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SUMMARY 

I. Spectroscopic titrations of ceruloplasmin with NADH, in the presence of 
trace amounts of phenazine methosulphate, demonstrate that  at pH 7.o the protein 
is capable of accepting only four electron equivalents. Changing the ambient pH to 
5.2 or preincubation with neocuproin or azide at pH 7.o does not alter the number of 
equivalents that  can be accepted. 

2. Titration curves at pH 5.2 show a different character from those obtained 
at pH 7.o and this difference is due to the species being reduced, namely the Cu(II) 
atoms. 

3. Nernst plots of the titration data demonstrate an equilibrium between 
type-I  and type-2 Cu and suggest that  ceruloplasmin contains one type- i  Cu and 
three type-2 Cu atoms. 

4. The concave character of the ti tration curve at pH 5.2 and 25 °C is due to 
a difference in redox potential of 36 mV between type-I  and type-2 Cu, together with 
the lack of absorbance of type-2 Cu. At pH 7.o there is no difference in redox po- 
tential. 

5. Neocuproin and azide both cause a difference in redox potential between 
the two types at pH 7.o. The data also support the idea that  ceruloplasmin contains 
one type-I  and three type-2 Cu atoms. 

6. Increasing concentrations of azide produce an increasing difference in redox 
potential between the two types of Cu(II). 

7. Titrations followed at 33o nm suggest that  the changes observed at this 
wavelength are induced by a conformational change of the protein. 

INTRODUCTION 

Electron paramagnetic resonance 1,2, magnetic susceptibility ~, and titration 
with ascorbate 4,5 or NADH in the presence of trace amounts of phenazine metho- 
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sulphate 6 have demonstrated that  of the eight copper atoms per molecule of cerulo 
plasmin v four are Cu(II). In contrast to this earlier work, Carrico et al.  8 have recentl 3 
published data showing that  ceruloplasmin accepts one electron for every coppeJ 
atom. 

E P R  data have shown that  the copper atoms in ceruloplasmin are not all 
equivalent 9, in fact that  three different types of copper are present, namely th~ 
paramagnetic type- I  ('blue') and type-2 ('non-blue')~, 1°, and the E P R  non-detectabk 
copper. I t  has been suggested6, ~° 1~ that  of the four paramagnetic copper atom~, 
present, two are in the form of type-I  and two are in the form of type-2. A com- 
parison has also been made between ceruloplasmin and the various forms of laccase 
which have been reported to have equal amounts of the two forms of Cu(II) (refs I0 
12). However, there is some disagreement in the literature concerning the relativt 
amounts of the two types of Cu(II) in R h u s - l a c c a s e .  Makino and Ogura 13 have 
evidence suggesting that  this protein contains one type-I  and three type-2 Cu(II). 

In this work optical titrations of ceruloplasmin with NADH in the presence 
of trace amounts of phenazine methosulphate are described. The use of phenazint 
methosulphate as an intermediary in electron transfer to cytochrome c was introduced 
by Massey 14. The technique of the titration was further developed in our laboratory 
using NADH as the electron donor in investigations on cytochrome c and cytochromc 
aa  3 (refs 15-17). 

The present investigations were initiated in order to obtain further informatior 
on the form of the titration curve under different conditions and about the distinction 
between type-I  and type-2 Cu under reducing conditions. Part  of this work has been 
published in a preliminary form 6. 

METHODS 

Human ceruloplasmin was isolated from Cohn plasma fraction IV-I  by a modi- 
fication of the method of Deutsch et al. TM. The essential alterations consisted of a 
shorter extraction (5 h) at low pH, the use of DEAE-Sephadex during the whole 
procedure and the application of the batch method in all but the last chromatography 
steps. 

An absorbance coefficient of lO.9.1o ~ M-1.cm -1 at 6 I o n m ,  calculated from 
data given in ref. 18 was used. Copper assays according to Felsenfeld ~9 and to Peter- 
son and Bollier 2° demonstrated the presence of 8 g atoms of Cu per mole ceruloplasmin 
when the concentration was determined from Ael onm. 

Titrations were carried out in Thunberg cuvettes. Initially every point in the 
titration curve necessitated the use of a separate cuvette. Later titrations were 
carried out using the special Thunberg cuvette shown in Fig. I, which enables several 
additions to be made to the reaction vessel without loss of anaerobiosis. Discrete 
quanta of NADH could be added to the lower compartment,  containing ceruloplasmin 
and phenazine methosulphate, by turning the "cul-de-sac" stopcock. 

Anaerobiosis was achieved by repeated evacuation and flushing with purified 
nitrogen or argon gas. 

Spectroscopic measurements were carried out on Cary spectrophotometers; 
Models i4, 15 and 17 . 
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Fig. i .  Special T h u n b e r g  cuve t t e  al lowing severa l  add i t ions  to be m a d e  to t he  reac t ion  c u v e t t e  
w i thou t  loss o f  anaerobiosis .  The  g raded  bu re t t e  and  the  "cu l  de s ac" - s topcock  have  approxi -  
m a t e l y  t he  s ame  bore (1.2 mm) .  

Fig. 2. Typica l  t ime  course  of t he  abso rbance  a t  61o n m  u p o n  reduc t ion  of  ce ru lop lasmin  by  ad- 
di t ion of  N A D H  and  t race  a m o u n t s  of  phenaz ine  m e t h o s u l p h a t e  unde r  anaerobic  condi t ions .  
E x p e r i m e n t a l  condi t ions :  2.25 ml ceru loplasmin ,  final concen t r a t ion  74-5/~M, in o. 3 M sod ium 
ace ta te  (pH 7.o), was  mi xed  anaerobica l ly  wi th  0.2 ml  N A D H ,  final concen t r a t i on  90/~M, in 
o . i  M Tris  HC1 buffer  (pH 8.0) and  0.05 ml  phenaz ine  m e t h o s u l p h a t e ,  final concen t r a t ion  6.0/~M. 

Cohn fraction IV-I was a gift from the Bloedtransfusiedienst (Blood bank) ol 
the Netherlands Red Cross. 

NADH, phenazine methosulphate, p-chloromercurisulphonate and Tris were 
purchased from Sigma, neocuproin was obtained from Fluka and sodium azide and 
sodium acetate were from B.D.H. DEAE-Sephadex was purchased from Pharmacia. 

RESULTS 

optical titrations at pH 7.o 
When ceruloplasmin is mixed anaerobically with limited amounts of NADH, 

in the presence of catalytic amounts of phenazine methosulphate the absorbance at 
61o nm decreases gradually until an equilibrium is reached (Fig. 2). The decline of 
absorbance in the equilibrium state is directly proportional to the amount of NADH 
added, until 2 moles of NADH, or four electron equivalents per mole of ceruloplasmin 
have been added (Fig. 3). Addition of more NADH does not result in any further 
transfer of electrons to ceruloplasmin. 

In an experiment carried out under the same conditions, except for a higher 
concentration of phenazine methosulphate (30/~M), the absorbance at 61o, 330 and 
340 nm were recorded, as well as the absorbance difference between 387 and 365 nm 
(Fig. 4)- The latter, which is a measure of the oxidized phenazine methosulphate still 
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Fig. 3. Anaerobic titration of ceruloplasmin with NADH in the presence of phenazine methosul- 
phate. Results of three different titrations are shown, all normalised to the same zJ,46~ 0 nm 
(oxidized minus reduced) (lOO%). Final concentrations of ceruloplasmin were 55 (Q), i i o  (@) 
and 137 (O) /~M. A i-cm Thunberg cuvette contained 2.25 ml of the protein solution in 0. 3 M 
sodium acetate (pH 7.0) in the reaction cuvette. One sidearm contained various amounts of NADH 
in a volume of 0.2 ml and the other o.o 5 ml of phenazine methosulphate giving a final concen- 
tration of 6/~M. After anaerobiosis was achieved, the reaction was started by tipping in NADH 
and phenazine methosulphate. The decrease in absorbance was followed until no further change 
was seen. 

Fig. 4- Changes of A el0 n m  ( C ) ) ,  A 330 n m  ( m ) ,  A 340 n m ( [ ] )  and the absorbance of oxidized phenazine 
methosulphate (measured as Ass 7 nm- 2z~365 rim) ( O ) ,  caused by increasing amounts of NADH. A 
i-cm modified Thunberg cuvette contained 3.0 ml of lO8/~M ceruloplasmin in 0. 3 M sodium ace- 
tate (pH 7.0) and 0.35 ml o.o1% phenazine methosulphate (final concentration 3 °/zM). The bu- 
rette part contained an NADH solution in 0. 3 M sodium acetate (pH 7.0). After anaerobiosis was 
achieved discrete quanta of NADH were added to the ceruloplasmin solution. Spectra were drawn 
on a Cary 17 spectrophotometer after the absorbance change had come to a standstill. The ab- 
sorbances given in the figure are all normalised to a volume of 3.0 ml. 

p resen t ,  r ema ins  u n c h a n g e d ,  un t i l  four  e l ec t ron  e q u i v a l e n t s  pe r  mole  of  ceru lo-  

p l a smin  are  added ,  whe rea s  t he  abso rbances  a t  330 a n d  340 n m  show a s ig lno ida l  

decrease .  The  di f ference in ab so rbance  b e t w e e n  330 a n d  340 n m  r ema ins  u n c h a n g e d  

t h r o u g h o u t  t he  whole  t i t r a t i on .  W h e n  more  t h a n  four  e lec t rons  are  a d d e d  A840 nm 

aga in  increases.  The  increase  d i v i d e d  b y  the  e x t r a  a m o u n t  o f  N A D H  a d d e d  agrees  

wel l  w i t h  t he  abso rbance  coeff icient  used  for ca l cu la t ion  o f  t he  N A D H  c o n c e n t r a t i o n  
(6.22" lO 3 M - l ' c m  -1) (ref. 15). 

The  abso rbance  o f  ox id i zed  p h e n a z i n e  m e t h o s u l p h a t e  a b r u p t l y  decl ines  a f t e r  

a d d i t i o n  o f  more  t h a n  four  e l ec t ron  e q u i v a l e n t s .  The  abso rbance  di f ference b e t w e e n  

387 a n d  365 n m  becomes  inc reas ing ly  more  n e g a t i v e  because  o f  t he  g r e a t e r  con t r i -  

b u t i o n  o f  t he  abso rbance  o f  t he  excess  N A D H  a t  365 n m  r e l a t i ve  to  t h a t  a t  387 nm.  
F r o m  the  c o n s t a n t  l eve l  o f  o x i d a t i o n  o f  p h e n a z i n e  m e t h o s u l p h a t e  we can  con-  

c lude  t h a t  w h e n  no t  more  t h a n  four  e l ec t rons  h a v e  been  added ,  al l  o f  these  a c t u a l l y  
r each  ce ru lop lasmin .  Th is  also m e a n s  t h a t  t he  s igmoida l  decrease  o f  t he  abso rbance  

a t  330 n m  is a p h e n o m e n o n  of  t he  r e d u c t i o n  o f  c e ru lop l a smin  itself .  
These  resu l t s  are  in a g r e e m e n t  w i t h  o t h e r  t i t r a t i o n  d a t a  found  in the  l i te ra-  

ture4, 5 a n d  fit t he  e s t ab l i shed  theory12, ~1, n a m e l y  t h a t  o f  a t o t a l  o f  e igh t  copper  a t o m s  

in ce ru lop la smin ,  four  are  n o r m a l l y  in t he  Cu(II) s t a t e  a n d  can  be reduced .  



326 A .  V E L D S E M A ,  B .  F .  V A N  G E L D E R  

A small  overshoot  of  the  decline of A~I 0 nm, las t ing IO-I5  min  was sometimes,  
but  not  usual ly  observed.  A large overshoot  was found af ter  p re incuba t ion  with 
5 mM p-ch loromercur i su lphona te  and equi l ibr ium was reached in approx.  2o min. 
Mercur ia l - t rea ted  ceruloplasmin is able to accept  8 electrons.  No effect was found on 
the absorbance  at  61o nm af ter  add i t ion  of the  mercur ia l  to ceruloplasmin.  Wi th  
respect  to both  the number  of  e lectron equiva len ts  accepted  and the degree of  over- 
shoot,  bu t  not  the t ime needed to reach equi l ibr ium,  mercur ia l - t r ea ted  ceruloplasmin 
behaves  in the same way  as repor ted  b y  Carrico et al. 8 in the i r  t i t r a t ions  at  low ionic 
s t rength.  

optical titrations at p H  5.2 
A number  of t i t r a t ions  have also been carr ied out  a t  p H  5.2 in order  to  make  

a compar ison with some t i t r a t ions  in which a different r educ tan t ,  Fe ( I I ) ,  is used 
(Veldsema, A., unpublished) .  I t  should be added  t ha t  under  anaerobic  condi t ions 
and in the  absence of phospha te  ions N A D H  is sufficiently s table  to allow these 
exper iments  to be carr ied out. 
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Fig. 5. Anaerobic titrations of ceruloplasmin at pH 5.2. The final concentration of ceruloplasmin 
was 142 t~M in o. 3 M sodium acetate buffer (pH 5.2). NADH was dissolved in o.I M sodium acetate 
(pH 7.o). Phenazine methosulphate was added as o.o5 ml of an o.oI ~o solution. The procedure was 
as described in the legend to Fig. 4. -- --, shows the theoretical curve calculated on the basis 
of the presence of one type-I and three type-2 Cu atoms, with a difference in redox potential be- 
tween the two types of 36 mV. 

Tile t i t r a t ion  curve ob ta ined  at  p H  5.2 (Fig. 5) shows tha t ,  also under  these 
condit ions,  ceruloplasmin is capable  of accept ing four e lect rons  per  molecule,  bu t  the 
t i t r a t i on  curve is concave with  respect  to the  abscissa in con t ras t  to  the  s t ra igh t  line 
ob ta ined  at  p H  7.o. 

Expe r imen t s  (not shown) s imilar  to t ha t  p rev ious ly  shown in Fig. 4, bu t  
carr ied out  a t  p H  5.2, showed tha t  phenazine me thosu lpha te  remains  oxidized unt i l  
four e lectron equiva len ts  of N A D H  are added,  and  t ha t  the  decline of Aa40 nm 
followed the same course at  p H  5.2 as a t  p H  7.0. Thus any  exp lana t ion  of the  concave 
shape of the  t i t r a t ion  curve at  p H  5.2 has to be based  upon the species being reduced,  
t ha t  is the  Cu(II)  a toms  in ceruloplasmin.  

Malmst r6m and  co-workersl,22, ~a have demons t r a t e d  t ha t  a l though different 
types  of Cu(II) are present  in ceruloplasmin,  the  absorbance  at  61o nm is a lmost  
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entirely due to the type-I  Cu. Thus we have to withdraw the opinion expressed 
earlier 6, that both type-I  and type-2 Cu contribute to the absorbance at 61o nm. Also 
there is evidence that in "blue oxidases" type I is reduced much faster than type 2 
(refs IO, 23, 24). In particular, anaerobic titrations of ceruloplasmin with Fe(II), 
measured with the EPR technique (Veldsema, A., unpublished), show that type I is 
reduced initially, followed by a redistribution of electrons over both types of Cu(II). 
Thus, there should be a redox equilibrium between type-i  and type-2 Cu. To test 
this, a Nernst plot can be made relating the redox levels of type-I and type-2 Cu. 

During the entire course of the titration the number of electrons accepted by 
ceruloplasmin is known (see Fig. 4), and A610 nm is a measure of the concentration 
of type-I  Cu since this is known to be the sole contributor to the absorbance at this 
wavelength1, 24. However, since the total number of reducible Cu(II) atoms, type i 
and type 2, is four, the number of type-I atoms can only be one, two or three. Thus 
one can calculate the fraction of type I in the oxidized and the reduced states at 
every point of the titration curve, for each possible combination of type-i and type-2 
atoms present. From the total amount of electrons added and the amount of electrons 
accumulated on type-I Cu the fraction of type-2 in the oxidized and the reduced 
state can also be calculated. 

The Nernst plots arising from combination of one type-r with three type-2 
copper atoms and of two type-I and two type-2 copper atoms are given in Figs 6A 
and 6B. For the third combination, i.e. three type-I and one type-2 copper atoms, 
the amount of electrons actually added to the system is soon insufficient to reduce 
three atoms of type-I configuration to the redox state indicated by the titration 
curve. 

A sequential transfer between a Cu(I), i.e. a reduced type-I Cu and a type-2 
Cu(II) atom in ceruloplasmin should result in a Nernst plot with a slope of one. From 
Figs 6A and 6B it can be seen that the combination that gives the result closest to 
that expected is one in which one atom of type-I configuration is combined with 
three atoms of type-2 configuration (Fig. 6A). The difference in redox potential be- 
tween type-I and type-2 Cu at )H 5.2, calculated from the Nernst plot (Fig. 6A), 
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calculation of these figures are taken from the titration curve at pH 5.2, as shown in Fig. 5. A. 
One type-i and three type-2 Cu. B. Two type-I and two type-2 Cu. 
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was found to be 36 mV with type I as the component  with the lower potential .  
An explanat ion  of the results assuming equal amount s  of type- I  and  type-2 Cu 

atoms (Fig. 6B) is the presence of two type- I  Cu atoms differing in redox potential .  
But  since there is no exper imental  indicat ion available to support  this, this ex- 
p lana t ion  seems less a t t ract ive  to us. 
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Fig. 7. Anaerobic titration of ceruloplasmin preincubated with neocuproin. Two experiments 
are shown in this figure. In the first (O), the cuvettes contained 0. 3 M sodium acetate, 5 o,uM 
cerulopiasmin and 800/~M neocuproin in a volume of 2.25 ml. Otherwise this experiment was 
carried out as described in the legend to Fig. 3. In the second experiment (G), the cuvette con- 
tained 0. 3 M sodium acetate, 168/~M ceruloplasmin, 2 mM neocuproin and 6 #M phenazine metho- 
sulphate in a volume of 3.0 ml. NADH dissolved in 0. 3 M sodium acetate (pH 7.0) was added by 
turning the stopcock. Absorbance decreases were followed after every addition, until a constant 
level was reached. The results of both experiments are normalised to the same ~A,lo nm (oxidized 
minus reduced) (lOO%). 
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Optical titrations in the presence of neocuproin 
When ceruloplasmin is incubated  with neocuproin at pH 7.o no significant 

effect on the visible spectrum is seen. Ti t ra t ion  of ceruloplasmin, after incubat ion  
with neocuproin,  resulted in the curve shown in Fig. 7. This concave t i t ra t ion  curve 
resembles tha t  obtained after t i t ra t ion  of un t rea ted  ceruloplasmin at pH 5.2 (Fig. 5)- 
The Nernst  plot shown in Fig. 8A reveals tha t  the combinat ion  of one type- I  with 
three type-2 Cu atoms again gives a slope approaching one (1.o8). Neocuproin at 
pH 7.0 causes a small change in redox potent ia l  (17 mV) between the two types of 
copper atoms. The combinat ion  of two type - i  with two type-2 Cu atoms (Fig. 8B) 
results in a slope close to 1. 5 for the midpar t  of the S-shaped curve. Although this 
result can be explained on the basis of two type- I  Cu atoms differing in redox po- 
tent ia l  and  absorbance cont r ibut ion  at 61o nm,  we prefer a ratio of one type- I  to 
three type-2 Cu atoms since no addi t ional  assumptions have to be introduced. 

The effect of azide on the titration curve 
When azide is mixed with ceruloplasmin, aerobically or anaerobically,  a small 

decrease in absorbance at 61o n m  is observed (see ref. 25), the decline in absorbance 
becoming cons tant  after about  5 min. 

The results of the t i t ra t ions  at the three different azide concentrat ions (4, IO 
and  4 ° raM) are shown in Fig. 9. The t i t ra t ion  curves previously presented in this 
paper have been calculated with reference to the absorbance of the ceruloplasmin 
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Fig. 9- Anaerobic t i t ra t ions of ceruloplasmin preincubated with azide. The final concentrat ions 
of azide were 4 mM (O), IO mM (C)) and 4o mM (I7). The final concentrat ions of ceru]oplasmin 
were, respectively, 48, 44 and 58/*M. The appropr ia te  concentrat ions of ceruloplasmin were 
mixed wi th  those of azide in a volume of 2.25 ml. Otherwise the t i t ra t ions were carried out  exactly 
as described in Fig. 3- Absorbance changes are given in relation to the absorbance obtained after  
incubat ion with azide. 

sample before treatment. In this case where preincubation of ceruloplasmin with 
azide itself causes a drop in absorbance the value obtained after preincubation with 
the appropriate azide concentration has been used as the reference. 

The titration curves with 4 and IO mM azide are slightly concave, and that 
with 4 ° mM markedly concave. As was the case at pH 5.2 or in the presence of neocu- 
proin, the concave titration curve is due to a difference in redox potential between 
the type-I  and type-2 Cu atoms (see Figs ioA and loB). Small differences in redox 
potential are found even with the lower concentrations of azide (3 and 6 mV, with 4 
and IO mM azide, respectively). With 40 mM azide the difference in redox potential 
is found to be 24 mV. 
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the data are compared in a Nernst plot, relating the redox states at 33 ° nm to those 
at 61o nm (Fig. 12). This Nernst plot could not be resolved into two one-electron step 
components by the procedure of Dutton et al. ~8, indicating that  the chromophore at 
33o nm does not take part  in a straightforward redox equilibrium with type-I  Cu. 
We may also exclude the possibility of a direct redox equilibrium with type-2 Cu 
because the straight titration line at 61o nm shows that  there is no difference in 
redox potential between the two types of Cu(II) at pH 7.o. 

In our view the absorbance changes at 33o nm are probably a reflection of a 
conformational change around the E P R  non-detectable copper atoms induced by 
the state of the protein. I t  is unlikely that  the 33o-nm chromophore is a separate 
electron acceptor, since all the electrons added to ceruloplasmin are accounted for 
by the four reducible Cu(II) atoms. Clearly more experiments are needed to establish 
the true nature of this band. 

DISCUSSION 

Our results demonstrate that  under almost all conditions tested, four electrons 
are needed to abolish the optical and magnetic properties of the prosthetic copper. 
In the presence of p-chloromercurisulphonate more than four electrons are accepted. 
In contrast to our findings, this has been found by Carrico et al. 8 in the absence of 
p-chloromercurisulphonate. However, they obtained results similar to those normally 
found by us, i.e. abolition of both optical and magnetic properties by a total of four 
electrons, when using a medium containing a high concentration of phosphate. This 
might indicate that  either in the absence of phosphate or at low ionic strength 8, a 
reversible conformational change in ceruloplasmin may be induced by prolonged 
treatment  under anaerobic and reducing conditions. This view may  be substantiated 
by the experiments of Marriot and Perkins 29, who demonstrated that  75~o of the 
prosthetic copper of ceruloplasmin is exchangeable with isotopically-labelled copper 
within I h, under reducing conditions, compared with IO% under aerobic conditions. 
In earlier experiments, Sternlieb et al. ~° could not demonstrate any exchange of 64Cu, 
i n  v ivo.  The reconstruction of ceruloplasmin from the apoprotein and added ionic 
copper by Aisen and MorelP 1 was also carried out under reducing conditions. 

The unfolding of proteins is not uncommon under reducing circumstances~2, 3a. 
Thus it is not unlikely that  unfolding of ceruloplasmin, followed by a reversible loss 
of copper, could occur upon prolonged maintainance of the reduced state, and that  
these changes would be facilitated at low ionic strength 8. 

Erickson et al. 34 observed that  the apoprotein contains four more -SH groups 
per mole of enzyme than the native protein. This might provide the basis for an 
explanation for the effect of p-chloromercurisulphonate found in the present work, 
namely that  the mercurial competes favourably with some of the copper atoms for 
their binding sites, allowing a series of changes that  could lead to a redistribution of 
the added electrons. 

Model studies also suggest copper to sulphur binding in copper proteins and 
indicate that  the valence of copper atoms is obscured by 'valence mixing '35. This is 
also consistent with the low amount of EPR-detectable copper found in cerulo- 
plasmin. 
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Some of our ceruloplasmin preparations have shown the same titration charac- 
teristics as the p-chloromercurisulphonate-treated protein, although the time for 
reaching equilibrium is much shorter in the case of the p-chloromercurisulphonate- 
treated enzyme. The results that  we have obtained with the mercurial-treated enzyme 
are similar to those obtained by Carrico et al. 8 with a crystallised preparation of 
ceruloplasmin. Poulik a6 has made a distinction between native and three times 
crystallised ceruloplasmin, the latter containing extra components. 

In conclusion it can be said that  when a difference in redox potential exists 
between the two types of Cu(II) in ceruloplasmin, a non-linear titration curve at 
61o nm is found. This difference can be visualised in Nernst plots (Figs 6, 8 and io) 
which show a slope equal to one, only when based on the presence of one type- I  and 
three type-2 Cu atoms per molecule of ceruloplasmin. This is not similar to results 
obtained from simulated E P R  spectra by Andr6asson and V~inng~rd 1°, and the values 
quoted in the review by Malkin and Malmstr6m 12 for ceruloplasmin. Pending direct 
measurement of the redox potential during the titration where a definite choice can 
be made we feel that  the presence of two type-I  Cu atoms differing in absorbance 
contribution and redox potential is less attractive. Results comparable to ours with 
ceruloplasmin have been reported for R h u s  laccase by Makino and Ogura ~3. 

ACKNOWLEDGEMENTS 

The authors wish to thank Prof. E. C. Slater for his interest and advice. Thanks 
are also due to Mr A. O. Muijsers for his critical appraisal of some of our results. 
Mr H. de Haan is gratefully acknowledged for the design and manufacture of the 
modified Thunberg cuvette. We thank Miss M. S. Mazure and Mr R. LeClercq foi 
their technical assistance. Cohn plasma fraction IV-I was generously supplied by the 
Bloedtransfusiedienst (Blood bank) of The Netherlands Red Cross. This work was 
supported by The Netherlands Organisation for the Advancement of Pure Scientific 
Research (Z.W.O.) under the auspices of the Netherlands Foundation for Chemical 
Research (S.0.N.). 

REFERENCES 

I Broman, L., Malmstr6m, B. G., Aasa, R. and VitnngS~rd, T. (1962) J. Mol. Biol. 5, 3°1-31° 
2 Kasper, C. B., Deutsch, H. F. and Beinert, H. (1963) J. Biol. Chem. 238, 2338-2342 
3 Ehrenberg, A., Malmstr6m, B. G., Broman, L. and Mosbach, R. (1962) J. Mol. Biol. 5, 45°-452 
4 LaurelI, C. B. (196o) in The Plasma Proteins (Putnam, F. W., ed.), Vol. 1, pp. 349-378, Aca- 

demic Press, New York 
5 Blumberg, W. E., Eisinger, J., Aisen, P., Morell, A. G. and Scheinberg, I. H. (1963) J. Biol 

Chem. 238 , I675-I682 
6 Gelder, B. F. van and Veldsema, A. (1966) Biochim. Biophys. Acta 13o, 267-269 
7 Holmberg, C. G. and Laurell, C. B. (I95 I) Acta Chem. Scan& 5, 476-48o 
8 Carrico, R. J., Malmstr6m, B. G. and Viinngard, T. (1971) Eur. J. Biochem. 2o, 518-524 
9 Viinng~rd, T. (1967) in Proc. 2nd Intern. Conf. on Magnetic Resonance in Biological Systems 

Stockholm, 1966 (Ehrenberg. A., Malmstr6m, B. G. and VAnngArd, T., eds), pp. 213-219 
Pergamon Press, Oxford 

io Andr6asson, L.-E. and ViinngArd, T. (197 o) Biochim. Biophys. Acta 2oo, 247-257 
i i  Malmstr6m, B. G. (1965) in Oxidases and Related Redox Systems (King, T. E., Mason, H. S 

and Morrison, M., eds), Vol. i, pp. 2o7-221, John Wiley, New York 
12 Malkin, R. and Malmstr6m, B. G. (197 o) Adv. Enzymol. 33, 177-244 
13 Makino, N. and Ogura, Y. (1971) J. Biochem. Tokyo 69, 91-1oo 
14 Massey, V. (1959) Biochim. Biophys. Acta 34, 255-256 



Cu(II) IN HUMAN CERULOPLASMIN 333 

15 Gelder, B. F. van and Slater, E. C. Biochim. Biophys. Acta (1962) 58, 593-595 
16 Gelder, B. F. van (1966) Biochim. Biophys. Acta 118, 36-46 
17 Gelder, B. F. van and Muijsers, A. O. (1966) Biochim. Biophys. Acta 118, 47-57 
18 Deutsch, H. F., Kasper, C. B. and Walsh, D. A. (1962) Arch. Biochem. Biophys. 99, 132-135 
19 Felsenfeld, G. (196o) Arch. Biochem. Biophys. 87, 247-251 
20 Peterson, R. E. and Bollier, M. (1955) Anal. Chem. 27, 1195-1197 
21 Frieden, E., Osaki, S. and Kobayashi, H. (1965) J. Gen. Physiol. No. i, part 2, 49, 213-252 
22 Malmstr6m, 13. G., Reinhammar, 13. and V~nng~rd, T. (1968) Biochim. Biophys. Acta 156, 

67-76 
23 Carrico, R. J., Malmstr6m, B. G. and VAnngArd, T. (1971) Eur. J. Biochem. 22, 127-133 
24 Malmstr6m, B. G., Finazzi Agrb, A. and Antonini, E. (1969) Eur. J. Biochem. 9, 383-391 
25 Kasper, C. 13. (1968) J. Biol. Chem. 243, 3218-3222 
26 Malkin, R., Malmstr6m, B. G. and Vi~nng~rd, T. (1969) Eur. J. Biochem. io, 324-329 
27 Reinhammar, ]3. R. M. and V~nng~trd, T. I. (1971) Eur. J. Biochem. 18, 463-468 
28 Dutton, P. L., Wilson, D. F. and Lee, C.-P. (197 o) Biochemistry 9, 5o77-5 °82 
29 Marriott, J. and Perkins, D. J. (1966) Biochim. Biophys. Acta 117, 387 394 
3 ° Sternlieb, I., Morell, A. G., Tucker, W. D., Greene, M. W. and Scheinberg, I. H. (1961) J. Clin. 

Invest. 4 ° , 1834-184o 
31 Aisen, P. and Morell, A. G. (1965) J. Biol. Chem. 240, 1974-1978 
32 Epstein, C. J., Goldberger, R. F. and Anfinson, C. B. (1963) Cold Spring Harbor Syrup. Quant. 

Biol. 28, 439-449 
33 Hibino, Y., Samejima, T., Kajiyama, S. and Nosoh, Y. (1969) Arch. Biochem. Biophys. 13o, 

617-623 
34 Erickson, J .O., Gray, R. D. and Frieden, E. (197 o) Proc. Soc. Exp. Biol. Med. 134, 117-121 
35 Hemmerich, P. (1966) in The Biochemistry of Copper (Peisach, J., Aisen, P. and Blumberg, 

W. E., eds), pp. 15-34 and pp. 269-270, Academic Press, New York 
36 Poulik, M. D. (1968) Ann. N . Y .  Acad. Sci. 151, 476-5Ol 


