ld  be respons ib le  f o r  

the i n i t i a l  le s ion  in tocopherol  abso rp t ion  o r  d e f i c ie n c y  diseases by 

t r i g g e r i n g  the i n t r a c e l l u l a r  re lease o f  lysosomal hydrolases in v i v o . 

These enzymes would then have the p o t e n t i a l  t o  cause c e l l  i n j u r y  and/or  

death and poss ib ly  fo c a l  nec ros is ,  thereby promot ing invas ion  o f  phago

cy tes  which could then account f o r  the  very  la rge  increase in t o t a l  

con ten t  o f  hydrolases in the t i s s u e  as nec ros is  progresses.  I f  l y s o 

somal p a r t i c l e s  were caused to  release hydro lases in to  the c e l l  by some 

such mechanisms, i t  is  p o s s ib le  t h a t  d i s r u p t i o n  o f  i n t r a c e l l u l a r  

s t r u c tu r e s  and processes might occur, e s p e c ia l l y  i f  a c i d i c  l i p o p r o t e i n s  

(71) and o the r  s t r o n g ly  a c i d i c  substances (49) contained in the  l y s o 

somes are released as w e l l .  Evidence t h a t  hydrolases released in v iv o  

c e l l s  can cause severe damage to  c e l l  s t r u c t u r e  was provided by A l l i s o n  

and Patton (50) whose s tud ies  ind ica ted  t h a t  i n t r a c e l l u l a r  lysosomal
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DNase re lease could cause m u l t i p l e  chromosome breaks.  Other s t r u c t u r a l  

a b n o rm a l i t i e s  were noted a l s o .  Pearce repor ted t h a t  pr imary re lease 

o f  lysosomal enzymes may occur in some myopathies and fo l lowed  by 

macrophage invas ion (51) .  Exposure o f  lysosomes to  non-enzymic systems 

i n v o lv i n g  f re e  ra d ic a ls  w i t h  r e s u l t i n g  re lease o f  hydro lase enzymes 

was repor ted  by Desai e t  aj[. (52) who sub jected lysosomes to  y - i r r a d 

i a t i o n  and to  a u t o - o x i d i z i n g  substances and obta ined release o f  hydro

lases.  A mechanism through which such lysosomal d i s i n t e g r a t i o n  could 

occur in  v iv o  is  suggested by the s tud ies  presented in  t h i s  r e p o r t ,  in 

tha t  c o n s t i t u t i v e  enzyme systems can produce appa ren t ly  h ig h l y  re a c t i v e  

f r e e  r a d ic a ls  which are  capable o f  d e s t a b i l i z i n g  the  lysosomal membrane.

A mechanism such as t h i s  f o r  promot ing hydrolase re lease would undoubtedly 

c o n t r i b u te  to  c e l l  damage seen in c e r t a in  p h y s io lo g ic a l  s ta tes  such as 

a d e f i c i e n c y  o f  a f re e  ra d ic a l  scavenging agent (as a - to c o p h e ro l ) .  The 

l a t t e r  appears to  f u n c t io n  as a s t a b i l i z e r  o f  b i o l o g i c a l  membranes 

aga ins t  a l t e r a t i o n s  caused by ra d ic a ls  produced by the  endogenous 

enzymes (53) • Indeed, lysosomes obta ined from normal ra ts  which had 

been g iven an a d d i t i o n a l  supplement of  a - tocophe ro l  were demonstrated in 

t h i s  s tudy to  be r e s i s t a n t  t o  the  l y t i c  process. I t  appears t h a t  a t  

leas t  one fu n c t io n  o f  a - tocophe ro l  is to  serve as a te rm in a to r  f o r  un

d e s i r a b le  c h a in - re a c t io n s  i n i t i a t e d  by ra d ic a ls  produced in the normal 

f u n c t io n  o f  c e r t a in  endogenous enzymes.

The Nature o f  the Free Radical  which A t tacks  Lysosomal Membranes 

Genera l ly ,  e le c t ro n  paramagnet ic resonance is now the method 

f o r  d e te c t in g  and i d e n t i f y i n g  f r e e  rad ica l  spec ies .  However, the use

fu lness  o f  e le c t r o n  paramagnet ic resonance is l i m i t e d  by instrument
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s e n s i t i v i t y  ( the  minimum usefu l  r ad ic a l  conce n t ra t io n  being in the region 

o f  10 )iM) and by lack o f  t ime r e s o lu t i o n ,  s ince i t  u s u a l l y  takes several  

minutes t o  ob ta in  an e le c t ro n  paramagnet ic resonance spectrum. I t  is 

not s u r p r i s i n g  th a t  thus f a r  on ly  the most s ta b le  oxygen r a d ic a l ,  Og—̂ 

on the a l k a l i n e  s ide  o f  n e u t r a l i t y ,  has been c o n c lu s i v e ly  i d e n t i f i e d  by 

e le c t r o n  paramagnet ic resonance in a biochemical  system (5^ ) .  However, 

the superox ide anion rad ica l  would not  be expected to  be detected by 

e le c t r o n  paramagnet ic resonance in b i o lo g i c a l  systems c o n ta in in g  Fe®"^

(55)» The s e n s i t i v i t y  o f  the method in which the lysosome is used as a 

f re e  ra d ic a l  d e te c to r  is  apparent  and t h i s  may be a method f o r  de tec t ing  

o the r  ox idoreduc tase systems which may produce h ig h l y  r e a c t i v e  rad ic a ls  

or r a d i c a l - l i k e  components, the course o f  whose p roduc t ion  cannot be 

observed by o the r  means. The mechanisms o f  l i p i d  p e r o x id a t io n  in b io lo g 

ic a l  systems are not we l l  de f in ed ,  but we view such a t ta c k s  on membrane 

l i p i d s  as a consequence o f  c e r t a i n  types o f  ra d ic a l -p ro d u c in g  ox ido reduc t 

ase reac t ion s  (56) and b e l ie v e  t h a t  the a t tacks  are  f a c i l i t a t e d  by the 

ordered arrangement o f  the  l i p i d s .  The re s u l t s  o f  these s tud ies  suggest 

tha t  the p e r o x id a t io n  o f  membrane l i p i d s  assoc ia ted w i th  the a c t i v i t y  o f  

some m e t a l l o f l a v i n  ox idoreductase system is the r e s u l t  o f  the i n t e r a c t i o n  

o f  the membrane l i p i d s  w i th  HO- ra d ic a ls  which are  secondary t o  the p ro 

duc t ion  o f  superox ide anions.  The enzymes which we have s tud ied  have a l l  

been repor ted  to  produce superoxide anion through i n t e r a c t i o n  o f  the 

reduced enzyme w i t h  molecu la r  oxygen (18, 4y, 57, 58) .  We have been 

u n i fo rm ly  unable t o  show th a t  systems known t o  produce superoxide anion 

r e s u l t  in a d i r e c t  a t t a c k  e i t h e r  on b i o lo g i c a l  membranes o r  on l i p i d s  

ex t ra c ted  from membranes. However, in the presence o f  che la ted  i r o n ,  a l l
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such systems producing superox ide anion ra d ic a ls  caused a p e ro x id a t i v e  

a t ta c k  on lysosomal membranes. These e f f e c t s  a re  c l e a r l y  not due to  

the che la ted  i ron  i t s e l f .  The data in d ic a te  th a t  the membrane d i s r u p t i o n  

occurs on ly  dur ing the ongoing enzymic reac t ion  and is not due to  any o f  

the components o f  the system requ i red  t o  produce the reac t ion .  For i n 

stance,  a l lo w in g  any o f  these enzyme systems to  incubate in the presence

o f  i t s  subs t ra te  and che la ted  i ron  f o r  30 minutes a t  37°, fo l lowed by the

a d d i t i o n  o f  1.0 mM Mn®^ (which t o t a l l y  i n h i b i t s  f u r t h e r  pe ro x id a t io n  o f  

l i p i d s  in b i o l o g i c a l  systems) and then fo l lowed by the a d d i t i o n  o f  l y s o 

somes, r e s u l t s  in no d i s r u p t i o n  o f  these p a r t i c l e s .  Thus no l y t i c  agent

formed dur ing  the reac t ion  accumulates in the system. The f a c to r  causing 

lysosomal d i s ru p t i o n  is formed on ly  dur ing  the a c t i v i t y  o f  the respec t ive  

enzymes. Furthermore, systems in which the enzymes had been h e a t -a c t i v a te d  

caused no lysosomal breakdown. In a d d i t i o n ,  the a c t io n  o f  s t r u c t u r a l l y  

un re la ted  f r e e  rad ica l -scaveng ing  agents in p reven t ing  lysosomal b reak

down dur ing the var ious enzymic reac t ions  f u r t h e r  adds t o  the p o s s i b i l i t y  

t h a t  the l y t i c  agent is a f r e e  rad ica l  r e s u l t i n g  from the a c t i v i t y  o f  these 

ox ido - reduc tase  systems, bu t  the superoxide anion i t s e l f  is not  the damaging 

f a c t o r .  Since i t  is  known t h a t  these systems produce superoxide an ion,  i t  

would appear th a t  the a d d i t i o n  o f  i ron  e i t h e r  reacts  w i th  the superoxide 

an ion  t o  produce a d i f f e r e n t  type o f  ra d ic a l  o r  t h a t  the i ron  in te r a c t s  

w i t h  the enzyme i t s e l f  r e s u l t i n g  in the  genera t ion  o f  a d i f f e r e n t  type o f  

r a d i c a l .  The i n h i b i t o r y  e f f e c t  o f  EDTA ( r e f e r  to  Table 17), provides 

f u r t h e r  evidence tha t  the superox ide anion is  not a r e a c t i v e  rad ica l  

toward b i o lo g i c a l  membranes, and shows t h a t  the presence o f  i ron is 

necessary f o r  lysosomal d i s r u p t i o n  in these s tu d ie s .  EDTA is  known t o
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be a c h e la t in g  agent and has been shown to  enhance the ra te  o f  cytochrome 

£  reduct ion dur ing  s u l f i t e  o x id a t io n ,  and th a t  superoxide dismutase 

e l im ina ted  t h i s  e f f e c t  o f  EDTA (42) .  The a c t io n  o f  superoxide dismutase 

in these systems s tud ied  in t h i s  d i s s e r t a t i o n  is  not  always c o n s is te n t ,  

in some systems i t  may cause enhancement o f  lysosome breakdown. In o thers  

i t  may cause i n h i b i t i o n .  Th is  may occur  f o r  the f o l l o w in g  reasons. One 

o f  the enzyme reac t ions  s tud ied was the xan th ine  oxidase system which 

produces both Og— and HgOg (59)* The secondary reac t ion  o f  Og— w i t h  HgOg 

would be expected to  form OH* t o  a c e r t a i n  ex ten t  (59)* The a d d i t i o n  o f  

che la ted i ron  to  the system could ,  however, ac ce le ra te  the fo rmat ion  o f  

OH* by reac t ing  w i th  the hydrogen perox ide  as repor ted by Haber and Weiss 

(60) ,  e s p e c ia l l y  i f  the  i ron  is  reduced by the superoxide being formed in 

the system. The redox p o te n t ia l  o f  0 , — (65) would favo r  the reduc t ion  

o f  the che la ted i r o n  complex. Thus the  ra te  o f  HO* fo rmat ion  (and, 

th e re fo re ,  the f l u x )  cou ld  then become s u f f i c i e n t  t o  produce degradat ion 

o f  the lysosomal membrane. There fo re ,  the  enhancement o f  lysosomal d i s 

rup t ion  caused by the a d d i t i o n  o f  superox ide dismutase can occur under 

the f o l l o w in g  c o n d i t i o n :  i f  the f l u x  o f  Og— is s u f f i c i e n t ,  the a d d i t i o n

o f  superoxide dismutase may serve t o  enhance the fo rm at ion  o f  hydrogen 

perox ide and f a c i l i t a t e  an even g rea te r  fo rmat ion  o f  OH* rad ica l  when i ron 

is presen t in the system. On the o the r  hand, the p reven t ion  o f  lysosomal 

breakdown caused by the  a d d i t i o n  o f  superoxide dismutase may occur under 

the f o l l o w in g  c o n d i t i o n :  i f  the fo rm at ion  o f  0,— and HgOg is o c c u r r ing

a t  a s lower ra te  in the reac t ion ,  a d d i t i o n  o f  the dismutase may i n h i b i t  

the a t ta c k  on the  lysosomes by lowering the Og-r leve l  to  the p o in t  t h a t  

the che la ted i r o n  is  no t  reduced a t  a s i g n i f i c a n t  r a te .
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Thus, the fo rm at ion  o f  HO* through i n t e r a c t i o n  o f  the reduced 

i ron  ch e la te  w i th  HgOg would be i n h i b i t e d  and damage to  the  membrane 

prevented. This concept is s trengthened by the f a c t  t h a t  the  a d d i t i o n ,  

o f  ca ta lase  to  e i t h e r  the xan th ine  ox idase system or  the microsomal 

NADPH-cytochrome £  reductase system re s u l t s  in the i n h i b i t i o n  o f  lyso 

somal membrane damage (Table 19)* The ro le  o f  i ron  in the  f u n c t io n  o f  

the a c t i v e  s i t e  o f  xan th ine  oxidase has been in v e s t ig a te d .  Evidence is 

prov ided t o  suggest t h a t  the i ron  atoms on the xan th ine  ox idase are 

necessary f o r  the fo rm at ion  o f  an oxygen- free  rad ica l  dur ing  normal

ope ra t ion  o f  the enzyme (61) .  I t  is i n t e r e s t i n g  th a t  the e f f e c t  o f

e i t h e r  Mn^^ or ADP-Fe®"^ on the superoxide anion-mediated reduc t ion  o f  

cytochrome £  by xan th ine  oxidase system are both i n h i b i t o r y  s ince  

Mn̂ "** is a very e f f e c t i v e  i n h i b i t o r  o f  l i p i d  p e ro x id a t io n  w h i l e  the 

che la ted  i ron  complex promotes p e ro x id a t i v e  a t ta c k  on membranes by these

enzymes. Our i n t e r p r e t a t i o n  o f  these observa t ions  is t h a t  Mn^^ may d i s 

p lace i r o n  atoms on the xan th ine  ox idase enzyme e s s e n t ia l  f o r  the p ro 

duc t ion  o f  superoxide anion j u s t  as i t  d isp laces  i ron  from microsomes 

which is  essen t ia l  f o r  p e ro x id a t i v e  a t ta c k s  (Poyer, J .L .  and McCay, P.B. ,  

unpubl ished r e s u l t s ) .  The ADP-Fe®'*’, however, may e xe r t  i t s  e f f e c t  on 

the reduc t ion  o f  cytochrome £  by the r e a c t io n :

Og- + ADP-Fe3+ ----------- > Og + ADP-Fe2+

as ment ioned  above .  The o v e r a l l  scheme f o r  membrane l i p i d  d e g r a d a t i o n  

c a t a l y z e d  by th es e  f l a v i n  enzymes may be r e p r e s e n t e d  as f o l l o w s :

f l a v i n  enzyme +  subs t ra te  ----------- ^  reduced f l a v i n  enzyme + product

reduced f l a v i n  enzyme + Og----------- ^  f l a v i n  enzyme +  Og—

O g- +  O g- +  2H'*' -------- ^  HgOg +  Og
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HgOg +  OgT ---------  Og +  HO. +  oh"

Og- + ADP-Fe3+ ---------  Og + ADP-Fe2+

ADP-Fe^"'' +  HgOg ---------  ADP-Fe3+ + HO- + OH”

Th is  scheme demonstrates the p o s s ib le  r o le  o f  membrane bound i ron  o r  

added i ron  (che la ted to  m a in ta in  i t  in s o l u t i o n )  in enhancing HO* p ro 

duc t io n ,  and suggests t h a t  i n t r a c e l l u l a r  enzymic genera t ion  o f  OgT may 

couple to  c e r t a i n  non-enzymatic reac t ions  (62) on or  in s u b c e l l u l a r  

o rgan e l les  to  p e r tu rb  membrane s t r u c t u r e  unless there  is adequate rad ica l  

scavenging. The f a c t  t h a t  th ree  d i f f e r e n t  s p e c i f i c  scavengers f o r  HO* 

(e thano l ,  benzoate and m ann i to l )  each p r o t e c t  the lysosomal membrane 

from degrada t ion ,  when added to  any o f  the  systems which have been des

c r ib e d ,  is s t rong evidence t h a t  the d e s t r u c t i v e  e n t i t y ,  regard less  o f  

how i t  o r i g i n a t e s ,  must be the  hydroxy l  r a d i c a l .  Th is  would a l s o  

ex p la in  the  negat ive  r e s u l t s  produced by e le c t r o n  spin resonance s tud ies  

s ince  the HO* a t  the reac t ion  temperature  has a h a l f - l i f e  in  the reg ion

o f  a few ten ths  o f  a microsecond on ly  (63 ) .  In a d d i t i o n ,  t h e  superoxide

would not be expected t o  be detec ted in b i o l o g i c a l  systems c o n ta in in g  

Fe®"^ (55) .  Th is  concept agrees w i t h  the  f a c t  t h a t  the p e r o x id a t io n  o f  

b i o l o g i c a l  membrane l i p i d s  is  very  rap id  du r ing  the a c t i v i t y  o f  these 

enzymes. The hydroxy l  rad ica l  is  ex t remely  r e a c t i v e  w h i le  OgT is a 

r a th e r  u n re a c t i v e  ra d ic a l  (64) and, fu r the rm ore ,  superoxide is  reducing 

in na tu re  r a th e r  than o x i d a t i v e ,  having a o f  -0.45V (65) .  in con

c lu s io n  i t  should be po in ted  ou t  th a t  w h i l e  t h i s  des t ruc tuve  reac t ion  o f

ox ido - re duc tase  systems on lysosomes (and a lso  on e r y th ro c y te s ,  m ic ro 

somes and m i tochondr ia )  has on ly  been observed in v i t r o ,  i t  is  poss ib le  

t h a t  phenomena s i m i l a r  t o  t h i s  in v iv o  may occur when c e r t a i n  f l a v o p r o te i n  

enzymes (probab ly  m e ta l l o f l a v o p r o t e in s )  f u n c t io n  a t  o r  near maximal in v iv o
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r a t e s .  I t  would seem t h a t  th e  r e s u l t s  o f  t h i s  s tudy  and those  o f  o t h e r s  

a r e  s u f f i c i e n t l y  s u g g e s t i v e  t o  s t i m u l a t e  a search f o r  s i m i l a r  r e a c t i o n s  

in  v i v o . For example,  when o r o t i c  a c i d  is  a d m i n i s t e r e d  t o  a n i m a ls ,  t h e r e  

is  r e s u l t i n g  l i v e r  damage (6 6 )  wh ich  is  a s s o c i a t e d  w i t h  t h e  d e g e n e r a t i o n  

o f  s u b c e l l u l a r  o r g a n e l l e s  (67)* D i h y d r o o r o t i c  a c i d  dehydrogenase appears  

t o  be s i m i l a r  t o  x a n t h i n e  o x id a s e  in p r o d u c in g  s u p e r o x i d e  a n io n  ( 6 8 ) .  

W h e th e r  o r  not  th e  a c t i v i t y  o f  such enzymes cause a l t e r a t i o n  o f  c e l l u l a r  

l i p i d s  may depend upon th e  l o c a l i z a t i o n  o f  t h e  enzyme in th e  c e l l  w i t h  

r e s p e c t  t o  c o n s t i t u e n t  p o l y u n s a t u r a t e d  l i p i d s  and th e  amount o f  f r e e  

r a d i c a l  scavengers  (such as a - t o c o p h e r o l )  p r e s e n t  in  th e  l i p i d  phase o f  

th e  membranes. Scho lan  and Boyd have shown, f o r  example ,  t h a t  a b e r r a n t  

p r o d u c t s  a r e  formed by t h e  drug m e t a b o l i z i n g  system in  a n im a ls  d é f i c i e n t  

i n  f r e e  r a d i c a l  scavengers  (69)« The amount o f  ADP and i n o r g a n i c  i r o n  in  

c e l l s  is  more than a d e q u a te  t o  f a c i l i t a t e  t h e  p rocesses  d e s c r i b e d .



CHAPTER V 

SUMMARY

The nature  o f  f r e e  r a d ic a ls  produced du r ing  the a c t i v i t y  

o f  severa l  o x i d a t i v e  enzymes, using lysosomes as a s e n s i t i v e  in d ic a to r ,  

has been s tud ied .  These ra d ic a ls  appear to  p lay  impor tant  ro les  in b i o 

lo g ic a l  o x ida t ion s  in v o lv in g  one e le c t r o n  t r a n s fe r .  The enzymes i n v e s t i 

gated in t h i s  work are f l a v o p r o t e i n s : microsomal NADPH oxidase, p a r t i a l l y

p u r i f i e d  cytochrome P450 reductase, and a h ig h ly  p u r i f i e d  xanth ine  oxidase. 

These enzymes, when ope ra t in g  upon t h e i r  own s u b s t ra te  in v i t r o ,  produce 

a f a c to r  which causes the re lease o f  ac id  hydrolases from lysosomes. The 

f a c to r  appears to  be a f r e e  ra d ic a l  involved in the a c t i v i t y  o f  these 

enzymes, the genera t ion  o f  which is  dependent on Fe®*  ̂ bound to  the mem

brane in  which the enzyme is  loca ted ,  o r ,  in the case o f  the p u r i f i e d  

enzymes, Fe®"  ̂ which is added in che la ted  form to  ma in ta in  i t  in s o lu t i o n .  

The f r e e  rad ica l  component is  apparen t ly  respons ib le  f o r  the l i p i d  pe r 

o x id a t io n  in the microsomal membranes which occurs du r ing  NADPH-dependent 

e le c t r o n  t r a n s p o r t .  I t  was found t h a t  p repa ra t io n  o f  e i t h e r  lysosomes 

o r  microsomes from ra ts  supplemented w i th  a - tocophe ro l  has a p ro te c t in g  

e f f e c t  on lysosomal i n t e g r i t y  in the microsomal NADPH oxidase systems.

These in te r a c t io n s  suggest p o s s ib le  mechanisms which might promote 

necros is  through the re lease o f  lysosomal enzymes in v i v o ,  e s p e c ia l l y  

in animals d e f i c i e n t  in  d i e ta r y  scavenging components.
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The lysosomal l y s i s  caused by these 3 enzyme systems is p r e 

vented a) by i n h i b i t o r s  o f  l i p i d  p e ro x id a t io n ,  b) by p r i o r  heat déna tu r 

a t i o n  o f  the enzymes, and c) by in c lud ing  f r e e  r a d ic a l - t r a p p in g  agents 

in the incubat ion  system. P re incuba t ion  o f  these enzyme systems in 

the presence o f  i t s  s u b s t ra te  and che la ted i ron  f o r  30 minutes,  fo l lowed  

by the  a d d i t i o n  o f  1.0 mM Mn®^ and then fo l lowed  by the a d d i t i o n  o f  l y s o 

somes, r e s u l t s  in no d i s r u p t i o n  o f  these p a r t i c l e s .  The ro le  o f  Mn®^ 

appears to  be to  d isp la ce  Fe®^ from an e s s e n t ia l  p o s i t i o n  on the  enzyme 

requ i red  to  generate the  r a d i c a l s .  The f a c t o r  causing lysosomal d i s 

r u p t io n  is formed on ly  dur ing  the a c t i v i t y  o f  the  respec t ive  enzymes.

The a d d i t i o n  o f  superoxide dismutase enhances the lysosomal 

membrane breakdown du r ing  the microsomal NADPH oxidase system and 

xan th ine  oxidase system, and prevents the lysosomal membrane breakdown 

du r ing  the cytochrome P4S0 reductase system.

The s tud ies  descr ibed in t h i s  r e p o r t  in d ic a te  th a t  the hydroxyl  

f ree  ra d ic a ls  are der ived from the a c t i v i t y  o f  c e r t a in  f l a v i n  enzymes 

(probably m e t a l l o f l a v i n  enzymes), and t h a t  superoxide anion must play  

a r o le  in the fo rmat ion  o f  the  HO- r a d ic a ls .  Since adequate che la ted  

i ron  is  presen t in the cy toso l  o f  c e l l s  to  promote these reac t ion s ,  these 

s tud ie s  a l s o  suggest t h a t  the a c t i v i t y  o f  such f l a v i n  enzymes may con

t r i b u t e  t o  the tu rnover  o f  membrane po lyunsa tu ra ted  f a t t y  ac ids ,  o r  poss ib ly  

i n i t i a t e  membrane les ions  under some c o n d i t io n s ,  and c a r r i e s  c e r t a in  im p l i 

c a t ion s  concerning the  process o f  aging.
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