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M a g n e t i c  s u s c e p t i b i l i t y  m e a s u r e m e n t s  on h a e m o p r o t e i n s  

I t  is the purpose  of this paper  to call the a t tent ion  of exper imenta l  workers  to a small sys temat ic  
error  which occurs in the s tandard  method  of de terminat ion  of the Bohr magne ton  number  of the 
iron in haemoprote ins .  I refer to the technique I of measur ing the  difference of susceptibi l i ty of a 
haemopro te in  containing a paramagnet ic  iron ion from tha t  of the same haemoprote in  wi th  a 
diamagnet ic  iron ion. For  example,  the  susceptibil i ty due to the iron in haemoglobin is obtained 
by  compar ing it wi th  t ha t  of an equimolar  concentra t ion of a diamagnetic compound  such as 
oxyhaemoglobin  or carboxyhaemoglobin .  Clearly, one defect in this very neat  method is t ha t  it is 
not  certain t ha t  the d iamagnet i sm of the protein is the same in the two compounds .  However ,  it is 
not  unreasonable  to suppose t ha t  it is so and the actual  results  obtained by this  method show tha t  
at  least it is not  a very  bad assumpt ion .  

A second assumpt ion  implicit in the method  is t ha t  the six d electrons which are paired in the 
"d iamagne t ic"  compar ison haemoprote in  do not  in fact make any  paramagnet ic  contr ibut ion to 
the susceptibili ty.  Recently,  a theoretical discussion 2 was  given of this problem for the analogous 
compounds  of the cobaltic ion Co +++. This  ion also has six d electrons and they  are paired in most  
of its compounds .  However ,  experimental ly  there is quite a large tempera ture - independent  para-  
magnet ic  susceptibil i ty associated with the cobaltic ion in these compounds.  Numerical ly it is 
about  15o. io 6 compared to 127 ° .  lO -6 expected for one unpaired electron at room tempera ture .  
This is small bu t  not  negligible. 

Our theory  shows tha t  this  pa ramagne t i sm is due to the fact tha t  a magnetic  field polarizes 
the d e group giving an induced pa r am agne t i sm  which is, therefore, independent  of tempera ture .  
In  the usual language, the field induces an orbital, not  a spin, paramagnet i sm.  We calculated this  
pa ramagne t i sm numerical ly and obtained reasonable agreement  with experiment .  Unfor tunate ly ,  
the calculation requires a knowledge of the position of the  longest wavelength singlet-singlet 
absorp t ion  band  of the metal  ion. This was  available for the  cobalt  compounds  but  is hidden below 
the much more  intense visible bands  of the porphyr in  ring in haemoprote ins .  So it is not  possible 
to make such a definite calculation in this case. 

We can however  make an estimate,  using the fact tha t  haemoprote ins  have a ligand field 
somewhere  near  the  point  where  the compound  changes f rom high-spin (or essentially ionic) to 
low-spin (or essentially covalent). This enables one to es t imate  tha t  the hidden band should lie 
at  abou t  14,ooo cm -1. (The energy of the t ransi t ion is z ] -  C from GRIFFITH AND ORGEL3; we 
assume tha t  ZI is approx,  equal to /7 f rom Table I of G R I F F I T H  4, s e e  also ORGEL 5 ; C is abou t  3,800 
cm -1 f rom CATALAN, ROHRLICH A N n  SHENSTONE6.)  Then equat ion (3) of GRIFFITH AND ORGEL 2 is 

Z = 4.o85/E, 

where  E is the  energy of the t ransi t ion.  Our est imate,  then, is X = 29o. i o 6. Z probably  lies between 
240. lO -6 and 34 ° .  IO -e. I t  is not  reasonably possible for it to lie outside the range i5o. io  -6 < Z 
400.10--6. 

So if one uses PAULING AND CORYELL'S method,  the result ing es t imate  of the susceptibil i ty 
of a pa ramagne t ic  metal  ion containing unpaired electrons is actually the difference between the 
t rue  p a r a m a g n e t i s m  of t h a t  metal  ion and the residual pa ramagne t i sm of the ion in the compar ison 
haemoprote in .  Let us call the susceptibil i ty derived by PAOLING AND CORYELL'S method Z and the 
residual pa r amagne t i sm  Z 0. Then the t rue  susceptibil i ty of the first ion is 

Z1 = Z -~- Z 0. (I) 

As X, Z 1 and Z 0 are all paramagnet ic  susceptibili t ies,  we see t ha t  Z is an underes t imate  of the t rue 
susceptibil i ty.  

The results  of susceptibil i ty measurements  are usually expressed in t e rms  of effective Bohr 
magne ton  n u m b e r s  ft. # is defined in t e rms  of Z by  the  relation ? 

ju = ~ '  Nil* (2) 

where k is Bo l tzmann ' s  cons tant ,  T the  absolute  tempera ture ,  N Avogadro 's  number  and fl the 
Bohr  magne ton  (the q u a n t u m  uni t  of magnet ic  moment) .  If  Curie's law is obeyed , / ,  is independent  
of t empera tu re .  Let  us now rewri te  equa t ion  (1) in t e rms  of t* and let fro, ffl correspond to Z 0, Z t 
respectively. Then  it follows tha t  

t*~ = / *~ + ff~, (3) 

the  other  quant i t ies  having  cancelled out. If we accept the es t imate  of 290. io 6 for X 0 then 
/z 0 ~ 0.83 at  room tempera tu re .  #0 is proport ional  to  the t empera tu re  because the susceptibil i ty 
X 0, unlike susceptibili t ies arising f rom unpaired electrons, is independent  of tempera ture .  

This leads to an uncer ta in ty  in the values of magne ton  number s  derived from exper imenta l  
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m e a s u r e m e n t s  on p a r a m a g n e t i c  haemopro te ins .  I f  /z is t he  effective B o h r  m a g n e t o n  n u m b e r  
de r ived  w i t h  neglec t  of th i s  m a t t e r  t h e n  i t  should  be rep laced  b y  

~1 = ( ~  + ~0 2) ~. 
Thus /~  a lso  wil l  h a v e  been an  unde re s t im a t e .  For/~0 = 0.83, as above,  Table  I g ives  some t y p i c a l  
correct ions.  In  o the r  words,  a /z  of 5.92 is no t to  be r ega rded  as being in  very  good a g r e e m e n t  w i t h  the  
sp in-on ly  va lue  for five u n p a i r e d  e lec t rons  and  s imi l a r ly  for o the r  n u m b e r s  of u n p a i r e d  electrons.  

T A B L E  I 

EFFECT OF C O R R E C T I O N  ON B O H R  MAGNETON NUMBERS AT ROOM T E M P E R A T U R E  

/2 1.52 2.70 4.83 5.86 5.92 
/z 1 1.73 2-83 4.90 5.92 5.98 
Correct ion o.21 o.I 3 o.o 7 o.o6 o.o6 

I m i g h t  pe rhaps  m e n t ion  t h a t  i t  is not  en t i r e ly  hopeless  to  t r y  to  d e t e r m i n e / z  0 expe r imen ta l l y ,  
for i ts  dependence  on t e m p e r a t u r e  is different  f rom t h a t  of/z 1./~0 d e t e r m i n e d  in th i s  way,  however ,  
would  also inc lude  a ny  con t r i bu t i on  f rom a change  of d i a g m a g n e t i c  suscep t ib i l i t y  of the  prote in .  

Because  the  ferric ion is in a spher ica l ly  s y m m e t r i c  sS s ta te ,  the  ILl for the  five unpa i r ed  
e lec t rons  is ve ry  l ike ly  to  be close to  the  free-spin va lue  over  a wide range  of t e m p e r a t u r e  ~ and  
so th i s  ion m i g h t  poss ib ly  serve  as an  a l t e r n a t i v e  compar i son  compound .  However ,  in m e t h a e m o -  
globin,  e lec t ron-resonance  m e a s u r e m e n t s  have  shown t h a t  the re  is a sp l i t t i ng  of th i s  eS ground  
termS, 9. The effect of th i s  on the  s u s c e p t i b i l i t y  would  be to  m a k e  i t  obey  a Curie-\Veiss law 

35Nfl2 o 
3k(T + AI) ' 

w i t h  Z] of the  order  of 20% down to t e m p e r a t u r e s  a p p r o a c h i n g  T = A. 
I a m  indeb ted  to  the  referee for his useful  comment s .  
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Reduction of cytochrome c by a resin containing a 
copper-amine complex 

]kIILLS AND DICKINSON 1 h a v e  descr ibed the  use of a res in  c o n t a i n i n g  a c o p p e r - a m i n e  complex  
( l )uol i te  S-1 o*) for t he  r e m ova l  of d issolved oxygen  from wate r .  I n  t he  ox id ized  form t he  res in  is 
b lue-green  in colour and  con ta in s  Cn ++ complexed  wi th  the  amine  groups  in t he  resin.  On reduct ion ,  
the  resin con ta ins  meta l l i c  copper  d ispersed  and]or  absorbed  in the  resin m a t r i x  and  is purp le  
coku~red wi th  a me ta l l i c  sheen. I t  has  been found t h a t  a res in  t r e a t e d  in th i s  w a y  can  be used to  
p repare  reduced  c y t o c h r o m e  c. 

A c h r o m a t o g r a p h i c  co lumn con ta in ing  a res in  bed 24 cm long and  i cm d i a m e t e r  was p repa red  1 
and  reduced  by  use of 0.5 ,~I Na2S204 in 1.25 M NaOH.  The  reduced resin was  washed  wi th  glass-  

* Suppl ied  by  the  Chemica l  Process  Company ,  Redwood  City,  Calif. (U.S.A.). 


