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of to t a l  nucleoside) is accura te ly  ref lected by  the  re la t ive  
radioact iv i t ies  of the  corresponding der iva t ives  (expressed 
as coun t  ra te  of each nucleoside de r iva t ive / to t a l  coun t  
ra te  of all der ivat ives) .  A t  a to ta l  nucleoside concen t ra t ion  
below 0.0001 M, ox ida t ion  and reduct ion  were incomple te  
in 30 rain;  reac t ion  t imes  were ex tended  therefore  to 
120 rain in expe r imen t  1. The  quan t i t i e s  de te rmined  
ranged  f rom abou t  1.8 picomoles  (guanosine in experi-  
m e n t  1) to abou t  700 picomoles  (uridine and cy t id ine  in 
ex p e r i m en t  5). 

Discussion. The  d a t a  presented  in t he  Table  demon-  
s t ra te  t h a t  t he  label ing t echn ique  makes  possible a 
q u a n t i t a t i v e  analysis  of r ibose de r iva t ives  a t  the  sub- 
n a n o m o l a r  level .  The  m a i n  character is t ics  of the  nove l  
m e t h o d  are  (1) i ts  ex t r eme  sens i t iv i ty  and (2) its accuracy  
and  precis ion:  

(1) The  quan t i t i e s  de te rmined  in expe r imen t  i were  
1.8-2.8 p icomoles /compound.  Ti le  lower l imi t  for the  
label ing t echn ique  is 0.7-1.0 p icomole /compound .  Con- 
ven t iona l  opt ical  analysis  of  nucleic  acid de r iva t ives  on 
th in  layers  requires  a p p r o x i m a t e l y  5000 t imes  more  
mater ia l .  

(2) The  grea tes t  dev ia t ion  f rom the  expec ted  values  
was found to be  abou t  2.5% (adenosine and ur idine in 
expe r imen t  1), Most  va lues  were accura te  wi th in  :k 1%. 
]Relative s t andard  devia t ions  were 4- 0 .6-1 .4% in experi-  
ments  2-5 and 4- 1 .6-2.5% in expe r imen t  1. I n  our  
experience,  the  label ing m e t h o d  is more  precise a t  the  
p icomolar  level  t han  opt ica l  me thods  a t  the  nanomola r  
level. 

Zusammen[assung. Es wird eine Methode  zur quan t i t a -  
r iven  Analyse  yon  1Ribosederivaten beschrieben,  welche 
e twa  f f inf tausendmal  empf ind l icher  ist  als die spekt ro-  
pho tomet r i sehen  S tanda rdve r fah ren .  
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The Binding of Copper in Human Ceruloplasmin 

A b o u t  90% of the serum copper  is bound  to the  prote in  
ceruloplasmin.  I t  is general ly  acknowledged tha t  cerulo- 
p lasmin  plays  an  i m p o r t a n t  role in the  ma in tenance  of 
normal  copper  balance.  The  chronic  copper  tox ic i ty  of 
Wilson ' s  disease is a lmos t  invar iab ly  associated wi th  a 
def iciency of ceruloplasmin 1. The  mode  of b inding of 
copper  to  ceruloplasmin is c lear ly  an i m p o r t a n t  p rob lem 
in expe r imen ta l  medic ine  which needs inves t igat ing.  

Ceruloplasmin conta ins  8 a toms  of copper /molecule  and 
shows oxidase ac t iv i ty  towards  a n u m b e r  of a romat i c  
po lyamines  and polyphenols ,  as well as to ascorbic acid 
and a n u m b e r  of organic and inorganic  reducing  agen t s1  
R e m o v a l  of copper  f rom the  prote in  causes loss of enzyme  
ac t i v i t y  ~,a. tS~AGPER and DEUTSCH 4 found t h a t  the  acid- 
base t i t r a t ion  curves  of ceruloplasmin and apocerulo-  
p lasmin suggested t h a t  hist idyl ,  and e i ther  ty rosy l  or  
lysyl  residues could be  invo lved  in copper  binding.  
F u r t h e r m o r e  the i r  resul ts  f rom spec t ropho tomet r i c  t i t ra-  
t ions did no t  appear  to impl ica te  tyrosine.  

I f  h is t idyl  residues are invo lved  in copper  binding,  
pho toox ida t ion  of the  pro te in  m a y  be expected  to lead to 
loss of copper  and of enzyme  ac t iv i ty ,  since these  residues 
are readi ly  des t royed in t he  process ~. The  results  ob ta ined  
in the  p resen t  work  indicate  t h a t  pho toox ida t ion  does 
cause a rap id  loss of enzyme  ac t i v i t y  concomi tan t ly  wi th  
loss of copper.  

Ceruloplasmin (copper con ten t  0.32-0.34 %) was photo-  
oxidized in the  presence of me thy lene  blue and oxygen  in 
\Varburg  flasks essent ia l ly  as descr ibed by  WEIL and  
BUCHERT 5. The  flasks conta ined  4-10 nag ceru loplasmin  
and 0.1 m g  me thy lene  blue dissolved in 2.0-2.5 ml  buffer.  
The  gas phase  was air. The  flasks were  i r rad ia ted  f rom 
below by  means  of 150 W lamps placed 12 cm f rom the  
flasks. The  procedure  was carr ied  o u t  in a da rkened  
r o o m . . A t  t h e  end of a per iod of pho toox ida t ion  the  
solut ions were r emoved  f rom t h e  flasks and 0.1 ml  por t ions  
were  used for the  es t imat ion  of p -pheny lened iamine  (PPD)  
oxidase  a c t i v i t y  6. The  remainder  of  t he  sample  was 

t rea ted  wi th  a small  a m o u n t  of  charcoal  to r emove  the  
dye, and then  dialysed agains t  several  changes of de- 
ionized wate r  a t  4°C. Por t ions  were then  used for the  
de te rmina t ion  of copper  ~, t r y p t o p h a n  s, and of his t id ine  
and tyros ine  by  means  of a Technicon amino  acid analyser  
af ter  hydrolys is  in 6 N  HC1 for 22 h a t  106 °C. 

The  F igure  shows the  ra te  of loss of P P D  oxidase 
ac t iv i ty  and his t idine residues wi th  t ime  of pho toox ida -  
t ion.  This  expe r imen t  was pe r fo rmed  wi th  10 m g  cerulo- 
p lasmin in 0 . 2 M  phospha te  buffer,  p H  8.0, a t  11 °C. W h e n  
the  residual  P P D  oxidase ac t i v i t y  was less t han  20%, 
abou t  60% of the  his t idine had been dest royed.  At  this 
po in t  (6 h pho toox ida t ion ;  oxygen  consumpt ion  6.33 
~zmoles) 7% of the  tyros ine  and 60% of the  t r y p t o p h a n  
had been destroyed.  Af te r  dialysis agains t  deionized 
wate r  and passage th rough  a co lumn of chela t ing  resin 
(Chelex 100, S igma Chemical  Co., St. Louis,  Mo., USA)  
the  a m o u n t  of copper  remain ing  was found to  be 15.9% 
of t h a t  in the  non- i r radia ted  control  sample.  

The  pho toox ida t ion  reac t ion  was found to be s t rongly  
dependen t  on bo th  t e m p e r a t u r e  and pFI (see Table).  The  
ra te  of oxygen  up take  was 2-3 t imes  more  rapid  a t  37 °C 
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t h a n  a t  10°C. O t h e r  p r o t e i n s  b e h a v e  s imi la r ly  d u r i n g  
p h o t o o x i d a t i o n  0,x0 i n d i c a t i n g  t h a t  t he  r eac t i on  is n o t  
p u r e l y  pho tochemica l .  Mos t  a t t e n t i o n  shou ld  be  g iven  to  
e x p e r i m e n t s  p e r f o r m e d  a t  low t e m p e r a t u r e ,  s ince i t  is 
r e p o r t e d  t h a t  t h e  lower  t h e  t e m p e r a t u r e  t h e  more  specific 
is t h e  r eac t i on  for  d e s t r o y i n g  h i s t idy l  res idues  ~°. 

T h e  effect  of i nc reas ing  t h e  p H  was  to  increase  t h e  r a t e  
of loss of P P D  oxidase  a c t i v i t y  (Table) .  Th i s  also ha s  
b e e n  f o u n d  w i t h  o t h e r  e n z y m e s  :x,x*, a n d  h a s  b e e n  a t t r i b -  
u t e d  to  t h e  f ac t  t h a t  on ly  t h e  free imidazo le  base  is 
pho toox id i zed .  H i s t i d i n e  is t h e  on ly  p h o t o s e n s i t i v e  a m i n o  
ac id  whose  d e s t r u c t i o n  e x h i b i t s  p H  d e p e n d e n c e  in t h e  
p H  4 -8  reg ion  :~. 

Two  e x p l a n a t i o n s  a re  poss ible  for  t h e  o b s e r v e d  loss of 
P P D  ox idase  a c t i v i t y  b y  c e r u l o p l a s m i n  w h e n  i t  is sub-  
j ec t ed  to  p h o t o o x i d a t i o n .  T h e  f i r s t  is t h a t  p h o t o o x i d a t i o n  
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Time course of loss of PPD oxidase activity (O) and destruction of 
histidine (z]) during photooxidation of human eeruloplasmin at 11 °C. 
The Warburg flasks contained 10 mg ceruloplasmii1 and 0.I mg 
methylene blue in 2 ml 0.2 M phosphate buffer, pH 8.0. 

Photooxidation of human eerulopIasmill ill the presence of methylene 
blue under different conditions of temperature and pH 

Conditions during Amount of PPD Amount of copper 
photooxidation oxidaseremaining remaining after 

after 90 min (%) 
30 min 90 min 
(%) (%) 

Phosphate, pH 8.0, 10 °C 57.8 31.6 29.1 
Phosphate, pH 8.0, 25 °C 26.0 5.1 11.8 
Phosphate, pH 8.0, 37 °C 9.0 2.7 2.6 

Acetate, pH 6.0, 10 °C 80.3 66.8 52.6 
Phosphate, pH 7.0, 10 °C 64.3 44.1 41.8 
Phosphate, pH 8.0, 10°C 51.i 25.7 21.2 
Borate, pH 9.2, 10 °C 10.0 0.0 8.8 

The reaction mixture consisted of 4 rllg ceruloplasmin in 2 ml buffer 
ill the temperature-dependence experiments, and 6 mg ceruloplasmin 
in 2.5 ml buffer in the pH-dependenee experiments. Methylene blue, 
0.1 mg/flask, was present in all cases, and all buffers were 0.2 M. 

causes  specific d e s t r u c t i o n  of h i s t i dy l  res idues  inc lud ing  
those  in t h e  ac t ive  site. T h e  second is t h a t  d e s t r u c t i o n  of 
h i s t i dy l  a n d  o t h e r  res idues  leads  to  changes  in t h e  con-  
f o r m a t i o n  of t he  whole  p r o t e i n  molecule  w h i c h  cause  dis- 
t o r t i o n  a n d  the re fo re  i n a c t i v a t i o n  of t h e  ac t ive  s i te  13. 
F i r s t  o rder  k ine t ics  for loss of a c t i v i t y  d u r i n g  p h o t o -  
o x i d a t i o n  h a v e  been  obse rved  for a n u l n b e r  of e n z y m e s  :1,:2, 
a n d  in some cases i t  h a s  b e e n  poss ible  to  show t h a t  t h e  
r a t e  c o n s t a n t s  for  loss of a c t i v i t y  a n d  for  d e s t r u c t i o n  of 
c e r t a i n  h i s t idy l  res idues  are  i den t i ca l : : .  I n  t h e  case of 
c e r u l o p l a s m i n  f i rs t  o rde r  k ine t i c s  for  t h e  loss of  P P D  
ox idase  a c t i v i t y  were  n o t  obse rved ,  e x c e p t  poss ib ly  for  
t h e  f i r s t  p a r t  of t h e  r eac t i on  curve .  Never the less ,  t he  
r e l a t i onsh ip  b e t w e e n  t h e  d e s t r u c t i o n  of h i s t i dy l  res idues  
a n d  loss of P P D  ox idase  a c t i v i t y  (Figure)  s t r ong ly  sug-  
gests  t h a t  h i s t i dy l  res idues  a re  essen t ia l  for  a c t i v i t y .  T h a t  
e x t e n s i v e  c h a n g e s  in  t h e  t e r t i a r y  s t r u c t u r e  oI t he  p r o t e i n  
d id  n o t  t a k e  p lace  m a y  b e  in fe r red  f rom t h e  f ac t  cernlo-  
p l a s m i n  w h i c h  h a d  b e e n  p h o t o o x i d i z e d  for  2 h s t i l l  r e a c t e d  
w i t h  a specif ic  a n t i s e r u m i n  i m m u n o e l e c t r o p h o r e s i s , t h o u g h  
t i le  m o b i l i t y  of t h e  p r o t e i n  was  increased .  

R e a c t i o n  of h i s t i d ine  res idues  w i t h  t h e  d i a z o n i u m  
r e a g e n t  d i a z o - l - H - t e t r a z o l e  :4 ( D H T )  also r e su l t ed  in  loss 
of P P D  oxidase  ac t iv i ty .  D H T  was  a d d e d  to  2.65 × 10-%1~ r 
c e r u l o p l a s m i n  in 0 . 6 7 M  b i c a r b o n a t e  buffer ,  p H  8.8, u p  
to  a f inM c o n c e n t r a t i o n  of 3 × 10-23f .  Af t e r  20 m i n  a t  
r o o m  t e m p e r a t u r e  t h e  a b s o r b a n c e  a t  480 n m ,  w h i c h  is 
d u e  to bis-azotized his t id ine ,  was  recorded .  P P D  ox idase  
a c t i v i t y  was  m e a s u r e d  a f t e r  d ia lys i s  of t h e  r e a c t i o n  
m i x t u r e  a g a i n s t  d is t i l led  water .  

D H T  caused  50% i n h i b i t i o n  of P P D  ox idase  a c t i v i t y  
a t  a c o n c e n t r a t i o n  of 7.5 × 10-~M, a n d  100% i n h i b i t i o n  
a t  a c o n c e n t r a t i o n  of  3 X 10-3M.  A t  t h e  p o i n t  where  50% 
i n h i b i t i o n  occurred ,  i t  was  ca l cu la t ed  t h a t  a b o u t  1.5 his-  
t i dy l  r e s idues /molecu le  of p r o t e i n  h a d  b e e n  bis-azotized. 
Comple t e  loss of a c t i v i t y  occu r red  well before  bis-azotiza- 
t i on  of t y ro sy l  residues.  

These  f ind ings  are  d i f f icu l t  to  i n t e r p r e t  b y  t h e m s e l v e s  
because  D H T  forms  colourless  mono-azo-derivatives be- 
fore bis-azotization of h i s t i dy l  res idues  cominencesXL 
However ,  i t  does i nd i ca t e  t h a t  h i s t idy l ,  r a t h e r  t h a n  
t y r o s y l  res idues  are  i m p o r t a n t  for t h e  P P D  ox idase  
a c t i v i t y  of ce ru lop lasmin ,  as  m a y  be  deduced  f rom p h o t o -  
o x i d a t i o n  e x p e r i m e n t s  :5. 

Zusammenfassung. Mit  P h o t o o x y d a t i o n  u n d  Diazo t ie -  
r u n g  wird  gezeigt ,  dass  H i s t i d i n r e s t e  a n  de r  B i n d u n g  v o n  
K u p f e r  a n  Cae ru lop l a smin  be te i l ig t  s ind.  
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