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These  resu l t s  are in  a g r e e m e n t  w i t h  those  of severa l  
workers  who  h a v e  found  a n  increased  i n c o r p o r a t i o n  of 
asS-sulfate in to  g lycosaminog lycans  in a o r t a  t issue incu-  
b a t e d  u n d e r  a therosc le ro t ic  cond i t ions  15-18. M a m m a l i a n  
cells are  k n o w n  to inco rpora t e  su l fa te  on ly  in to  p ro teo-  
g lycan,  and  t he  a m o u n t  of su l fa te  i n c o r p o r a t i o n  is 
cons idered  to be  a good e s t ima te  of a c t u a l  a m o u n t s  of 
p ro t eog lycans  syn thes i zed  b y  t he  cells ~.  Therefore ,  i t  
seems l ikely t h a t  e l eva ted  s e rum l ipopro te in  levels cause  
h e i g h t e n e d  p r o d u c t i o n  of p ro t eog lycans  in a o r t a  cells. 
Phase  mic roscopy  s tud ies  of m o r p h o l o g y  ind ica te  t h a t  
the  cell p o p u l a t i o n s  cons is t  m a i n l y  of s m o o t h  muscle  
cells. The  facts  t h a t  the  cells syn thes ize  p r e d o m i n a n t l y  
d e r m a t a n  su l fa te  pro teoglycan(s )  (see below) suppor t s  
th i s  conclusion.  
Rad io l abe l ed  p ro t eog lycans  f rom r a b b i t  a o r t a  cu l tu res  
i n c u b a t e d  w i t h  3 t imes  the  n o r m a l  h u m a n  se rum L D L  
were c h r o m a t o g r a p h e d  on P-10 co lumns  before  and  a f te r  
h y a l u r o n i d a s e  or n i t rous  acid t r e a t m e n t .  Af te r  i n c u b a t i o n  
w i th  hya lu ron idase ,  a r e t a r d e d  peak  (mol. w t  < 20,000) 
was found  in all m e d i u m  samples  (figure 1), b u t  no t  in 
a n y  cell samples  (figure 2, a). Af te r  n i t rous  acid degrada-  
t ion,  the  cell f rac t ion  also showed a r e t a r d e d  peak  
(figure 2, b). The  u n t r e a t e d  samples  f rom cell and  m e d i u m  
f rac t ions  showed only  a single r ad ioac t ive ly  labeled  peak  
m i g r a t i n g  w i th  t he  c o l u m n  void  volume.  Simi lar  resu l t s  
were o b t a i n e d  f rom ana lyses  of the  m o n k e y  a o r t a  
p ro teog lycan  fract ions .  W i t h  n o r m a l  and  reduced  c o n t e n t  
of L D L  in the  serum,  no  change  in the  P-10 profi le  was  
found  (da ta  no t  shown).  The  secre ted p ro t eog lycan  
ma te r i a l  also shows no s ign i f ican t  differences  in  com- 
pos i t ion  w i th  d i f fe rent  a m o u n t s  of se rum L D L  in the  cell 
g rowth  med ium.  
We conclude f rom these  resul t s  t h a t  the  compos i t ion  of 
cei l -associated and  ex t race l lu la r  p ro t eog lycans  does no t  
v a r y  s ign i f ican t ly  wi th  the  l ipopro te in  c o n t e n t  of the  

med ium.  The  cel l -associa ted p ro t eog lycans  are n o t  de- 
g raded  b y  h y a l u r o n i d a s e  (figure 2, a), a l t h o u g h  n i t rous  
acid t r e a t m e n t  degrades  ~ 45% of th i s  ma te r i a l  (fig- 
ure  2,b).  The  cel lular  p ro t eog lycan  mate r i a l ,  therefore ,  
consis ts  of 55% d e r m a t a n  su l fa te  p r o t e o g l y c a n  (hyal-  
uronidase ,  n i t r ous  ac id- res i s tan t )  a n d  45% h e p a r a n  
sul fa te  (n i t rous  acid-sensi t ive) .  The  ex t race l lu la r  p ro teo-  
g lycans  c o n t a i n  a po r t i on  t h a t  is d e g r a d a b l e  b y  hya l -  
u ron idase  ( ~  55%) a n d  a po r t i on  r e s i s t a n t  to  e n z y m e  
deg rada t i on .  W e  h a v e  found  (results  n o t  shown) t h a t  th i s  
h y a l u r o n i d a s e - r e s i s t a n t  m a t e r i a l  is n o t  d e g r a d e d  b y  
n i t r ous  acid b u t  is ex t ens ive ly  degraded  b y  chond ro i t i na se  
ABC. These  resu l t s  i nd i ca t e  t h a t  t he  p e a k  in the  P-10 
c h r o m a t o g r a p h  e lu t ing  in t he  c o l u m n  void  v o l u m e  p rob -  
ab ly  is composed  of d e r m a t a n  sul fa te  p ro teog lycan .  
Compared  to o t h e r  g lycosaminoglycans ,  d e r m a t a n  sulfate ,  
ident i f ied  b y  i ts  r es i s t ance  to h y a l u r o n i d a s e  and  n i t r ous  
acid and  suscep t ib i l i t y  to  chond ro i t i na se  ABC, ha s  the  
g rea t e s t  a f f in i ty  for L D L  u n d e r  phys io log ica l  cond i t ions  
and  has  been  found  in h igh  c o n c e n t r a t i o n s  in a r t e r i a l  
lesions t~ Our  resu l t s  sugges t  a m e c h a n i s m  to exp la in  
t he  increased inc idence  of f a t t y  lesions in ao r t a s  of an ima l s  
whose  s e rum lipid c o n t e n t  is e levated .  The  increased  s e rum 
L D L  c o n t e n t  in t he  a o r t a  s t i m u l a t e s  a n  increase  in g r o w t h  
of those  a o r t a  s m o o t h  muscle  cells exposed  to b lood  
flow due to pr ior  i n j u r y  of the  a r t e r i a l  wal l  a ,n.  The  
g r o w t h  increase  is a ccompan ied  b y  an increased  syn thes i s  
and  secre t ion  of d e r m a t a n  sul fa te  p r o t e o g l y c a n  w h i c h  
complexes  w i t h  the  s e rum L D L  to fo rm insoluble  p rod -  
ucts.  The  b u i l d u p  of insoluble  l ipids causes  loss of cell 
v iab i l i ty .  E v e n t u a l l y ,  ca lc i f icat ion m a y  occur  to  r ende r  
the  p r o t e o g l y c a n - L D L  complex  even  more  r e s i s t a n t  to  
r e m o v a l  f rom the  lesions b y  e n z y m a t i c  deg rada t ion .  Th i s  
hypo thes i s  is cons i s t en t  w i th  the  increase  in d e r m a t a n  
sul fa te  found  in ar te r ies  t h a t  deve lop  lesions a f t e r  
ex tens ive  l ipid in f i l t r a t ion  10. 
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Summary. The  level  of some e n z y m a t i c  ac t iv i t i es  in red b lood cells before  a n d  a f t e r  pho tohemolys i s  i nduced  b y  p ro to -  
p o r p h y r i n  I X  was s tudied.  A 30% decrease  in ca ta lase  a c t i v i t y  was found  b o t h  in n o r m a l  e r y t h r o c y t e s  a n d  those  f rom 
p a t i e n t s  af fected b y  favism. O t h e r  p ro te ins  t h o u g h  p re sen t  in larger  a m o u n t s  inside t he  e r y t h r o c y t e s  are no t  a f fec ted  
b y  the  p h o t o h e m o l y t i c  process.  

The  p h o t o d y n a m i c  effect  of p r o t o p o r p h y r i n  on red blood 
cells has  r ecen t ly  been s tudied ,  in view of i ts  s ignif icance 
as a model  s y s t e m  for p o r p h y r i a s  1. A f u r t h e r  i n t e r e s t i ng  
aspec t  is to  i den t i fy  the  ea r ly  d a m a g e d  c o m p o n e n t  of the  
m e m b r a n e  2-6. Whi le  the  p rev ious  paper s  were conce rned  
w i t h  the  m e m b r a n e  d a m a g e  in general ,  in  the  p r e sen t  
c o m m u n i c a t i o n  we r e p o r t  a b o u t  the  i n a c t i v a t i o n  of 
i n t r a e r y t h r o c y t i c  ca ta lase  d u r i n g  pho tohemolys i s .  
Materials and methods. H u m a n  red b lood cells were 
o b t a i n e d  b y  v e n i p u n c t u r e  f rom h e a l t h y  people  and  f rom 
p a t i e n t s  af fected b y  favism,  us ing  oxa la te  as an t i coagu lan t .  
The  red cells were col lected b y  cen t r i f uga t i on  and  washed  
3 t imes  w i th  isotonic  saline.  T h e n  the  p a c k e d  cells were 
suspended  in 100 vol. i sotonic  sal ine a n d  i n c u b a t e d  in 
t he  presence  of 1 ~xM p r o t o p o r p h y r i n  I X  (Sigma, St. 
Louis,  Mo, USA) .  Samples  were i r r ad i a t ed  w i t h i n  a 
t h e r m o s t a t e d  b a t h  w i t h  2 0 s r a m  p ro j ec to r  150 W lamps  
s i t u a t e d  a t  30 cm dis tance .  

Af te r  5-30 min  i n c u b a t i o n  u n d e r  l ight ,  t h e  samples  were 
s tored in the  d a r k  for 2 h, t h e n  cen t r i fuged  and  the  e x t e n t  
of hemolys i s  was e v a l u a t e d  b y  m e a s u r i n g  t he  a b s o r b a n c e  
of s u p e r n a t a n t  a t  550 nm.  Cont ro l  samples  were o b t a i n e d  
e i the r  b y  i n c u b a t i o n  in t he  d a r k  or b y  h y p o t o n i c  hemo-  
lysis. 

1 E .S .  Peterka, W. J. Runge and R. M. Fusaro, Arehs Derm. 
9d, 282 (1966). 

2 B.D. Goldstein and L. C. Harber, J. clin. Invest. 51,892 (1972). 
3 A.A.  Lamola, T. Yamane and A. M. Trozzolo, Science 779, 

1131 (1973). 
4 A.F.P .M.  De Goeij, J. Th. Ververgaert and J. Van Steveninck, 

Clin. chim. Acta 62, 287 (1975). 
5 A.W. Girotti, Biocheln. biophys. Res. Commun. 72, 1367 (1976). 
6 R. Strom, C. Crif6, S. Marl, G. Federici, I. Mavelli and A. 

Finazzi-Agr6, Physiol. chem. Phys., 9, 63 (1977). 



182 

Protein loss after photohemolysis of red blood cells 

Specialia EXPERIENTIA 34/2 

Activity in the supernatant e Recovery Activity in the membranes f Recovery 
(%) (%) 

H~O hemolysis Photohemolysis H20 hemolysis Photohemolysis 
Catalase. 87,000 -b 3500 61,000 = 2000 70 30,000 :t: 2000 70,000 ~ 2000 256 
Glutathione peroxidase~ 62 xz 10 60 = 10 97 4 :x 1 4 • 1 100 
Acethylcholine esterase b 790 = 150 840 = 150 106 24,400 • 100 8,500 • 100 35 
Carbonic anhydrase~ 10.5 :x 1 11.4 = 1 108 24 :a: 1 24 ~ 1 100 
Superoxide dismutasec 0.1 -b 0.01 0.1 ~: 0.01 100 0.15 :a= 0.01 0.15 ~ 0.01 100 
Hemoglobin a 0.23 0.23 100 not determined 

The activity is expressed in ~tmoles of substrate converted/mg protein min. b The activity is expressed as described by Ellman n. c The 
superoxide dismutase activity is expressed as the amount of protein which gives a 70% inhibition of epinephrine oxidation as described by 
Misra s. a) Oxyhemoglobin content was determined by its absorption at 540 nm. e Supernatant volume was 100 ml containing 2 mg protein/ 
ml. r The ghosts were resuspended in 50 ml volume which contained 0.12 mg protein/ml. 

The enzymic  act ivi t ies  were de t e rmined  in the  s u p e r n a t a n t  
and  in the  p rec ip i ta te  pel le t  a f ter  solubil izat ion by  1% 
Tr i ton  X-100 wi th  the  following me thods :  cata lase  7, 
superoxide  d i smutase  s, carbonic  anhydrase  9, g lu ta th ione  
peroxidase  10 and ace ty lchol ines terase  11. 
Results  and  discussion. U n d e r  the  p resen t  e x p e r i m e n t a l  
condi t ions ,  13 min i r rad ia t ion  produces  comple te  lysis 
of h u m a n  normal  red blood cells, a resul t  s imilar  to  t h a t  
r epor ted  by  Girot t i  5. No difference was observed  using 
blood samples  f rom pa t i en t s  affected by  the  hemoly t ic  
disease favism, a l though  in th is  case 15% of the  cells 
appear  to w i t h s t a n d  the  pho tohemoly t i c  process.  These 
pa t i en t s  show an inher i ted  low level of glucose 6-P 
dehydrogenase  in the i r  e ry th rocy t e s  12, which a p p a r e n t l y  
makes  these  ceils more  fragile. Many  au thors  have  s tudied  
the modif ica t ions  induced  by  pho tohemolys i s  into tile 
e r y t h r o c y t e  m e m b r a n e  2-e, bu t  while Lamola  et  al. 3 
po in ted  to  the  fo rma t ion  of cholesterol  hydroperox ide  as 
responsible  of the  lyric effect,  De Goeij e t  al. ~ and more  
recen t ly  Girot t i  5 sugges ted  the  m e m b r a n e  prote ins  as 
the  p r i m a r y  t a rge t  of t he  pho toox ida t i ve  a t tack .  In  a 
previous  paper  e, we have  shown the  presence  of cho- 
lesterol  hyd rope rox ide  a f te r  pho tohemolys i  s and the  
possible repair ing effect  exer ted  by  g lu ta th ione  in bovine 
red cells. 
In  an a t t e m p t  to gain fu r the r  in format ion  concerning 
the  mechan i sm of pho tohemolys i s  and  the  defense or re- 
pai r  sys t ems  of e ry th rocy tes ,  we de t e rmined  the  act ivi-  
t ies of some red cell enzymes  before and af ter  the  pho to -  
hemolysis .  The resul ts  are r epo r t ed  in the  table.  As previ-  
ously descr ibed ~ the  m e m b r a n e - b o u n d  ace ty lchol ines ter -  
ase shows a s ignif icant  inac t iva t ion  while the  in t ra -  
e ry th rocy t i c  ac t iv i ty  of the  enzyme is unchanged  af ter  
photohemolys i s .  A 30% decrease of ca ta lase  ac t iv i ty  w a s  
also observed  wi th  a c o n c o m i t a n t  increase of cata lase  ac- 
t i v i t y  into the  m e m b r a n e  pel lets  which  however  accounts  
only  for a small  f rac t ion  of the  lost cata lase  in t e rms  of 
to ta l  ac t iv i ty  (table). Other  prote ins ,  like carbonic  an- 
hydrase ,  hemoglobin ,  g lu ta th ione  peroxidase  and super- 
oxide d ismutase ,  do no t  show any  decreased con t en t  or 
ac t iv i ty  in the  course of the  exper iment .  F u r t h e r m o r e  any  
s ignif icant  fo rmat ion  of me themog lob in  was found dur ing  
the  pho tohemolys i s  as de t e rmined  by  compar ing  the  ab- 
sorp t ion  spec t ra  of samples  ob ta ined  by  osmot ic  lysis and  
photohemolys i s .  The i r rad ia t ion  of the  red cell lysate  in 
the  presence  of p r o t o p o r p h y r i n  I X  under  the  exper imen ta l  
condi t ions  used for the  in tac t  cells, does no t  produce  any  
loss of ca ta lase  act iv i ty .  This indicates  t h a t  the  enzyme in- 
ac t iva t ion  is a specific process  associated wi th  the  cell 
in tegr i ty .  Control  expe r imen t s  made  on puri f ied samples  

showed t h a t  all the  above -men t ioned  proteins ,  wi th  the  
except ion  of superoxide  d i smutase  13, are inac t iva ted  by  
p h o t o -o x y g en a t i o n  in the  presence  of p ro toporphyr in .  
The ques t ion  m a y  arise w h e t h e r  cata lase  inac t iva t ion  
occurs as a d i rec t  consequence  of i r rad ia t ion  or as a 
secondary  damage  dur ing incuba t ion  in the  dark.  To 
check th is  point ,  the  red cells were d i s rup ted  by  osmotic  
shock jus t  a f ter  t he  i r rad ia t ion  a t  var ious  t imes and  
the  catalase  ac t iv i ty  assayed.  I t  was in fact  found t h a t  
the  remain ing  cata lase  ac t iv i ty  is equal  to  t h a t  de t e rmined  
af ter  2 h da rk  incuba t ion  and  spon taneous  hemolysis .  
Af ter  reaching a m a x i m u m  value of 30% inac t iva t ion ,  
no fu r the r  decrease of cata lase  ac t iv i ty  was ob ta ined  
even af ter  45 min  i r rad ia t ion  (i.e. when  the  lysis occurs 
under  i r radia t ion) .  
I t  is w o r t h  no t ing  t h a t  red blood cells f rom subjec ts  
af fec ted  by  favism undergo pho tohemolys i s  in the same 
way  as those  f rom h ea l t h y  people,  indica t ing  t h a t  th is  
pa thologica l  s ta te  does no t  imply  a d i f ferent  res is tance 
of cell m e m b r a n e  to ox ida t ive  a t tack .  In  this  case a 
30-40% catalase  inac t iva t ion  was observed af ter  pho to -  
hemolysis .  One th i rd  catalase  loss seems to be a th reshold  
value af ter  which hemolys is  occurs. 
While  it is impossible  a t  t he  m o m e n t  to u n d e r s t a n d  
w h e t h e r  th is  inac t iva t ion  is a crucial s tep  i n  the  pho to -  
hemoly t ic  process  or only a concomi t an t  phenomenon ,  
a few poin t s  can be made.  Catalase is no t  a s soc ia t ed  
wi th  e ry th rocy t e  m e m b r a n e  as de t e rmined  by  control led 
hemolys is  14. Never the less  dur ing  i r radiat ion,  the  catalase  
ac t iv i ty  is lost. Since the  site of the  p h o t o d y n a m i c  a t t a ck  
should be t h e  m e m b r a n e  it seems t h a t  cata lase  could 
migra te  t oward  it and  there  become select ively pho to -  
inac t iva ted ,  pe rhaps  by  cross- l inking to o the r  m e m b r a n e  
p ro te ins  5. 
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