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F r o m  t h e  v a s t  a m o u n t  of  r e s e a r c h  e f fo r t s  d e a l i n g  w i t h  v a r i o u s  a s p e c t s  
of  r a d i a t i o n  e f f ec t s  o n  f o o d s  a n d  f o o d  c o m p o n e n t s  (11, 18, 5, 12, 19, 8, 9, 6, 
13, 15, 17, 20), i t  is  a p p a r e n t  u p  to  n o w  t h a t  m u c h  r e m a i n s  to  b e  s t u d i e d  in  
d e p t h ,  m u c h  m a y  h a v e  to  b e  a d d e d  or  c o r r e c t e d  a b o u t  r a d i a t i o n - i n d u c e d  
p h y s i c o - c h e m i c a l  c h a n g e s  in  foods .  A g r e a t  m a n y  r e a c t i o n s  t h a t  t a k e  p l a c e  
w h e n  f o o d s t u f f s  a r e  s u b j e c t e d  to  i o n i z i n g  r a d i a t i o n  a r e  s t i l l  n o t  fu l ly  
u n d e r s t o o d .  T h e  b e t t e r  u n d e r s t a n d i n g  of  s o m e  of  t h e  r a d i a t i o n - i n d u c e d  
c h a n g e s  in  p u r e  p r o t e i n s  as  s u c h  o r  in  m i x t u r e  w i t h  o t h e r  f o o d  c o n s t i t u -  
e n t s  c o u l d  y i e l d  m u c h  d a t a  w h i c h  c o u l d  b e  m e a n i n g f u l l y  e x t r a p o l a t e d  to  
i n t a c t  f o o d s  a n d  c o n s e q u e n t l y  c o u l d  h e l p  to  i m p r o v e  t h e  a s s e s s m e n t  of t h e  
w h o l e s o m e n e s s  of  i r r a d i a t e d  foods .  

I t  w a s  t h e  p u r p o s e  of  o u r  i n v e s t i g a t i o n s  to  e l u c i d a t e  s o m e  of t h e  
c h a n g e s  in  t h e  c h e m i c a l  s t r u c t u r e  of  a p u r e  p r o t e i n  (case in) ,  i r r a d i a t e d  as  
s u c h  o r  w i t h  a d d e d  c a r b o h y d r a t e  a n d / o r  l i p id .  T h e  e f f e c t  of s u b s e q u e n t  
s t o r a g e  of  t h e  i r r a d i a t e d  s o l u t i o n s  h a s  b e e n  a l so  e x a m i n e d .  T h e  f o r m a t i o n  
of  p r o t e i n  a g g r e g a t e s  w a s  s t u d i e d  b y  ge l  f i l t r a t i o n  t e c h n i q u e .  T h e  a p p l i c a -  
t i o n  of  t h i n - l a y e r  ge l  f i l t r a t i on ,  i t s  s p e e d  a n d  a d a p t a b i l i t y  to  v e r y  s m a l l  
s a m p l e s  f a c i l i t a t e d  t h e  m e a s u r e m e n t s  of t h e  e x t e n t  of  a g g r e g a t i o n  w h i c h  
o c c u r r e d  in  p r o t e i n  m o l e c u l e s  a f t e r  i r r a d i a t i o n .  

M a t e r i a l s  and m e t h o d s  

Casein soluble in alkali  (Merck, Darmstadt ,  FRG), trehalose (Serva, Heidelberg, 
FRG) and commercial  sunflower (Thomy, Karlsruhe,  FRG) were the materials used 
in the investigations. 

Preparation of casein so]utions 

Casein solutions were made  in the required concentration in 0.1 N NaOH and 
adjus ted  to pH 7.0 using di lute  solutions of HC1 or NaOH. Tween-20 was used to 
emulsify sunflower oil before being added  to casein solutions. Trehalose was added  
after being dissolved in phosphate  buffer (pH 7.2). 

Irradiation process 

The casein solutions as such or mixed with carbohydrate  or lipid were irradiated 
in air-sealed glass ampoules  surrounded with ice water during irradiation. 6~ 
Gammacel l  220 (Atomic Energy of Canada, Ltd) was used at a dose rate of about  330 
krad/hr.  
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Thin-layer gel chromatography 

Gel chromatography (14) was performed to indicate the changes in protein 
structure. The thin-layer plates (20 x 20 cm) were coated with sephadex G-200 
Superfine (Pharmacia, Uppsala, Sweden) dissolved in 0.1 N NaOH using the equip- 
ment  delivered by Desaga GmbH (Heidelberg, FRG), the slit of the spreader being 
adjusted to 0.5 mm. The samples were applied on the gel using volumes of 10 ~l. The 
plates were placed in a special chamber  and a wick of filter paper ensured the 
contact between the gel and the buffer reservoir which containted 0.1 N NaOH. The 
plates were inclined at an angle which gave a l iquid flow through the gel with about 
1 cm travelling distance in about 1 hour for myoglobin. 5 cm were considered 
sufficient for good separation of the protein samples. 

Protein detection 

The print  technique (14) was used to identify the protein patterns. The paper 
prints (SS 2040b, Schleiher & Schilll, Dassel, FRG) were stained with Amidoblack 
10B (Serva, Heidelberg, FRG). The prints after being dried in air were evaluated 
densitometrically in remission (SD 3000, SchSeffel Ins t rument  Corp., Westwood, 
N.J., U.S.A.), and the monomeric  and aggregated fractions were calculated. 

R e s u l t s  and  d i s c u s s i o n  

The  radiat ion- induced aggregat ion  in a q u e o u s  so lu t ions  of puri f ied  
prote ins  has  indicated a c lose  re lat ion b e t w e e n  the  a m o u n t s  of  aggregates  
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Fig. 2. Protein aggregation in different casein solutions irradiated at different dose 
levels. 

and  p ro te in  concen t ra t ion  (10, 2, 3). When  aqueous  solut ions  of casein were  
i r radia ted  at  1 Mrad  and  the  s amples  t h e n  sub jec t ed  to gel ch romatogra -  
phy,  it was  found  tha t  the  rad ia t ion- induced  case in  aggrega t ion  is depen-  
den t  on  p ro te in  concen t ra t ion  (fig. 1). When  these  inves t igat ions  were  
carr ied  ou t  us ing  di f ferent  rad ia t ion  dose  levels  (0.25, 0.50, 1.0 and  2.0 
]Y/_rad) wi th  d i f ferent  case in  concen t ra t ions  (1, 3, and  5%), the  resul ts  
s h o w n  in f igure  2 revea led  an  assoc ia te  increase  in p ro te in  aggregat ion  
wi th  the  increase  in rad ia t ion  dose  level. The  solut ion of 1% casein 
acqu i red  a c u r d y  a p p e a r a n c e  and  even tua l  coagula t ion  took  place at 
1 Mrad  (hence  gel f i l t rat ion of the  case in  solut ion  at  this s tage was not  
car r ied  out. I t  was  p r o b a b l e  tha t  p ro te in  dena tu ra t ion  p roceeded  s tepwise  
w i th  g radua l  increase  in inso luble  aggregates ;  thus  the  fur ther  increase  in 
rad ia t ion  dose  caused  the  fur ther  associa t ion  be tween  the  prote in  mol-  
ecules.  I t  is w o r t h y  to m e n t i o n  tha t  w h e n  casein concent ra t ions  of 1, 2.5, 
3.5, and  5% were  e x a m i n e d  wi th  radia t ion  dose  levels of 1 Mrad and  
2 Mrad,  the  gel c h r o m a t o g r a p h y  revea led  in f igures 3 and  4 indicated tha t  
the  h igher  dose  of 2 Mrad  s ignif icant ly  a l tered the  prote in  s t ructure.  
Visible insoluble  p rec ip i ta tes  occur red  in the solut ion of 1% concent ra t ion  
whi le  comp le t e  gel f o rma t ion  occur red  in the  solut ions of 2.5 and  3.5% 
concent ra t ion .  This  dose  level of 2 Mrad, however ,  did not  cause  visible 
aggrega tes  in the  casein  solut ion of 5% concentra t ion.  It  s e emed  poss ib le  
tha t  the  changes  in the  solut ions  of 1, 2.5 and  3.5% concent ra t ions  were  
due  to a l tera t ions  in the  cova len t  s t ruc ture  of the  pro te in  molecu les  
resul t ing  f r o m  rad ia t ion- induced  polymerizat ion.  At the  h igher  p ro te in  
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Fig. 3. Densitograms of unirradiated and irradiated casein solutions. 

c o n c e n t r a t i o n  of 5%, the  a m o u n t  and  the  inso lub i l i z ing  ac t ion  of r ad ia t ion-  
i n d u c e d  p r i m a r y  w a t e r  r ad ica l s  pe r  each  p ro t e in  m o l e c u l e  was  l i m i t e d  and  
c o n s e q u e n t l y  la rge  a m o u n t s  of p ro t e in  mo lecu l e s  and  so lub le  aggrega tes  
e s c a p e d  f rom inso lub i l i za t ion  and  damage .  

The  a g g r e g a t i o n - c o n c e n t r a t i o n  d e p e n d e n c e  was  also o b s e r v e d  in pre-  
v ious  s tud ies  wi th  h o r s e r a d i s h  pe rox idase ,  r i bonuc l e a s e  and  m yog l ob i n ,  
o v a l b u m i n  and  s e r u m  a l b u m i n  (10, 1, 2, 3, 4). The  e x t e n t  of r ad ia t ion-  
i n d u c e d  agg rega t ion  i nc r ea sed  wi th  t he  dec rease  in p ro t e in  concen t ra t ion .  
Our  conc lus ion  was e x p l a i n e d  as fol lows:  At  cons t an t  r ad i a t i on  dose,  
speci f ic  a m o u n t s  of p r i m a r y  w a t e r  spec ies  were  formed.  In  case  of low 
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amoun t s  of prote in  molecules  available in solut ion (dilute solutions), 
m a x i m u m  efficiency of utilizing these active water  radicals in a t tack or/ 
and in react ion with protein molecules  occurred,  t he reby  extending their  
chemical  effects on protein s t ructure  wi th  consequen t  format ion  of large 
amoun t s  of aggregates.  

Table 1 presented  the gel c h r o m a t o g r a p h y  data of the  protein-lipid 
mixtures  which  have  been  irradiated at 200 krad and  stored till 2 weeks. 
The results showed a slight increase in aggregates  wi th  storage time. This 
case happened  in the mixtures  of 3 : 1 and  1 : I ratios, whereas  there was a 
large decrease  in the induced  aggregates  of the  mix tu re  of 1 :.3 ratio. These  
results  were unexpec t ed  to happen  wi th  an irradiated protein-lipid mix- 
ture  and  stored for 2 weeks  in air. The  effects were  difficult to explain. 

Table 2 demons t ra t ed  the  data of the amoun t s  of  protein aggregates  
w h e n  the casein solutions of 2.5 and  5% were  irradiated alone or in 
combina t ion  wi th  emulsif ied sunf lower  oil. The results indicated that  the 
addi t ion of oil to the casein solutions t ended  to decrease the prote in  
aggregat ion induced  by  irradiation. The reduc ing  effect of oil on  aggre- 
gates format ion  was more  evident  with the (high) 5% casein solution. 

The combined  effects of vary ing  radiat ion dose  levels (200 krad, 
1 Mrad), the  casein concent ra t ions  of 1, 2.5 and 5% and  the oil concentra-  
t ions of 1, 2.5 and  5% are presented  in tables 1 and  2. The data clearly 
illustrate tha t  by  increasing the concent ra t ion  of casein in the casein-oil 
mix ture  f rom 1% to 2.5% and the dose  level f rom 200 krad to 1.0 Mrad, an 
increase in protein aggregat ion occurred.  However ,  the increase in aggre- 
gat ion became  lesser when  casein concent ra t ion  in the mix tu re  increased 
to 5% and  the dose  level increased f rom 200 krad  to 1.0 Mrad. Table  2 
fur ther  poin ted  out  that  by  increasing the concent ra t ion  of prote in  and  oil 
f rom 2.5 to 5%, while  the dose level was kept  cons tan t  at 1.0 Mrad, a 
reduc t ion  in prote in  aggregat ion has been observed.  I t  was possible to 
conc lude  that  the  increase in radiat ion dose level frora 200 krad  to 1.0 Mrad 
and  the lipid level f rom 1.0% to 2.5% or to 5.0% caused  the increase in the 
prote in  aggregat ion in the  two different protein solut ions (2.5 and 5%). 
This effect was p robab ly  due  to the larger increase in the amoun t s  of 
p r imary  water  radicals and/or  the lipid radiolytic p roduc t s  wh ich  could 
induce  a combined  effect  on prote in  structure.  However ,  the decrease in 
prote in  aggregat ion by  increasing prote in  concent ra t ion  f rom 2.5 to 5% 
fur ther  asser ted the close dependence  of protein aggregat ion on its con- 
centration. The  results obta ined also showed no remarkable  effect of 
s toring the irradiated mixtures  on aggregates  development .  The present  
results  agree wi th  those  found  in this labora tory  (7). It  was observed  that  in 
the presence  of fat in casein solut ion dur ing  irradiation at 5 Mrad the  
a m o u n t  of aggregates  was no t  measurab ly  affected after 2 weeks  of storage 
indicat ing no significant format ion  of protein-lipid aggregates.  

Table 3 clearly indicated that  the deve loped  large aggregat ion induced  
in irradiated casein solut ion (5%) decreased when  trehalose (5%) was 
added  to the protein solution. The presented  results showed a reduc t ion  in 
aggregat ion when  the casein-sugar  mix tures  were irradiated at 1 Mrad and  
at 2 Mrad. The lowering act ion of t rehalose on the format ion  of aggregates  
were  poss ib ly  t h rough  saving the protein molecules  f rom being a t tacked 
and  dena tured  by  the water-active species. Trehalose acted as a water  
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radical  scavenger ,  especia l ly  the" OH species  wh ich  are i m p o r t a n t  in the  
p ro te in -aggrega t ion  processes .  The  a m o u n t  of aggrega t ion  wh ich  has  b e e n  
obse rved  was  p r o b a b l y  due  to the  p ro te in  in terac t ion  wi th  the  i r radia ted  
m e d i u m .  I t  is poss ib le  to conc lude  tha t  c o m p l e x e s  m a y  have  been  f o r m e d  
b e t w e e n  p ro te in  and  the  c a r b o h y d r a t e  radiolyt ic  p roduc t s  such  as the  
ca rbony l  c o m p o u n d s  (16). I t  was  found  (16) tha t  in g lucose  solut ions 
h y d r o g e n  abs t rac t ion  --~ b y  (~H m a y  m a i n l y  occur.  P r ev ious  s tudies  wi th  
RNase  (15) and  o ther  pro te ins  in a q u e o u s  solut ion (12) p rov ided  ev idence  
tha t  the  p re sence  of c a r b o h y d r a t e  caused  a r educ t ion  in rad ia t ion- induced  
aggregat ion.  

I t  is in te res t ing  to m e n t i o n  tha t  the  addi t ion  of emuls i f ied  sunf lower  oil 
at  a concen t ra t ion  of 5% to the  case in- t reha lose  solut ion  exe r t ed  only an  
ins ignif icant  change  in p ro te in  aggrega t ion  b e h a v i o u r  ( table 3). Moreover ,  
the  gel c h r o m a t o g r a p h y  da ta  ( table 3) revea led  tha t  an  induc t ion  in p ro te in  
aggrega t ion  occur red  w h e n  the  case in  so lu t ion  in the  p r e sence  of oil has  
been  i r radia ted a t  1 Mrad,  whe reas  the  dose  of 2 Mrad  caused  only an 
i m m e d i a t e  t e m p o r a r y  gelat inized state, wh ich  has  r ecove red  grea t  pa r t s  of 
its solubi l i ty  one  day  af ter  i r radia t ion and  c o n s e q u e n t l y  the  gel separa t ion  
p r o c e d u r e  has  b e c o m e  poss ib le  at this  stage. The  p r e s e n t e d  resul ts  
ind ica ted  tha t  the  p r e s ence  of l ipid radicals  in t he  i r rad ia ted  m e d i u m  wi th  
pro te in  molecu le s  dec reased  to some  ex ten t  the  p robab i l i t y  of p ro te in  
par t ic les  of be ing  assoc ia ted  in larger  aggregates .  This  t r end  was  not  
obv ious  w h e n  the  rad ia t ion  dose  level increased  to be  2 Mrad.  This  h igh  
dose  level  (2 Mrad) p r o b a b l y  increased  the  p ro te in  dena tu ra t i on  p rocess  
wi th  c o n s e q u e n t  increase  in the  fo rma t ion  of large aggrega tes  in the  
i r radia ted  m e d i u m .  T h e  da ta  also s h o w e d  tha t  the  s torage  per iods  had  
prac t ica l ly  no c lear  effect  on the  fo rma t ion  of fu r the r  a m o u n t s  of aggre-  
gates.  Rad ia t ion , induced  aggrega t ion  in aqueous  solut ions  of myog lob in ,  
o v a l b u m i n  and  s e r u m  a l b u m i n  h a d  b e e n  inves t iga ted  (4). Moreover ,  the  
effect  of add ing  va ry ing  a m o u n t s  of ca rbohydra t e s  and  l ipids  had  been  
s tud ied  (4). T h e y  found  tha t  the  addi t ion  of c a rbohyd ra t e s  grea t ly  r educed  
the  a m o u n t  of r ad ia t ion- induced  aggregates ,  whe rea s  the  addi t ion  of l ipids 
scarcely  d imin i shed  the  t e n d e n c y  of the  i r radia ted  p ro te ins  for  aggrega-  
tion. The  a b o v e - m e n t i o n e d  s tudies  (4) also s h o w e d  tha t  if bo th  ca rbohy-  
dra tes  and  l ipids  were  inc luded  in the  i r radia ted  p ro te in  solutions,  the  
decrease  in aggrega t ion  caused  b y  the  c a r b o h y d r a t e  addi t ion  was  counter-  
ac ted  b y  the  addi t ion  of the  lipid; as increas ing  a m o u n t s  of lipid were  
added ,  the  effect  of c a r b o h y d r a t e  addi t ion  b e c a m e  smaller .  

The  p re sen t ed  e x p e r i m e n t s  h a v e  p rov ided  s o m e  in format ion  upon  
s o m e  of the  rad ia t ion- induced  chemica l  changes  in pro te in  solut ions as 
s u c h  or in the  p r e s ence  of c a r b o h y d r a t e  and /or  lipid. However ,  feeding 
e x p e r i m e n t s  wi th  an ima l s  wi th  the  use  of  va ry ing  rat ios of pro te in  : l ipid : 
c a r b o h y d r a t e  in s imu la t ed  food  m o d e l s  are necessary .  Such  s tudies  will 
he lp  in the  u n d e r s t a n d i n g  of the nut r i t ion  m e t a b o l i s m  and the physiologi-  
cal fea tures  of an ima l s  m a i n t a i n e d  unde r  var ious  i r radia ted feeding-  
regimes .  
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SLlmnlary 

R a d i a t i o n - i n d u c e d  a g g r e g a t i o n  of p r o t e i n  in  a q u e o u s  s o l u t i o n s  was  s tud ied .  
D i f f e r e n t  c o n c e n t r a t i o n s  of c a s e i n  s o l u t i o n s  h a v e  b e e n  i r r a d i a t e d  as  s u c h  or  in  t h e  
p r e s e n c e  of c a r b o h y d r a t e  a n d / o r  l ipid.  Ge l  c h r o m a t o g r a p h y  da t a  i n d i c a t e d  a c lose  
r e l a t i o n  b e t w e e n  t h e  a m o u n t s  of a g g r e g a t e s  a n d  p r o t e i n  c o n c e n t r a t i o n .  P r o t e i n  
a g g r e g a t i o n  i n c r e a s e d  w i t h  t h e  i n c r e a s e  in  r a d i a t i o n  d o s e  level.  T h e  a d d i t i o n  of 
c a r b o h y d r a t e  ( t rehalose)  r e d u c e d  t h e  a m o u n t  of r a d i a t i o n - i n d u c e d  aggrega tes ,  
w h e r e a s  t h e  sole  a d d i t i o n  of oil c a u s e d  a n  i n d u c t i o n  in  p r o t e i n  a g g r e g a t i o n  w h e n  
t h e  s o l u t i o n  was  i r r ad i a t ed  a t  1 Mrad .  H o w e v e r ,  i n s i g n i f i c a n t  c h a n g e s  in  p r o t e i n  
a g g r e g a t i o n  w e r e  o b s e r v e d  w h e n  e m u l s i f i e d  off w as  a d d e d  to  t h e  c a s e i n - t r e h a l o s e  
so lu t ion .  
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