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I. INTRODUCTION 

A. Isolation Parameters 

With a view to the isolation of immunoglobulins, as well as of 

all other biopolymers, one must make use of those physicochemical 

properties or parameters that are peculiar to the polymer in ques- 

tion, and that are quantitatively different from the physicochem- 

ical properties of the other accompanying (but unwanted) polymers. 

There are five fundamentally different physicochemical parameters 

of biopolymers: solubility, electric charge, surface tension, size 
and shape, and ligand specificity. 
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CHARACTERIZATION OF IMMUNOGLOBULINS 133 

I n  an ear l ier  review on t h e  s e p a r a t i o n  of plasma p r o t e i n s  i n  

g e n e r a l ,  w r i t t e n  almost  f i f t e e n  y e a r s  ago f o r  t h e  f i r s t  volume of 

t h e  predecessor  of t h i s  S e r i e s  , only f o u r  of t h e s e  f i v e  parameters  

were t r e a t e d .  It w a s  on ly  d u r i n g  t h e  last few y e a r s  t h a t  t h e  sur -  

1 

n 

f a c e  t e n s i o n  of p r o t e i n s  became recognized as a n  i n t r i n s i c  proper tyL 

- and as t h e  parameter  i n s t r u m e n t a l  i n  t h e i r  s e p a r a b i l i t y  v i a ,  e . g . ,  

hydrophobic i n t e r a c t i o n  chromatography . 3 

B.  I s o l a t i o n  S t r a t e g i e s  

D i f f e r e n t  biopolymers may have one o r  two of  t h e s e  parameters  

i n  common, b u t  they  never q u a n t i t a t i v e l y  s h a r e  a l l  f i v e  of them. 

Thus t h e  most s u c c e s s f u l  s t r a t e g y  f o r  i s o l a t i n g  any g iven  biopoly-  

m e r ,  e . g . ,  a n  immunoglobulin, from a mixture ,  c o n s i s t s  of a combina- 

t i o n  of two o r  more methods, each one of  which d i s c r i m i n a t e s  f o r  2 

d i f f e r e n t  physicochemical parameters .  IgM i n  whole serum, f o r  

example, h a s  i t s  s i z e  i n  common w i t h  a 2  macroglobul in ,  and i t s  

e l e c t r i c  charge w i t h  many o t h e r  $-globul ins .  Thus a two-step pro- 

cedure,  i n  which one s t e p  i s o l a t e s  t h e  p r o t e i n s  of 800,000-900,000 

Mw, w h i l s t  a second s t e p  s e l e c t s  t h e  $-globul ins ,  should i n  p r i n -  

c i p l e  r e s u l t  i n  v i r t u a l l y  pure  IgM. I n  theory t h i s  is  indeed s o ,  

bu t  i n  p r a c t i c e  a few more s t e p s  are d e s i r a b l e ,  e .g . ,  an  i n i t i a l  

p r e c i p i t a t i n g  s t e p ,  t o  e l i m i n a t e  90% of t h e  i r r e l e v a n t  p r o t e i n s ,  a s  

w e l l  as one o r  two u l t r a f i l t r a t i o n  s t e p s ,  t o  c o u n t e r a c t  t h e  consid- 

e r a b l e  d i l u t i o n  t h a t  accompanies p r a c t i c a l l y  a l l  s e p a r a t i o n  pro-  

c e s s e s .  A d r a s t i c  improvement i n  p u r i f i c a t i o n  can u s u a l l y  b e  ob- 

t a i n e d  by s e l e c t i n g  a d i f f e r e n t  i s o l a t i o n  parameter  as  a b a s i s  f o r  
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t h e  n e x t  p u r i f i c a t i o n  s t e p .  R e p e t i t i o n  of  t h e  procedure  

seldom l e a d s  t o  s i g n i f i c a n t l y  enhanced p u r i t y .  

11. SOLUBILITY 

A .  P r e c i p i t a t i o n  by P r o t e i n - P r o t e i n  I n t e r a c t i o n  

Ant ibodies ,  be ing  p r o t e i n s  and t h u s  amphoteres ,  have p o s i t i v e l y  

as w e l l  as n e g a t i v e l y  charged s i tes ,  which can  cause  them t o  b i n d  

t o  each o t h e r  and form l a r g e  i n s o l u b l e  complexes. Three c o n d i t i o n s  

favor  such p r o t e i n - p r o t e i n  i n t e r a c t i o n s :  1) a pH c l o s e  t o  t h e  

i s o e l e c t r i c  p o i n t  of t h e  p r o t e i n  (which c r e a t e s  a s i t u a t i o n  where 

t h e  p o s i t i v e  charges  e q u a l  t h e  n e g a t i v e  charges  of t h e  p r o t e i n  

molecule ,  l e a d i n g  t o  opt imal  p r o t e i n - p r o t e i n  i n t e r a c t i o n ) ;  2) a 

low i o n i c  s t r e n g t h  of t h e  medium (which removes t h e  i o n s  t h a t  would 

o therwise  s h i e l d  t h e  p r o t e i n ' s  charges ,  t h u s  g i v i n g  r i se  t o  p r o t e i n -  

p r o t e i n  i n t e r a c t i o n ,  e s p e c i a l l y  of  "euglobul ins")  ; 3) a low d i -  

e l e c t r i c  c o n s t a n t  of  t h e  medium (which enhances t h e  a t t rac t ive  

Coulombic i n t e r a c t i o n  energy between' t h e  p r o t e i n  d i p o l e s ) ,  g e n e r a l l y  

achieved through t h e  a d d i t i o n  of water -misc ib le  o r g a n i c  s o l v e n t s ,  

such as e t h a n o l  o r  e t h e r  . The major drawback of  p r e c i p i t a t i o n  

through p r o t e i n - p r o t e i n  i n t e r a c t i o n s  l i e s  i n  t h e  ( p a r t l y  irrevers- 

i b l e )  p r o t e i n  d e n a t u r a t i o n  and/or  a g g r e g a t i o n  they g i v e  rise t o .  

Thus human IgG, t h e  major component of Cohn's F r a c t i o n  11, produced 

on a l a r g e  s c a l e  by p r e c i p i t a t i o n  from pooled plasma through t h e  

admixture  of c o l d  e t h a n o l ,  comprises  up t o  15% of (10 S) dimers  as 

w e l l  as  a smaller p r o p o r t i o n  o f  h i g h e r  polymers. P r e c i p i t a t i o n  o f  

immunoglobulins as e u g l o b u l i n s  (e .g . ,  a s i z e a b l e  f r a c t i o n  of  t h e  

4 
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CHARACTERIZATION OF IMMUNOGLOBULINS 135 

IgM) through lowered i o n i c  s t r e n g t h  a l s o  causes  a c e r t a i n  degree of 

i r r e v e r s i b l e  d e n a t u r a t i o n .  R e s o l u b i l i z i n g  e u g l o b u l i n s ,  p r e c i p i t a t e d  

a t  low i o n i c  s t r e n g t h ,  by t h e  a d d i t i o n  of n e u t r a l  salts  i s  a l l u d e d  

t o  as " s a l t i n g  in" .  

P r e c i p i t a t i o n  induced by protein-complex formation through t h e  

a d d i t i o n  of heavy metal (Zn*, Cu*, e t c . )  o r  organic  i o n s  (e .g .  

R i v a n 0 1 ) ~  a l s o  tends  t o  g i v e  rise t o  some degree of d e n a t u r a t i o n .  

B .  P r e c i p i t a t i o n  by Dehydration 

P r e c i p i t a t i o n  of  p r o t e i n s  by dehydra t ion ,  when done by t h e  

admixture of concent ra ted  s a l t  s o l u t i o n s ,  is  a l s o  c a l l e d  " s a l t i n g  

out" .  S a l t i n g  o u t  i s  most e f f e c t i v e  w i t h  completely i o n i z e d  n e u t r a l  

s a l t s  w i t h  p l u r i v a l e n t  co-ions ( i . e .  i o n s  of t h e  same s i g n  of charge 

as t h a t  of t h e  n e t  charge of  t h e  p r o t e i n s  t o  be p r e c i p i t a t e d ) .  

S u l f a t e s  f i t  t h e s e  requirements  most c l o s e l y  and mainly owing 

t o  i t s  h i g h  degree  of s o l u b i l i t y ,  (NH4)2S04 i s  by f a r  t h e  s a l t  most 

used f o r  s a l t i n g  o u t .  S a l t i n g  o u t  w i t h  (NH ) SO i s  a u s e f u l  f i r s t  

s t e p  i n  t h e  i s o l a t i o n  of immunoglobulins from whole serum, as i t  

can s i g n i f i c a n t l y  reduce t h e  t o t a l  l o a d  of undes i red  p r o t e i n s  i n  

one s t e p .  The immunoglobulins can a l l  be p r e c i p i t a t e d  i n  t h e  pres-  

ence of 1 / 3  s a t u r a t e d  (NH ) SO 

Upon p r e c i p i t a t i o n  of t h i s  immunoglobulin-containing f r a c t i o n ,  one 

e l i m i n a t e s  75% of  t h e  ( i r r e l e v a n t )  p r o t e i n s  i n  t h e  superna tan t .  

The most s o l u b l e  p r o t e i n ,  serum albumin, on ly  completely p r e c i p i t a t e s  

i n  t h e  presence of 100% s a t u r a t e d  (NH4)2S04 . 
t e i n s  is an unusual ly  mild p r e c i p i t a t i o n  method, caus ing  e s s e n t i a l l y  

no p r o t e i n  d e n a t u r a t i o n .  

4 2  4 

( s a t u r a t e d  (NH4)2S04 i s  M 4M). 4 2  4 

4 S a l t i n g  o u t  of pro- 
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The p r i n c i p a l  drawback of t h e  s a l t i n g  o u t  s t e p  is  t h e  n e c e s s i t y  

f o r  removing c o n s i d e r a b l e  amounts of salt s t i l l  p r e s e n t  i n  t h e  re- 

d isso lved  p r e c i p i t a t e ,  r e q u i r i n g  r e l a t i v e l y  long  p e r i o d s  of  d i a l y s i s .  

Another more s e r i o u s  drawback i s  t h e  fo l lowing:  When used f o r  t h e  

i s o l a t i o n  of s o l u b l e  immune complexes o r  f o r  t h e  i s o l a t i o n  of  Ag-Ab 

complexes f o r  a f f i n i t y  de te rmina t ion ,  t h e  s a l t i n g  o u t  method may 

cause t h e  l o s s  of  a s i z e a b l e  p r o p o r t i o n  of some complexes, as t h e s e  

s a l t  c o n c e n t r a t i o n s  f a v o r  t h e  d i s s o c i a t i o n  of c e r t a i n  ( e . g . ,  DNA/ 

anti-DNA) Ag-Ab complexes of low t o  medium a f f i n i t y  . 596 

One of  t h e  b e s t  non-ionic p r o t e i n - p r e c i p i t a t i n g  s o l u t e s  i s  

polye thylene  g l y c o l ,  of a molecular  wefght 6,000 (PEG - 6000) ,  which 

can be used f o r  t h e  s e l e c t i v e  p r e c i p i t a t i o n  of  IgG4’7, a l though i t  

is  somewhat less s u i t a b l e  than  (NH4)2S04 f o r  u s e  as a f i r s t  s t e p  i n  

t h e  i s o l a t i o n  of immunoglobulins from whole serum. PEG-6000 however 

l a c k s  t h e  drawback of (NH4)2S04 of d i s s o c i a t i n g  c e r t a i n  Ag-Ab com- 

p lexes .  Indeed, p r e c i p i t a t i o n  w i t h  PEG-6000 is  most u s e f u l  i n  t h e  

i s o l a t i o n  of small immune complexes . Whilst PEG-6000, l i k e  t h e  

o t h e r  po lye thylene  g l y c o l s  and (NH4)2S04, is  a s t r o n g  dehydra t ing  

agent ,  s teric exc lus ion  of  p r o t e i n  molecules from t h e  i n t e r s t i c e s  

between i t s  c o i l s  a l s o  c o n t r i b u t e s  s t r o n g l y  t o  t h e  p r o t e i n - p r e c i p i -  

t a t i n g  e f f e c t  , 

a 

9 

111. ELECTRIC CHARGE 

A. I o n  Exchange Chromatography 

A s  a y-globul in ,  IgG i s  among t h e  serum p r o t e i n s  wi th  t h e  

lowest  e l e c t r i c  charge and thus  e s p e c i a l l y  easy t o  i s o l a t e  by i o n  
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CHARACTERIZATION OF IMMUNOGLOBULINS 137 

exchange chromatography, wi thout  a c t u a l l y  b inding  i t  t o  t h e  i o n  

exchange material .  For t h a t  purpose,  t h e  p o s i t i v e l y  charged d i e t h y l  

aminoethyl  (DEAE) c e l l u l o s e ,  o r  DEAE SephadexR (cross- l inked d e x t r a n  

w i t h  DEAE l i g a n d s )  are t h e  materials of choice .  A t  pH 7 . 5  e s s e n t i a l 1  

a l l  IgG, and none of t h e  o t h e r  serum p r o t e i n s ,  i s  p o s i t i v e l y  charged,  

as i s  t h e  an ion  exchanger. Thus a l l  o t h e r  serum p r o t e i n s  are bound 

t o  t h e  column, and IgG passes  through devoid of t h e  o t h e r  serum 

p r o t e i n s  ( see  Table I1 13-2); f o r  more d e t a i l s  on t h e  methodology 

see, e .g .  10.  For o t h e r  purposes  (e .g . ,  f o r  t h e  s e p a r a t i o n  of 

immunoglobulin f r a c t i o n s ,  see below),  n e g a t i v e l y  charged ( c a t i o n )  

exchangers may be u s e f u l ,  such as carboxy methyl (CM) c e l l u l o s e .  

"Chromatofocusing" i s  a novel  v a r i e t y  of  i o n  exchange chroma- 

It mainly tography,  f i r s t  descr ibed  by Sluyterman and Wijdenes'l. 

d i f f e r s  from t h e  i o n  exchange procedure used i n  s e p a r a t i n g  many 

p r o t e i n s  from a mixture  (employing a pH-gradient f o r  e l u t i o n ) ,  i n  

t h e  use of ampholyte b u f f e r s  ( s e e  Sec t ion  C ,  below) f o r  e l u t i o n ,  

which g i v e s  rise t o  a c e r t a i n  l o c a l i z e d  c o n c e n t r a t i n g  e f f e c t  of 

each f r a c t i o n ,  hence t h e  name "focusing" ( s e e  a l s o  " i s o e l e c t r i c  

focusing", Sec t ion  C ,  below). There are as y e t  few publ i shed  

a p p l i c a t i o n s  t o  t h i s  method of immunoglobulin i s o l a t i o n 1 2 ,  bu t  t h e  

method c e r t a i n l y  should be considered as a l i k e l y  improvement over  

ord inary  i o n  exchange methods. 

Whils t  i o n  exchange i s  one of t h e  s i m p l e s t  methods f o r  i s o l a t -  

i n g  immunoglobulins ( e s p e c i a l l y  IgG), i t  i s  n o t  t h e  most e f f i c i e n t  

one, as a s p e c i f i c  a d s o r p t i o n  s t i l l  i s  an  impor tan t  source  of immuno- 

g l o b u l i n  l o s s .  The y i e l d  of IgG-class a n t i b o d i e s ,  ob ta ined  by DEAE- 
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c e l l u l o s e  i o n  exchange from a g iven  an t i se rum u s u a l l y  i s  n o t  more 

than  60 - 80%; somewhat b e t t e r  y i e l d s  are o b t a i n a b l e  when t h e  more 

h y d r o p h i l i c ,  bu t  a l s o  more expensive DEAE-SephadexR is  used. 

B .  E l e c t r o p h o r e s i s  

Zone ( o r  "block") e l e c t r o p h o r e s i s  i s  s l a b s  of packed p a r t i c l e s ,  

such as starch'', o r  polymer p a r t i c l e s  (e .g .  of "pevikon", poly- 

s t y r e n e  o r  g l a s s  beads) ,  o r  of (0.5%) agarose  ge ls13  i s  a s imple 

and e f f i c i e n t  method f o r  s e p a r a t i n g  serum g l o b u l i n s  accord ing  t o  

charge,  from q u a n t i t i e s  of t h e  o r d e r  of 50 t o  500 mg t o t a l  p r o t e i n .  

The least l o s s e s  due t o  a s p e c i f i c  a d s o r p t i o n  are o b t a i n a b l e  w i t h  

the  most h y d r o p h i l i c  carrier materials i . e . ,  s t a r c h  b locks  (with a 

60 t o  80% y i e l d )  o r  agarose  g e l s  (with a 70 t o  80% y i e l d ) .  On 

account of cons iderable  J o u l e i a n  h e a t  development, t h e  e lec t rophore-  

sis i s  b e s t  done i n  a c o l d  room, a t  +4OC,  a t  f a i r l y  low f i e l d  

s t r e n g t h s ,  so t h a t  a s e p a r a t i o n  t a k e s  24 hours .  A t  t h e  conclus ion  

of an  e l e c t r o p h o r e t i c  run,  t h e  b lock  i s  c u t  up i n  narrow (5-10 mm 

wide) slices and each s l ice  p laced  i n t o  a s i n t e r e d  (coarse)  g l a s s  

funnel  which i n  i ts  t u r n  s t a n d s  i n  a ( 350 m l )  polypropylene c e n t r i -  

fuge tube and spun a t  1,000xG f o r  5 minutes". 

b locks  are used,  t h e  i n d i v i d u a l  slices are placed i n  c e n t r i f u g e  

tubes ,  f rozen  t o  -2OOC and kept  a t  t h a t  temperature  overn ight .  

A f t e r  thawing t h e  s o l u b l e  p r o t e i n  f r a c t i o n  i s  s e p a r a t e d  from t h e  

agarose p e l l e t  by c e n t r i f u g a t i o n  . I n  both  cases t h e  g l o b u l i n  

y i e l d  can b e  much enhanced by a d d i t i o n a l  washing and r e c e n t r i f u g a -  

t i o n  of t h e  s l u r r y  i n  t h e  s i n t e r e d  g l a s s  f u n n e l s ,  o r  of t h e  agarose  

p e l l e t s .  

When 0.5% agarose  

13 
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Most f r e e  l i q u i d  e l e c t r o p h o r e t i c  methods have no advantage  

over  t h e  s o l i d  suppor t  methods ( d i s c u s s e d  above) f o r  p r e p a r a t i v e  

immunoglobulin s e p a r a t i o n s .  Free f low e l e c t r o p h o r e s i s  between two 

c l o s e l y  spaced f l a t  p l a t e s ,  e n d l e s s  b e l t  e l e c t r o p h o r e s i s ,  s t a b l e  

flow e l e c t r o p h o r e s i s ,  and h o r i z o n t a l  r o t a t i n g  c y l i n d e r  e l e c t r o p h o r e -  

sisI4 a l l  are much more complicated t o  use  than  b lock  e l e c t r o p h o r e s i s  

and capable  of  p r o c e s s i n g  only  small amounts of p r o t e i n .  The same 

h o l d s  f o r  s t a t i c  l i q u i d  column e l e c t r o p h o r e s i s ,  s t a b i l i z e d  by means 

of a d e n s i t y  g r a d i e n t .  However, a number of t h e s e  f r e e  l i q u i d  e l e c -  

t r o p h o r e t i c  methods are u s e f u l  f o r  t h e  s e p a r a t i o n  of c e l l s ,  f o r  

which s o l i d  s u p p o r t s  cannot  b e  used . The only f r e e  l i q u i d  e l e c -  

t r o p h o r e t i c  method t h a t  h a s  advantages f o r  t h e  i s o l a t i o n  of immuno- 

g l o b u l i n s  is t h e  v e r t i c a l  c y l i n d r i c a l  r o t a t i n g  cont inuous  f low 

method;by th i s  process  t h e  y-g lobul ins  of up t o  1 L of serum can b e  

s e p a r a t e d  p e r  hour .  

1 4  

C. Other  E l e c t r o k i n e t i c  Methods 

I s o e l e c t r i c  focus ing .  While t h e  e l e c t r o p h o r e t i c  t r a n s p o r t  of 

charged molecules  in a n  e lec t r ic  f i e l d  i n  a homogeneous b u f f e r  of a 

g iven  pH i s  cont inuous and has  t o  b e  s topped i f  one wishes  t o  avoid 

l o s i n g  t h e  molecules  through migra t ion  i n t o  t h e  e l e c t r o d e  compart- 

ment of t h e  o p p o s i t e  charge ,  e l e c t r o m i g r a t i o n  of  a charged amphoter ic  

molecule through a cont inuous pH-gradient a u t o m a t i c a l l y  c e a s e s  when 

t h a t  amphoter ic  molecule  has reached t h e  p l a c e  i n  t h e  g r a d i e n t  where 

t h e  pH i s  t h e  same as i t s  i s o e l e c t r i c  p o i n t .  Thus, i s o e l e c t r i c  

focus ing  is t h e  s o r t i n g  o u t o f  amphoter ic  molecules  accord ing  t o  

t h e i r  d i f f e r e n t  i s o e l e c t r i c  p o i n t s ,  by e l e c t r o m i g r a t i o n  through a 
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pH-gradient. Genera l ly  speaking ,  prolonged e l e c t r o m i g r a t i o n  of a 

mixture  of amphoteric molecules i n  a pH-gradient tends  t o  enhance 

t h e  r e s o l u t i o n  of  each of i t s  c o n s t i t u e n t s ,  hence t h e  d e s i g n a t i o n  

of i s o e l e c t r i c  focusing.. The development t h a t  made t h e  g e n e r a l  

a p p l i c a t i o n  of i s o e l e c t r i c  focus ing  a p r a c t i c a l  r e a l i t y  w a s  t h e  

s y n t h e s i s  of many d i f f e r e n t  "carrier ampholytes", each having severa 

a c i d i c  and b a s i c  groups w i t h  c l o s e l y  spaced pK v a l u e s  p e r  molecule  

w i t h  many d i f f e r e n t  pH v a l u e s .  I n  p r o t e i n  s e p a r a t i o n ,  i s o e l e c t r i c  

focus ing  a l lows  an  improvement i n  r e s o l u t i o n  of about  an  o r d e r  of 

magnitude, compared t o  e l e c t r o p h o r e s i s .  This  is l a r g e l y  because,  

w i t h  t i m e ,  bands s e p a r a t e d  by i s o e l e c t r i c  focus ing  reach and main- 

t a i n  an opt imal  sharpness  (due t o  t h e  focus ing  e f f e c t )  w h i l e  w i t h  

e l e c t r o p h o r e s i s  s e p a r a t e d  bands cont inuous ly  tend t o  broaden because 

of  d i f f u s i o n .  For t h e  s e p a r a t i o n  of p r o t e i n s  by i s o e l e c t r i c  focus- 

i n g ,  one must b e  mindful  of t h e  f a c t  t h a t  t h e  c a r r i e r  ampholytes 

most used are isomers  and homologues of a l i p h a t i c  poly-amino-poly- 

carboxyl ic  a c i d s ,  and are thus  d i f f i c u l t  t o  d i s t i n g u i s h  from pro- 

t e i n s  by t h e  most commonly used c o l o r i m e t r i c  o r  spec t rophalometr ic  

methods. However, as t h e s e  carrier ampholytes have an  average 

molecular  weight  of about  800, whi le  t h a t  o f  most p r o t e i n s  is above 

10,000, p r o t e i n s  g e n e r a l l y  can b e  e a s i l y  separa ted  from t h e  ampho- 

l y t e  molecules by means of g e l  f i l t r a t i o n  e .g . ,  (with Sephadex 

G-50, o r  by u l t r a f i l t r a t i o n ,  see Sec t ion  V ,  below.) 

R 

P r e p a r a t i v e  i s o e l e c t r i c  focusing16 i s  p r a c t i c e d  i n :  l i q u i d  

d e n s i t y  g r a d i e n t s  ( s t a t i o n a r y  as w e l l  as cont inuous ly  f l o u r i n g ) ,  

free f l u i d , "  f l a t  beds o r  c y l i n d e r s  s t a b i l i z e d  w i t h  granula ted  
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18 porous carriers, o r  w i t h  cont inuous g e l s  . In t h e  la t ter  c a s e  

s p e c i a l  a t t e n t i o n  should b e  pa id  t o  t h e  v a r i o u s  e l u t i o n  procedures  . 
See a l s o  S e c t i o n  X, below. 

18 

Iso tachophores i s .  L ike  i s o e l e c t r i c  focus ing ,  i s o t a c h o p h o r e s i s  

is p r a c t i c e d  i n  a b u f f e r  system of which t h e  composi t ion i s  non- 

cons tan t  w i t h  r e s p e c t  t o  l o c a t i o n  ( s e e  above) ,  b u t  whi le  i s o e l e c t r i c  

focus ing  is b e s t  done i n  a b u f f e r  system c o n s i s t i n g  of an  e s s e n t i a l l y  

cont inuous pH g r a d i e n t ,  i s o t a c h o p h o r e s i s  needs a b u f f e r  system of 

which t h e  components have markedly d iscont inuous  p r o p e r t i e s .  

i s o t a c h o p h o r e s i s  t h e  sample mixture  i s  placed i n  t h e  sample compart- 

ment, " te rmina t ing  e l e c t r o l y t e "  i n  t h i s  cathode compartment, and 

t h e  " leading e l e c t r o l y t e "  i n  t h e  anode compartment. 

m o b i l i t y  of t h e  l e a d i n g  e l e c t r o l y t e  i s  t h e  h i g h e s t ,  and t h a t  of  t h e  

te rmina t ing  e l e c t r o l y t e  t h e  lowes t ,  t h e  e f f e c t i v e  m o b i l i t i e s  of t h e  

components i n  t h e  sample mixture  should b e  i n t e r m e d i a t e  between 

t h o s e  extremes.  Because of t h e  p o s s i b i l i t y  of  achiev ing  a t o t a l  

s e p a r a t i o n  between d i f f e r e n t  i o n i c  s p e c i e s ,  once a s t e a d y  s t a t e  i s  

reached,  i s o t a c h o p h o r e s i s  a f f o r d s  an  extremely high r e s o l u t i o n  

Up t o  t h e  p r e s e n t  t h i s  method h a s  been used more f r e q u e n t l y  f o r  

a n a l y t i c a l  purposes  ( s e e  below, S e c t i o n  X) than  f o r  p r e p a r a t i v e  

i s o l a t i o n s .  

I n  

The e f f e c t i v e  

14,18,19 

Molecular s i e v e  e l e c t r o p h o r e s i s ,  i . e .  e l e c t r o p h o r e s i s  i n  g e l s  

w i t h  pore  s i z e s  of t h e  same o r d e r  of magnitude as t h e  g l o b u l i n s  

t h a t  have t o  b e  separa ted18 i s  mainly in tended  f o r  t h e  s e p a r a t i o n  

of p r o t e i n s  accord ing  t o  s i z e ,  and i s  t r e a t e d  i n  S e c t i o n  V (below). 
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I V .  SURFACE TENSION 

A. Surface Tensions and van der  Waals In t e rac t ions ,  

The t o t a l  van de r  Waals f r e e  energy of i n t e rac t ion”  between 

two d i f f e r e n t  p a r t i c l e s  o r  molecules 1 and 2, immersed i n  l i q u i d  

3 i s :  

( 1A) 2 
A Fvdw = AF132 = -A132 1 12 rdo, 

i n  which A132 i s  the  e f f e c t i v e  Hamaker coe f f i c i en t  of the  system 

and d the  equilibrium d i s t ance  between the  two p a r a l l e l  p a r t i c l e s  

o r  molecules. From Hamaker’s combining r u l e  : 
2 1  

A132 = A12 + A33 - A13 - A23’ (2) 

and Ber the lo ts  combining r u l e :  

where i o r  j 

A1 32 b ecomes 

s t and  f o r  1,2, o r  3,  i t  can be demonstrated” t h a t  

negative when: 

A 1 1  > A33 > A22 

and when: 

< A33 < A22 

A s ,  in analogy with eq. (1):  

A Fii = - Aii/12 TI do 

and a s :  

A F i i  = - 2 Y i v ,  

where v s tands  f o r  vapor, i t  i s  c lear”  t h a t  A132 also must be 

negative when: 
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CHARACTERIZATION OF IMMUNOGLOBULINS 143 

and when: 

y l v  ’ y3v ’ y2v (6B) 

The t o t a l  f r e e  energy of  i n t e r a c t i o n  AF132 can i n  p r a c t i c e  b e  ob- 

t a i n e d  more e a s i l y  &a: AF132 = y12 - y13 - y 2 3  (7) 

Whilst  Hamaker c o e f f i c i e n t s  Aii are a s  y e t  on ly  r a r e l y  easy t o  

determine wi th  any degree  of  accuracy ,  l iquid-vapor  (ygV) as w e l l  

as sol id-vapor  (y y ) s u r f a c e  t e n s i o n s  are r e a d i l y  obta ined  w i t h  

a p p r e c i a b l e  accuracy by a v a r i e t y  of methods23. 

e f f i c i e n t  %32 of a system w i l l  t h e r e f o r e  become n e g a t i v e  (so t h a t  

t h e  t o t a l  van d e r  Waals i n t e r a c t i o n  between components 1 and 2 

immersed i n  l i q u i d  3 becomes r e p u l s i v e )  when t h e  s u r f a c e  t e n s i o n  

of t h e  l i q u i d  medium 3 a c q u i r e s  a v a l u e  i n t e r m e d i a t e  between t h e  

s u r f a c e  t e n s i o n s  of 1 and 2 . The van d e r  Waals i n t e r a c t i o n  

between components 1 and 2 is  a t t r a c t i v e  as long as t h e  s u r f a c e  

t e n s i o n  of t h e  l i q u i d  medium i s  e i t h e r  h igher  o r  lower than  t h e  

s u r f a c e  t e n s i o n s  of both 1 and 2. 

l v ’  2v 

The Hamaker co- 

20 

It thus  i s  p o s s i b l e ,  i n  a l i q u i d  medium, t o  make t h e  van d e r  

Waals i n t e r a c t i o n  between two d i f f e r e n t  components a t t r a c t i v e  o r  

r e p u l s i v e  a t  w i l l ,  by a d j u s t i n g  t h e  s u r f a c e  t e n s i o n  of t h e  l i q u i d .  

This  p r i n c i p l e  is a p p l i e d  i n  p r a c t i c e  i n  hydrophobic (and reversed  

phase)  as w e l l  as i n  a f f i n i t y  chromatography ( s e e  below). 

B. Hydrophobic and Reversed Phase Chromatography- 

“Hydrophobic i n t e r a c t i o n s ”  are noth ing  but  t h e  van d e r  Waals 

a t t r a c t i o n  between v a r i o u s  macromolecules andfor  p a r t i c l e s  w i t h  
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lower s u r f a c e  t e n s i o n s  than  water ( i . e . ,  they are more o r  less 

"hydrophobic"), i n  water; t h u s ,  under condi t ions24  where: 

(ylV as w e l l  as yzV) < Y~~ ( 8 )  

A f t e r  t h e  at tachment  of  p r o t e i n s ,  which are r a t h e r  h y d r o p h i l i c ,  b u t  

which do have a s l i g h t l y  lower s u r f a c e  t e n s i o n  than  water when n o t  

denatured2,  t o  f a i r l y  hydrophobic carriers i n  water, t h e  p r o t e i n s  

can b e  detached., by lowering t h e  s u r f a c e  t e n s i o n  of t h e  l i q u i d  

medium t o  a va lue  i n  between t h e  s u r f a c e  t e n s i o n s  of t h e  p r o t e i n  

and t h e  c a r r i e r  (eqs. (6A o r  6B)), by t u r n i n g  t h e  van d e r  Waals 

a t t r a c t i o n  i n t o  a r e p u l s i o n ,  through t h e  a d d i t i o n  of water-miscible  

s u r f a c e  tension-lowering s o l v e n t s ,  such  as e t h y l e n e  g l y c o l  o r  

dimethyl  s u l f o x i d e .  Upon a gradual  lowering of t h e  s u r f a c e  t e n s i o n  

of t h e  l i q u i d  e f f e c t e d  i n  t h i s  manner, human serum p r o t e i n s  are 

e l u t e d  i n  t h e  o r d e r  of t h e i r  decreas ing  s u r f a c e  t e n s i o n ,  e .g . :  

f i r s t  a2 macroglobul in ,  then  serum albumin, a 2  HS g l y c o p r o t e i n ,  

BIC g l o b u l i n  (complement component C3), IgG and f i n a l l y  t r a n s f e r -  

r i n .  3 ,20 

Attachment. of very  h y d r o p h i l i c  p r o t e i n s  t o  hydrophobic carriers 

can b e  enhanced by r a i s i n g  t h e  s u r f a c e  t e n s i o n  of t h e  aqueous medium: 

see eq. (a), e .g . ,  by i n c r e a s i n g  t h e  s a l t  conten t  of t h e  water. 

E l u t i o n  of  such v e r y  h y d r o p h i l i c  p r o t e i n s  can then  be e f f e c t e d  w i t h  

water of lower i o n i c  s t r e n g t h  . This approach was e s p e c i a l l y  suc- 

c e s s f u l  i n  t h e  i s o l a t i o n  of  monoclonal as w e l l  as of normal IgA. 

It would seem t h a t  IgG3 and IgGl are more hydrophobic than  IgG2 and 

3 

25 

s 2 7  s o  t h a t  hydrophobic chromatography may b e  a promising 

approach f o r  t h e  f r a c t i o n a t i o n  of  human IgG s u b c l a s s e s .  
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Reversed phase chromatogrphy has  a mechanism t h a t  i s  e s s e n t i a l l y  

i d e n t i c a l  t o  t h a t  of hydrophobic chromatography. 2o 

(under t h e  name "reversed phase", o r  "high performance l i q u i d  chrom- 

atography", o r  W-HPLC) is used i n c r e a s i n g l y ,  w i t h  p r e p a r a t i v e  

28 columns, i n  "high performance l i q u i d  chromatography" d e v i c e s .  

The method 

V. SIZE AND SHAPE 

A .  G e l  F i l t r a t i o n  Chromatography 

G e l  f i l t r a t i o n  (or  pore-exclusion chromatography) i s  t h e  method 

of choice  f o r  t h e  p r e p a r a t i v e  i s o l a t i o n  of a narrow molecular  weight  

range  of p r o t e i n s ,  from a complex biopolymer mixture  w i t h  a wide 

range  of molecular  weights .  

m e r  mix ture  ( i n  s o l u t i o n )  through a column packed w i t h  s p h e r i c a l  

g e l  beads,  such t h a t  t h e  l a r g e r  polymers cannot p e n e t r a t e  t h e  pores  

of t h e  g e l  beads and emerge f i r s t  from t h e  columns, i n  t h e  "void 

volume". The s m a l l e r  polymers become trapped i n  t h e  pores  of t h e  

g e l  beads;  t h e  lower t h e i r  molecular  weight ,  t h e  l a te r  they  are 

The method c o n s i s t s  of p a s s i n g  a poly- 

e l u t e d .  Molecular  symmetry o r  asymmetry a l s o  p lay  a r o l e  i n  t h e  

entrapment of polymers i n  t h e  p o r e s  of t h e  gel-beads,  s o  t h a t  t h e  

method normally should n o t  b e  used f o r  molecular  weight determina- 

t i o n s .  

For immunoglobulin i s o l a t i o n  SephadexR (Pharmacia, Piscataway,  

N J )  beads made of cross- l inked dext ran  are used most:' Sephadex 

G-200 (which excludes g l o b u l a r  p r o t e i n s  of a molecular  weight  > 

200,000) ( s e e  Tables  13-3 and 13-4), o r  G-150 (excludes MW > 150,000) 

a r e  used most, w h i l s t  f o r  t h e  i s o l a t i o n  of immunoglobulin f r a c t i o n s ,  
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G-100 (excludes MW >100,000) and G-50 (excludes MW > 50,000) a r e  

i n d i c a t e d .  Sephadex G-100 f o r  i n s t a n c e  i s  u s e f u l  f o r  t h e  f r a c t i o n a -  

t i o n  of fragments w i t h  a molecular  weight < 100,000. For s p e c i a l  

purposes (e .g . ,  t h e  i s o l a t i o n  of  IgD, see below), s p e c i a l  gel-beads 

made of a three-dimensional polyacrylamide l a t i c e ,  f i l l e d  w i t h  an 

i n t e r s t i t i a l  agarose  g e l ,  can b e  used (LKB, Rockvi l le ,  MD; IBF, 

Cl ichy ,  France - F i s h e r  S c i e n t i f i c ) ;  e . g . ,  U l t r o g e l  AcA34. Sepha- 

dex G-25 i s  u s e f u l  f o r  d e s a l t i n g  p r o t e i n  s o l u t i o n s .  The y i e l d  of  

immunoglobulin-recovery, a s  f a r  as t h e  g e l - f i l t r a t i o n  s t e p  i s  con- 

cerned,  can, w i t h  care, b e  as high as  90%. 

B. Molecular S ieve  Elec t rophores i s -  

Molecular-sieve e l e c t r o p h o r e s i s ,  i . e . ,  e lec t rokf  e t i c  t ranspc  t 

of p r o t e i n s  i n  g e l s  w i t h  p o r e s  t h a t  are only s l i g h t l y  l a r g e r  than  

t h e  proteins'' aims a t  t h e  s e p a r a t i o n  of p r o t e i n s  accord ing  t o  t h e i r  

molecular  s i z e ,  b u t  of course s imultaneously e f f e c t s  a f r a c t i o n a t i o n  

accord ing  t o  t h e  e l e c t r i c  charge of t h e  p r o t e i n s 1 4  

t o  e l i m i n a t e  t h e  i n f l u e n c e  of  d i f f e r e n t  e l e c t r i c  charges  of  d i f f e r -  

e n t  p r o t e i n s ,  and t o  u s e  g e l  e l e c t r o p h o r e s i s  e x c l u s i v e l y  t o  s e p a r a t e  

p r o t e i n s  according t o  s i z e ,  is  t o  bestow an i d e n t i c a l  (and r a t h e r  

h igh)  n e g a t i v e  e l e c t r i c a l  charge t o  a l l  p r o t e i n s ,  g r e a t  and s m a l l ,  

by t h e  admixture  of sodium dodecyl s u l f a t e  (SDS) t o  t h e  e n t i r e  

system?' 

p h o r e s i s  i s  t h e  d i f f i c u l t y  of removing t h e  SDS from t h e  p r o t e i n s  

a f t e r  t h e  s e p a r a t i o n .  One way of removing t h e  SDS i s  by a n  i o n  

exchange chromatography, as  a pH below t h a t  of t h e  i s o e l e c t r i c  

The only way 

For p r e p a r a t i v e  purposes  a drawback of SDS-gel e l e c t r o -  
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p o i n t  of  t h e  p r o t e i n ,  e . g . ,  w i t h  DEAE c e l l u l o s e  o r  DEAE Sephadex, 

i f  necessary  i n  t h e  presence  of  6 t o  8 M u r e a ,  a l though t h i s  ap- 

proach tends  t o  g ive  r ise  t o  l o s s  of  p r o t e i n .  A b e t t e r  way of SDS 

removal i s  t o  use  g e l  e l e c t r o p h o r e s i s  o r  g e l  i s o e l e c t r i c  f o c u s i n g .  29 

C.  U l t r a f i l t r a t i o n  

U l t r a f  i l t r a t i o n ,  w i t h  a n i s o t r o p i c  ( "skinned") membranes, is 

t h e  method of choice  f o r  t h e  r e - c o n c e n t r a t i o n  of  i n t e r m e d i a t e  and 

f i n a l  f r a c t i o n s ,  a f t e r  v a r i o u s  p r o t e i n  f r a c t i o n a t i o n  s t e p s ,  which 

always e n t a i l  c o n s i d e r a b l e  d i l u t i o n  (see Tables  I1 t o  IV). Various 

commercially a v a i l a b l e  pro te in-s topping  membranes w i t h  a p p r o p r i a t e  

pore-s izes  may b e  used ( e . g . ,  from: Amicon, Lexington,  MA: Beckman, 

Anaheim, CA; M i l l i p o r e ,  Bedford, MA). One can  a l s o  r a t h e r  e a s i l y  

(and much more cheaply)  c a s t  o n e ' s  own ( c e l l u l o s e  a c e t a t e )  mem- 

b r a n e ~ , ~ ~  which, p a r t l y  because they do n o t  need t o  be  d r i e d  f o r  

shipment ,  have much f a s t e r  f l o w r a t e s  than any of t h e  commercial 

membranes. For  normal immunoglobulin c o n c e n t r a t i o n  t h e  CA-50 

c e l l u l o s e  a c e t a t e  membrane i s  t h e  b e s t ;  membranes w i t h  smaller p o r e  

s i z e s  may be  more i n d i c a t e d  f o r  t h e  c o n c e n t r a t i o n  of  smaller f r a c -  

t i o n s  such  as L c h a i n s :  t h e  CA-35 membrane would b e  s u i t a b l e  f o r  

t h i s .  30 

(CNA-15) which r e t a i n s  all IgM, b u t  p a s s e s  a f a i r  p o r t i o n  ( ~ 2 5 % )  

of t h e  IgG comprised i n  a n  immunoglobulin mixture .  

The p r e p a r a t i o n  of one membrane, h a s  been d e s c r i b e d  

30 

D . Sediment a tiOq 

One o t h e r  method f o r  t h e  p r e p a r a t i v e  s e p a r a t i o n  of immuno- 

g l o b u l i n s  accord ing  to s i z e ,  i . e . ,  mainly f o r  t h e  s e p a r a t i o n  be- 
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tween IgG and IgM, i s  ( g e n e r a l l y  sucrose-)  d e n s i t y  g r a d i e n t  u l t r a -  

c e n t r i f u g a t i o n .  A f t e r  16  hours  a t  m40,OOO rpm, i n  tubes  w i t h  a 

s u c r o s e  (10 - 40%) g r a d i e n t ,  i n  a swinging bucket  r o t o r ,  IgM is 

found a t  t h e  bottom of t h e  tubes  and IgG i n  t h e i r  middle reg ion .  

The s e p a r a t i o n  however is r a r e l y  complete, and n o t  e x q u i s i t e l y  

reproducib le .  

I n  an  a n a l y t i c a l  u l t r a c e n t r i f u g e ,  w i t h  a T i s e l i u s - c e l l  (con- 

t a i n i n g  a porous p a r t i t i o n ) ,  a p r o p o r t i o n  (30 t o  50%) of t h e  IgG 

p r e s e n t  i n  a mixture  can b e  obta ined  f r e e  from IgM. This  process  

can b e  monitored by v i s u a l  i n s p e c t i o n  s o  t h a t  one can determine 

w i t h  p r e c i s i o n  a t  which s t a g e  a l l  t h e  IgM has  passed t h e  porous 

b a r r i e r ,  l e a v i n g  p a r t  of t h e  IgG (now devoid of  IgM), behind t h a t  

b a r r i e r .  

V I .  LIGAND SPECIFICITY 

A f f i n i t y  chromatography, which i s  based upon l i g a n d  spec i -  

f i c i t y ,  such as exists between a n t i g e n  and an t ibody,  i s  a genera l -  

i z e d  outgrowth of t h e  o l d e r  technique of immunoadsorption. For 

t h e  i s o l a t i o n  of immunoglobulins, v a r i a n t s  of t h e  o l d  immunoadsorp- 

t i o n  technique are s t i l l  very  much a p p l i c a b l e .  

To begin  w i t h ,  imunoadsorbents  a r e  u s e f u l  f o r  t h e  removal 

o f ,  e .g . ,  unwanted immunoglobulins ( s e e  Sec t ion  V I I ,  below, and 

Table I ) ,  e s p e c i a l l y  i n  t h e  p u r i f i c a t i o n  of IgA, IgD and IgE. 

S p e c i f i c  immunoadsorbents made w i t h  v a r i o u s  i n s o l u b i l i z e d  

a n t i g e n s  are e s p e c i a l l y  u s e f u l  f o r  t h e  i s o l a t i o n  of immunoglobulins, 

w i t h  one g iven  ant ibody a c t i v i t y ,  see Table I. 
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The s p e c i f i c  a t tachment  s t e p  i n  innnunoadsorption i s  almost  

i n v a r i a b l y  q u i t e  r e a d i l y  achieved,  under p h y s i o l o g i c a l  c o n d i t i o n s ,  

i n  aqueous media. Exact ly  because of t h e  ( u s u a l l y )  r a t h e r  pro- 

nounced s t r e n g t h  of  t h e  bond between a n t i g e n s  and a n t i b o d i e s ,  t h e  

subsequent detachment o r  d i s s o c i a t i o n  ( i . e . ,  t h e  e l u t i o n )  i s  

harder  t o  achieve .  

There a r e  however, a number of approaches t h a t  f a v o r  a change 

of t h e  ant igen-ant ibody i n t e r a c t i o n  i n t o  t h e  d i r e c t i o n  of d i s s o c i a -  

t i o n ,  e .g . :  

31 1 )  I n c r e a s e  t h e  temperature;  

2 )  Apply excess  of low molecular weight  hapten o r  hapten- l ike  

2,3,20,31-34 s o l u t e s ,  See Table  I; 

3) Denature o r  deform t h e  a n t i g e n  and/or  ant ibody molecules  

2,3,20,31-34 See Table I; 

4) 

5) Apply cons iderable  d i l u t i o n ;  

6) Apply an e l e c t r i c  f i e l d ;  

7) D i s s o c i a t e  by r e v e r s i n g  t h e  Coulombic and t h e  van d e r  

Destroy ( e . g .  enzymat ica l ly)  t h e  c a r r i e r  o r  t h e  spacer ;31 

31 

35 

2,3,20,31 Waals a t t r a c t i o n ,  see Table I. 

A p a r t i c u l a r l y  i n t e r e s t i n g  l i g a n d  f o r  immunoglobulin i s o l a t i o n  

is t h e  l e c t i n  p r o t e i n  A from Staphylococcus aureus ,  i n  t h a t  columns 

wi th  t h a t  l i g a n d  s p e c i f i c a l l y  bond t o  human IgG, except  f o r  IgG 

see below. 

a l l y ,  i n  e x t r a c o r p o r e a l  hemoperfusion, f o r  p e r i o d i c  removal of 

37 p a t i e n t s '  IgG, i n  ex vivo t rea tment  f o r  v a r i o u s  malignancies .  

3' 

P r o t e i n  A-columns are now i n c r e a s i n g l y  used t h e r a p e u t i c -  

Such columns can a l s o  be used i n  t h e  f r a c t i o n a t i o n  of some IgG sub- 
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classes?’ l  

f o r  t h e  removal of IgA and IgM. 

I n  t h e  same manner, Concanavalin-A l i g a n d s  can b e  used 

37 

V I I .  ISOLATION OF IMMUNOGLOBULINS 

A. Immunoglobulin G 

I s o l a t i o n  of  human IgG from whole serum i s  b e s t  done by ion- 

exchange chromatography w i t h  t h e  anion exchanger DEAE-cellulose 

( o r  DEAE Sephadex ). 

p r o t e i n ,  and t o  e l i m i n a t e  any hemoglobulin t h a t  might be p r e s e n t  i n  

t h e  serum, a pre l iminary  s a l t i n g - o u t  s t e p  w i t h  33% s a t u r a t e d  

(NH ) SO4 is  recommended. IgG is t h e  only serum p r o t e i n  n o t  bound 

t o  DEAE a t  pH 7.5. The pH 7.5 e l u a t e ,  which i s  v i r t u a l l y  pure  IgG, 

only  needs t o  be concent ra ted  by u l t r a f i l t r a t i o n ;  see Flow-chart 

(Table 11). 

R In o r d e r  t o  decrease  t h e  burden of non-IgG 

4 2  

10,38 

Subclasses  of human IgG may b e  s e p a r a t e d  by a f f i n i t y  chroma- 

tography,  w i t h  s p e c i f i c  a n t i - s u b c l a s s  a n t i b o d i e s  a s  l i g a n d s .  ( s e e  

Sec t ion  V I ,  above) ,  o r  u s e  may b e  made of t h e  f a c t  t h a t  IgG3 and 

IgGl a r e  more hydrophobic than IgG2 and IgG4 (us ing  hydrophobic 

chromatography, see S e c t i o n  I V ,  above) ,  and of t h e  f a c t  t h a t  IgG3 

does E t  b i n d  t o  protein-A. 

b e  used f o r  t h e  i s o l a t i o n  of some of t h e  r a t  and mouse IgG sub- 

c l a s s e s ?  

4 of Cohn and E d s a l l ’ s  c o l d  e t h a n o l  p r e c i p i t a t i o n  method No. 6. 

Protein-A a f f i n i t y  chromatography can 

On an i n d u s t r i a l  s c a l e  IgG i s  recovered from f r a c t i o n  I1 

B .  Immunoglobulin A 

To quote  t h e  d i s c o v e r e r  of IgA and of many of i t s  f u n c t i o n s ,  

J. F. Heremans?’ “The i s o l a t i o n  of serum IgA from serum o r  exudates  
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TABLE 11. FLOW SHEET FOR THE PREPARATION OF 

IgG FROM NORMAL HUMAN SERUMa 9b  

* 
Prec ip i t a t e .  w i th  113 s a t u r a t e d  (NH4l2 SO a t  room temperature 4 

I 
DiHlyze. p r e c i p i t a t e  f i r s t  aga ins t  H20, then  aga ins t  pH 7.5, 

0.0175 M phosphate bu f fe r  (4OC) I 
cen t r i fuge  d i sca rd  res idue  

pH 7.5, 0.0175 M (4OC) 

I 
I 

-. Ion exchange. chromatographyb of superna tan t  , D U E  c e l l u l o s e ,  

4 
Elut ion  wi th  pH 7.5, 0.0175 M phosphate b u f f e r  (4OC) 

1 
Concentrate by u l t r a f i l t r a t i o n '  6 ( e s s e n t i a l l y  t h e  only p r o t e i n  not  bound) 

aThe procedure i s  app l i cab le  t o  IgG myeloma s e r a  wi th  the  pro 
v i s i o n  t h a t  ca re  i s  taken t o  ensure the  r e s i n  i s  not  overloaded. 
Al te rna t ive ly  a procedure employing p repa ra t ive  zone e l ec t ro -  
phores i s ,  followed by g e l  f i l t r a t i o n  of t he  y sp ike  thus ob- 
ta ined  w i l l  f requent ly  y i e l d  high p u r i t y  IgG. 

bRefs. 10, 38 

U l t r a f i l t e r  membranes t h a t  may be used a r e  Amicon M-10, PM-10, 
o r  PM-30, o r  analogous commercially a v a i l a b l e  membranes, o r  
they may be prepared i n  the  labora tory ,  such a s  t h e  CA-50 
membrane. 30 
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i s  bes ieged  by many d i f f i c u l t i e s " .  

is b e s t  not t o  s tar t  w i t h  a p r e c i p i t a t i o n  w i t h  (NH ) 

tends t o  enhance t h e  formation of IgA dimers. 

I n  t h e  c a s e  of IgA i s o l a t i o n  i t  

4 2  S O 4 ,  as  t h i s  

As IgA i s  e x c e p t i o n a l l y  h y d r o p h i l i c ,  i t  can a l s o  b e  i s o l a t e d  

from o t h e r  serum p r o t e i n s  by (sal t -mediated)  hydrophobic chroma- 

t o g r a p h ~ : ~  see S e c t i o n  I V ,  above. Secre tory  IgA can b e  i s o l a t e d  

i n  t h e  same manner as IgA ( s e e  Table  111) , b u t ,  i n  view of  t h e  

h igher  molecular  weight  of sIgA t h e  second (and t h i r d )  g e l  f i l t r a -  

R t i o n  s t e p s  should b e  done w i t h  Sepharose 6B . For t h e  i s o l a t i o n  of 

J-chain and s e c r e t o r y  component, see (G) below. IgA is found i n  

f r a c t i o n s  I1 and I11 of Cohn and E d s a l l ' s  c o l d  e t h a n o l  p r e c i p i t a -  

4 t i o n  method No. 6 .  

C. Immunoglobulin M- 

IgM i s  r a t h e r  easy t o  i s o l a t e  from serum, by f i r s t  o b t a i n i n g  

t h e  macroglobul in  f r a c t i o n  by g e l  f i l t r a t i o n ,  fol lowed by t h e  

removal of a2 macroglobul in  by b lock  e l e c t r o p h o r e s i s  (Table  I V ) .  

Pure  IgM h a s  a s t r o n g  tendency t o  form complexes ( s e e  S e c t i o n  11-B, 

above);  t o  o b v i a t e  complex (and even p r e c i p i t a t e )  formation of  

p u r i f i e d  IgM p r e p a r a t i o n s  i t  i s  a d v i s a b l e  t o  conserve pure  IgM 

s o l u t i o n s  a t  + 4 C,  i n  t h e  presence  o f ,  e . g . ,  0 .1  t o  1% serum 

albumin. Monomeric IgM (IgMs) can b e  obta ined  by mild r e d u c t i o n  a t  

n e u t r a l  pH w i t h  0.015M 2-mercaptoethylamine. 

0 

40 

D. Immunoglobulin D 

IgD can b e  p u r i f i e d  by g e l  f i l t r a t i o n  on U l t r o g e l  Aca 3 4 ,  from 

which i t  e l u t e s  i n  a p o s i t i o n  between IgG and IgM, fol lowed by DEAE 
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TABLE 111. FLOW SHEET FOR THE PREPARATION OF 

IgA FROM NORMAL HUMAN S E R d S b  

D e l i p i d a t e  e .g . ,  by high-speed c e n t r i f u g a t i o n  

1 
- G e l  F i l t r a t i o n  (4'C), G-200 SephadexR i n  2% NaC1, pH 8 

1 
Analyze f r a c t i o n s  f o r  IgA by immunodiffusion and pool 

accord ingly ;  d i s c a r d  a l l  o t h e r s  1 
Concentrate  by u l t r a f i l t r a t i o n '  

An-alyze f r a c t i o n s  f o r  IgA by innnunodiffusion and pool  
accord inglye  

Concentrate  by u l t r a f i l t r a t i o n '  

38 aAdapted from Heremans,39 and van Oss. 
bThe p r e p a r a t i o n  of monoclonal IgA should proceed d i f f e r e n t l y  , 

involv ing  p r i m a r i l y  s e p a r a t i o n  by charge ( s t a r c h  b lock  e lec-  
t r o p h o r e s i s  o r  DEAE c e l l u l o s e  chromatography) fol lowed by g e l  
f i l t r a t i o n  (Sephadex, 6200). 

'See Footnote  c under P r e p a r a t i o n  of IgG, Table 11. 
dRefs. 10,38 
eIt s t i l l  may b e  necessary  t o  remove traces of IgD and IgE by 

fsIgA can b e  i s o l a t e d  i n  t h e  same manner, b u t  t h e  second and 
a f f i n i t y  absorp t ion .  

t h i r d  g e l  f i l t r a t i o n  s t e p s  should b e  done w i t h  Sepharose 6B. 
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TABLE I V .  FLOW SHEET FOR THE PREPARATION OF 

IgM FROM NORMAL HUMAN SERUMa 

JI 
Wash p r e c i p i t a t e  t h r e e  times w i t h  1 / 3  s a t u r a t e d  (NH ) SO (RT) 

4 2  4 _ _ ~ -  
( d i s c a r d  s u p e r n a t a n t )  

s t a r t i n g  volume (RT) 

I 
I 
J. 

Redisso lve  p r e c i p i t a t e  i n  d i s t i l l e d  water  equa l  t o  1/10 of t h e  

2 of SO4, a s  de te rmined  wi th  BaCl 
Dia lyze  (4OC) a g a i n s t  0.15 NaCl until d i a l y s i s  b a t h  is f r e e  

- Gel f i l t r a t i o n  (4OC), G-200 SephadexR i n  0.15 y NaCl 

F i&t  p r o t e i n  peak c o l l e c t e d  (appears  i n  vo id  volume) a s  d e t e r -  
mined by W a b s o r p t i o n  a t  280 nm; 
c o n t a i n s  IgM and a2M, some B and CY 
l i p o p r o t e i n .  

_ _ _ ~  

-- 
b u f f e r  
(4OC) i n  0.05 _M, pH 8.6 b a r b i t a l  

1 Concent ra te  by u l t r a f i l t r a t i o n l o  (RT) 

S t a r c h  b lock  e l ec t rophores i s "  
I 
I 

\L ~- E l u t i o n  of peak  ca thoda l  t o  t h e  p o i n t  of a p p l i c a t i o n  

albumin, f o r  s t a b i l i t y .  
by u l t r a f i l t r a t i o n  (RT)30; add 0 .1  t o  1% I Concent ra te  

I 

(RT) 

serum 

aRef. 38. The p r e p a r a t i o n  of monoclonal IgM from Waldenstram's 
macroglobul in ia  p a t i e n t s  sera s t a r t s  d i r e c t l y  a t  &. f i l t r a t i o n ;  
p r i o r  concen t r a t ion  of t h e  g l o b u l i n  f r a c t i o n  by (NH ) SO 
p r e c i p i t a t i o n  is  not  needed. 

'Product should  he  eva lua ted  by inmunoelec t rophores i s  and 

4 2  4 

a n a l y t i c a l  u l t r a c e n t r i f u g a t i o n .  A r e p e a t  c y c l e  ( g e l  
f i l t r a t i o n )  may be necessa ry .  
IgM w i l l  remain a s  a contaminant.  Th i s  polymer may be 
removed by g e l  f i l t r a t i o n  on a sepharose  column.) 

Small  amounts of polymerized 
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i o n  exchange chromatography, where i t  e l u t e s  a t  pH 8.0,  w i t h  a 

0.035 M phosphate  b u f f e r 4 l  The f r a c t i o n s  should b e  monitored f o r  

IgD, and u l t r a f i l t r a t i o n  s t e p s  used f o r  r e c o n c e n t r a t i o n  where ap- 

p r o p r i a t e  see Table  I1 f o o t n o t e  c. 30 

E. Immunoglobulin E 

IgE is  d i f f i c u l t  t o  i s o l a t e ,  due t o  i t s  exceedingly low con- 

c e n t r a t i o n  i n  plasma. P r e c i p i t a t i o n  wi th  40% s a t u r a t e d  (NH4)* SO4 

( a t  pH 7 a t  room temp.) should b e  t h e  f i r s t  s t e p ,  followed by ion- 

exchange chromatography on DEAE-Sephadex A-50, w i t h  e l u t i o n  a t  pH 

8 between 0 . 1  and lM ( t r i s - b u f f e r ) ,  w i t h  a f i n a l  series of t h r i c e  

repea ted  g e l  f i l t r a t i o n s  on Sephadex G-150?2 

b e  monitored f o r  IgE, and u l t r a f i l t r a t i o n  s t e p s  should b e  a p p l i e d  

a t  r e g u l a r  i n t e r v a l s  between s t e p s  t o  r e c o n c e n t r a t e  t h e  a c t i v e  

f r a c t i o n s ,  see Table 11, f o o t n o t e  c. 

A l l  f r a c t i o n s  should 

30 

F. Monoclonal Immunoglobulins. 

A l l  t h e  above i s o l a t i o n  procedures  a l s o  are v a l i d  f o r  mono- 

c l o n a l  immunoglobulins. However, i n  a l l  cases of monoclonal immuno- 

g l o b u l i n s ,  c a r e  should b e  taken  t h a t  t h e  chromatography columns used 

a r e  n o t  overloaded.  

somewhat d i f f e r e n t l y  from t h e  s e p a r a t i o n  of IgA from normal serum 

( s e e  f o o t n o t e  b of Table  111) .  

g l o b u l i n s  polymers may b e  encountered,  so  t h a t  e s p e c i a l l y  g e l  f i l -  

t r a t i o n  e l u a t e s  should b e  monitored w i t h  t h e  p o s s i b i l i t y  i n  mind 

t h a t  a c t i v e  f r a c t i o n s  may occur  i n  s e v e r a l  d i f f e r e n t  molecular  s i z e  

The i s o l a t i o n  of monoclonal IgA should b e  done 

I n  many cases of monoclonal immuno- 
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CHARACTERIZATION OF IMMUNOGLOBULINS 157 

cu t -of fs .  With monoclonal IgM t h e  pre l iminary  p r e c i p i t a t i o n  w i t h  

(NH4)2S04 i s  n o t  necessary  ( f o o t n o t e  a ,  Table IV).  

V I I I  ISOLATION OF IMMUNOGLOBULIN CHAINS 

A. Products  of Enzymatic Cleavage 

Fab and Fc fragments  are obta ined  by papain d i g e s t i o n  of IgG 

1 8  h r s .  a t  37OC ( i n  t h e  pre-  ( M  1 mg papain p e r  100 mg IgG), f o r  

sence  of 0 .01 M c y s t e i n e ,  a t  n e u t r a l  pH and w i t h  t h e  a d d i t i o n  of a 

drop of t o l u e n e  t o  prevent  s p o i l a g e ) .  F(ab ) 2  p i e c e s  are obta ined  

by peps in  d i g e s t i o n  of IgG a t  pH 4.5 ( i n  1 M  acetate b u f f e r  and 1 

drop of t o l u e n e ) ,  f o r  8 h r s .  a t  37'; t h e  r e a c t i o n  i s  s topped  by in-  

c r e a s i n g  t h e  pH t o  8. 

I 

Undigested molecules  should be removed from papain d i g e s t  by 

g e l  f i l t r a t i o n  on Sephadex G-150. Fab f r a c t i o n s  then  are obta ined  

by i o n  exchange on DEAE ( c e l l u l o s e  o r  Sephadex) columns, w h i l s t  Fc 

fragments are b e s t  i s o l a t e d  by i o n  exchange on carboxy-methyl 

( c e l l u l o s e  o r  Sephadex) 43 
simply removed by d i a l y s i s ,  o r  t h e  F(ab ) may b e  p u r i f i e d  by pre- 

c i p i t a t i o n  w i t h  N a  SO o r  (NH ) SO4. Most r e c i p e s  f o r  enzymatic 

fragments o f  r a b b i t  IgG a l s o  work f o r  human IgG. 

Undesired peps in  fragments are b e s t  

/ 
2 

2 4  

It is  more d i f f i c u l t  t o  o b t a i n  Fc fragments of IgA, b u t  Fab 

and F(ab ) 2  can b e  obta ined  w i t h  papain and peps in  r e s p e c t i v e l y ,  

much i n  t h e  same manner as used f o r  IgG?' 

pept idase  (IgA p r o t e a s e ) ,  IgA as  w e l l  as sIgA can be cleaved t o  

form Fc and Fab  fragment^?^ 

I 

With a b a c t e r i a l  endo- 

With IgM i t  i s  a l s o  r a t h e r  d i f f i c u l t  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
0
0
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



VAN oss 158 

t o  o b t a i n  Fc fragments ,  a l though w i t h  t r y p s i n  some success  has  been 

noted ;  t r y p s i n  a l s o  appears  t o  b e  t h e  enzyme of choice  f o r  o b t a i n i n g  

Fab 4? 
IJ 

Fab and Fc fragments of  I P D ? ~  

t i o n  w i t h  papain which does,  however, tend t o  degrade f u r t h e r .  Fab 

i s  n o t  e a s i l y  obta ined  w i t h  IgE: short- term d i g e s t i o n  i s  c a l l e d  f o r  

and even then t h e  Fab obta ined  i s  l a b i l e .  

fragment i s  obta ined  which a l s o  s t i l l  conta ins  p a r t  of t h e  Fc f r a c -  

tion?’ With t r y p s i n  a s l i g h t l y  smaller F(ab’)2 fragment i s  ob- 

t a i n e d .  

T r y p t i c  d i g e s t i o n  a l s o  i s  t h e  p r e f e r r e d  way f o r  o b t a i n i n g  

IgE y i e l d s  an  Fc fragment upon diges-  

With peps in  an  F(ab’j2 

42 

B. H and L Chains and Domains 

D i s s o c i a t i o n  of immunoglobulins i n t o  cha ins  is achieved by 

reduct ion  (with,  e . g . ,  0 . 1  M 2-mercaptoethanol, o r  d i t h i o t h r e i t o l )  

i n  t h e  presence of 8 t o  10 M urea  a t  pH 8, followed by a l k y l a t i o n  

w i t h  0.2 M iodoacetamide. 40’46 

aggrega t ion ,  t h e  c h a i n s  should b e  k e p t  i n  t h e  presence  of 8 t o  10 M 

urea ,  o r  0.5 t o  1 M  propionic  a c i d .  Separa t ion  of t h e  c h a i n s  can b e  

done by CM-cellulose i o n  exchange ( i n  u r e a ) ,  o r  by g e l  f i l t r a t i o n  

w i t h  Sephadex G-100 i n  0.5 M p r o p i o n i c  acid!6 

0 . 1  M cercaptoethylamine,  followed by a d d i t i o n  of  p-chloromercuri- 

benzoate  and lowering of  t h e  pM t o  2 .5  r e s u l t s  i n  half-molecules  

of IgG. 

To prevent  r e - a s s o c i a t i o n  a n d f o r  

Treatment of IgG w i t h  

46 

The g r e a t e r  p a r t  (98%) of IgAZ, of t h e  Am-group A2m (1) has  no 

d i s u l f i d e  bond between H and L cha ins ;  t h e s e  H and L c h a i n s  can t h u s  

b e  separa ted  without  any o t h e r  t r e a t m e n t ,  by g e l  f i l t r a t i o n  on 

Sephadex G-200, i n  t h e  presence  of 8 M urea.  47 
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CHARACTERIZATION OF 1 M ” O G L O B U L I N S  159 

Separated H and L c h a i n s  of a n t i b o d i e s  w i t h  a g iven  s p e c i f i c i t y ,  

spontaneously and p r e f e r e n t i a l l y  recombine, re-forming an t ibody 

molecules  w i t h  most of  t h e  o r i g i n a l  b inding  a c t i v i t y .  48 

Some (but  n o t  a l l )  of  t h e  immunoglobulin domains can b e  ob- 

t a i n e d  by d i g e s t i o n  w i t h  t r y p s i n  o r  plasmin of H o r  L cha ins  o r  

fragments a t  n e u t r a l  pH, a f t e r  p r i o r  t rea tment  of  t h e s e  c h a i n s  o r  

f ragments  at  pH 2.5. 49 

C. S e c r e t o r y  Component of IgA 

Human s e c r e t o r y  component of  IgA (SC) can b e  prepared  from 

human colostrum whey, by p r e c i p i t a t i o n  w i t h  70% sat .  

g e l  f i l t r a t i o n  on Sephadex G-200, r e - p r e c i p i t a t i o n  w i t h  70% sa t .  

(NH4)2 SO4 and ion-exchange chromatography on DEAE-cellulose. 

(NH4)2 S O 4 ,  

50 

D. J Chain of  IgA and IgM 

The i s o l a t i o n  of J cha in  from IgM o r  from dimer ic  IgA o r  sIgA 

is n o t  e a s y ,  on account  of  t h e  f a c t  t h a t  it r e p r e s e n t s  only 1 .5% of 

t h e  t o t a l  weight  of IgM and 4.5 t o  4.0% of d imer ic  IgA and sIgA 

r e s p e c t i v e l y .  From IgM i t  can b e  i s o l a t e d  a f t e r  t h e  r e d u c t i o n  and 

a l k y l a t i o n  needed t o  form IgMs ( s e e  above) ,  a f t e r  which i t  can  be  

found i n  t h e  15,000 - 25,000 MW f r a c t i o n  by g e l  f i l t r a t i o n  on Sepha- 

dex G-100, and f u r t h e r  s e p a r a t e d  from p o s s i b l e  s i n g l e  L c h a i n s  by 

e l e c t r o p h o r e s i s  o r  by i o n  exchange chromatography: J c h a i n  i s  more 

s t r o n g l y  n e g a t i v e l y  charged t h a n  L chains?’ 

ob ta ined  from c( c h a i n s  (obta ined  v i a  r e d u c t i o n  and a l k y l a t i o n  of 

d imer ic  IgA o r  sIgA t h a t  were i s o l a t e d  by g e l  f i l t r a t i o n  on Sepha- 

dex G-lOO),followed by f u r t h e r  c leavage  w i t h  50 mM d i t h i o t h r e i t o l  

J c h a i n s  can a l s o  be  
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and alkylation with 120 mM iodoacetic acid and further gel filtra- 

tion (in 1 M acetic acid) on Sephadex G-100. J chain is quite 

hydrophilic, asymmetrical (axial ratio w18/1) and has a molecular 

weight % 15,000. 51 

IX DETERMINATION OF MOLAR ANTIBODY CONCENTRATION 

A. Introduction 

For all quantitative determinations pertaining to antigen- 

antibody interactions (and especially for determinations of ther- 

modynamic parameters), it is necessary to know the (molar) antigen 

and antibody concentrations (usually bound as well as free). In 

most cases the determination of antigen concentrations is a simple 

matter, as one can (usually) start with the pure antigenic material 

and, if necessary, one can have it tagged with e.g., a radioisotope. 

Determinations of the molar concentration of a specific anti-, 

be it in whole antiserum or in an isolated immunoglobulin fraction 

is, due to the presence of a vast excess of irrelevant imunoglob- 

ulins and other proteins, a more complicated matter. Basically one 

can determine the specific antibody concentration: 1) through 

interaction with a known amount of antigen, and 2) after specific 

adsorption to and elution from the insolubilized antigen. 

B. Interaction with a Known Amount of Antigen 

Although antigens and antibodies can interact non-stoichio- 

metrically, in the most diverse proportions, there are two condi- 

tions under which the antigen-antibody ratio is known, or can be 
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simply a s c e r t a i n e d .  These are: 1 )  a t  a n t i g e n  excess ,  when a l l  

s p e c i f i c  an t ibody-ac t ive  s i tes  are bound:2 and 2)  

done a t  t h e  opt imal  a n t i g e n l a n t i b o d y  r a t i o  (wi th  n e i t h e r  f r e e  

a n t i g e n  n o r  f r e e  an t ibody i n  t h e  s u p e r n a t a n t ) ,  i n  which t h e  t o t a l  

amount of an t ibody e q u a l s  t h e  t o t a l  amount of p r e c i p i t a t e  minus t h e  

amount of a n t i g e n  added. When de termina t ions  are done a t  a n t i g e n  

excess ,  i n  most cases s o l u b l e  complexes are obta ined .  Here t h e  

by p r e c i p i t a t i o n  

amount of a n t i g e n  added must be known, as w e l l  as t h e  amount of 

a n t i g e n  i n  t h e  complexes, which can b e  i s o l a t e d  by,  e . g . ,  p r e c i p i -  

t a t i o n  w i t h  ( N H 4 I 2  SO4, w i t h  polye thylene  g l y c o l  6000 ( s e e  S e c t i o n  

11, above) o r  w i t h  anti-immunoglobulin an t ibodies?2  

(radio- tagged)  a n t i g e n  can a l s o  b e  determined by ge l -e lec t rophor-  

esis?2 

ant igen-ant ibody complexes w i t h  (NH4I2 SO 

tion of c e r t a i n  types  of 

assay  and enzyme immunoassay, it a l s o  i s  p o s s i b l e  t o  determine 

s p e c i f i c  ant ibody c o n c e n t r a t i o n s ,  once a n t i g e n  c o n c e n t r a t i o n s  are 

known. 

Bound and f r e e  

As  i n d i c a t e d  above (Sec t ion  11-B) , p r e c i p i t a t i o n  of s o l u b l e  

may cause t h e  d i s s o c i a -  

F i n a l l y ,  v i a  radio- imuno- 

4 

To o b t a i n  t h e  molar an t ibody c o n c e n t r a t i o n ,  i t  i s  of course  

necessary  t o  know t h e  molecular  weight of t h e  an t ibody i n  q u e s t i o n ,  

and i n  case of an t ibody h e t e r o g e n e i t y ,  t o  e f f e c t  a f u r t h e r  f r a c -  

t i o n a t i o n ,  see n e x t  s e c t i o n ,  below. 

C. A f f i n i t y  Procedures  

The o t h e r  way of knowing t h e  e x a c t  c o n c e n t r a t i o n  of t h e  s p e c i f -  

i c  an t ibody one is  working w i t h ,  i s  t o  f s o l a t e  i t  by immunoadsorp- 
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t i o n  on (and subsequent  e l u t i o n  from) t h e  ( i n s o l u b i l i z e d )  a n t i g e n  

i n  q u e s t i o n .  

s p e c i f i c  an t ibody,  and t h e  concent ra t ion  of  t h a t  p r o t e i n  i s  t h e  

concent ra t ion  of t h e  s p e c i f i c  ant ibody i n  q u e s t i o n .  To o b t a i n  t h e  

molar ant ibody concent ra t ion  of t h e  p r e p a r a t i o n  one must of course  

know of which immunoglobulin(s) i t  c o n s i s t s .  I f  (dekavalen t )  IgM 

as w e l l  as o t h e r  ( d i v a l e n t )  immunoglobulin c l a s s e s  are p r e s e n t ,  an 

a d d i t i o n a l  s e p a r a t i o n  according t o  s i z e ,  e . g . ,  by g e l  f i l t r a t i o n ,  

see Sec t ion  V-A, above, may b e  requi red .  

I n  such a c a s e  t h e  e l u t e d  p r o t e i n  c o n s i s t s  s o l e l y  of  

X. CHARACTERIZATION OF IMMUNOGLOBULINS 

A. I n t r o d u c t i o n  

B a s i c a l l y ,  t h e  c h a r a c t e r i z a t i o n  of  immunoglobulins i s  a v a s t  

s u b j e c t  t h a t  e a s i l y  deserves  a chapter  by i t s e l f .  However, many 

a s p e c t s  of immunoglobulins t h a t  e s s e n t i a l l y  p e r t a i n  t o  t h e i r  

c h a r a c t e r i z a t i o n  are t r e a t e d  elsewhere i n  g r e a t  d e t a i l .  5 3  

The f i n a l  s e c t i o n  of t h e  p r e s e n t  c h a p t e r  thus  w i l l  be  l i m i t e d  

t o :  1 )  The immunoglobulin c h a r a c t e r i z a t i o n  methods, of which t h e  

p r i n c i p l e s  a l r e a d y  have been touched upon above, under t h e  treat- 

ment of t h e  v a r i o u s  i s o l a t i o n  methods of immunoglobulins, see Sec- 

t i o n s  B t o  E ,  below, and: 2 )  A few o t h e r  methods, no t  u s u a l l y  

t r e a t e d  elsewhere,  t h a t  p e r t a i n  t o  t h e  c h a r a c t e r i z a t i o n  of  the  

s u r f a c e  t e n s i o n  and of t h e  pr imary,  secondary and t e r t i a r y  config-  

u r a t i o n s  of t h e  immunoglobulin molecules ,  are t r e a t e d  i n  Sec t ions  F 

t o  H ,  below. 
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B ,  E l e c t r o k i n e t i c  Methods 

A n a l y t i c a l  Polyacrylamide G e l  E l e c t r o p h o r e s i s  g i v e  t h e  b e s t  

r e s o l u t i o n  when done w i t h  d iscont inuous  b u f f e r s ,  o r  i n  "mul t iphas ic  

b u f f e r  systems"; f o r  t h e  most advanced s t a t e  of  t h e  a r t  of t h i s  

method$4 see S e c t i o n  111-B. 

A n a l y t i c a l  I s o e l e c t r i c  Focusing however is fundamental ly  cap- 

a b l e  of  even h i g h e r  r e s o l u t i o n  (wi th  r e s p e c t  t o  charge) .  The method 

h a s  r e c e n t l y  been w e l l  summarized by Braun e t  al.:5giving examples 

of m u l t i c l o n a l  and o l i g o c l o n a l  an t ibody responses ;  see a l s o  

R i g h e t t i ?  There i s  however a l i m i t a t i o n  t o  t h e  method, i n  t h a t  i t  

i s  n o t  p o s s i b l e  t o  work w i t h  immunoglobulins t h a t  t e n d  t o  p r e c i p i -  

t a te  a t  low i o n i c  s t r e n g t h  ( i . e . ,  w i t h  "euglobul ins" ,  see S e c t i o n  

11-A) .  In  such cases i t  i s  p r e f e r a b l e  t o  use :  

A n a l y t i c a l  I s o t a c h o p h o r e s i s .  This  technique  h a s  been w e l l  

descr ibed  by Bier and Allgyer;' and i t s  a p p l i c a t i o n  t o  immunoglobulin 

( e s p e c i a l l y  "euglobul in")  c h a r a c t e r i z a t i o n  by Z i e g l e r  and KBhler, 

see a l s o  S e c t i o n  111-C. 

56 

E l e c t r o p h o r e s i s  i n  Gels w i t h  Graded P o r o s i t y  p e r m i t s  t h e  d is -  

This  tech-  t i n c t i o n  of a r a t h e r  wide range of molecular  weights?7 

n ique  i s  e s p e c i a l l y  powerful  i n  t h e  s imultaneous d i s c r i m i n a t i o n  

between a n t i g e n s ,  a n t i b o d i e s  and s o l u b l e  immune complexes. 53 

Bidimensional  Combinations 5 7 3 5 8  o f ,  e . g . ,  i s o e l e c t r i c  f o c u s i n g  

and SDS-gel e l e c t r o p h o r e s i s  ( s e e  S e c t i o n  V-B),  are among t h e  char-  

a c t e r i z a t i o n  methods t h a t  permi t  t h e  h i g h e s t  r e s o l u t i o n  a t  p r e s e n t  

a t t a i n a b l e  ( s e e  S e c t i o n  I - C ) .  Even i n  monoclonai immunoglobulins 

t h e r e  i s  some microheterogenei ty ,  demonstrable  by t h e  "high reso-  
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lution bidimensional electrophoresis" method:' using gel isoelectric 

focusing in one direction, and SDS gel electrophoresis in the other. 

This permits the distinction between electric charge and molecular 

weight heterogeneities. In their study of monoclonal immunoglobulins 

Latner et a16' could thus show that microheterogenities reside only 

in the H and not in the L chains. The microheterogeneities of mono- 

clonal y,  a and p-chains are mainly based on charge and not on 

size differences, whilst in monoclonal 6 chains the heterogeneities 

exist in both charge and size. The charge heterogeneities of mono- 

clonal a, u and 6 chains (but not of y chains) are partly due to 

sialic acid moieties. For actual molecular weight determinations 

in the SDS gel electrophoresis direction, as well as in graded 

porosity gel electrophoresis, one always must interpolate between 

two polymers of known molecular weights, and even then errors can 

arise when the asymmetries of the known and the unknown proteins are 

dissimilar. For accurate molecular weight determinations, see 

Sedimentation (Section D), below. 

C. Chromatographic Methods. 

High Pressure Liquid Chromatography (HPLC) is, in a variety of 

modes, more and more applied to the characterization of small and 

large peptides, and of proteins. 2a 

Reversed-phase (or hydrophobic) liquid chromatography (RPLC) is 

probably one of the most useful new techniques, as it separates pro- 

teins and peptides according to their relative hydrophobicity, which 

is not easily duplicated by other analytical methods (see Section 

IV-B, above). 
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G e l  Permeation HPLC i s  a convenient  approach t o  t h e  e s t i m a t i o n  

of t h e  molecular  weight  of p r o t e i n s .  To t h a t  end one must have a 

number of polymers a t  one ' s  d i s p o s a l ,  t o  s e r v e  as molecular  weight 

markers, and one must a r range  t h e s e  markers i n  such a way t h a t  t h e  

unknown p r o t e i n ( s )  emerge from t h e  column i n  between two o r  more 

known ones. This  a l s o  holds  f o r  ord inary  g e l  f i l t r a t i o n  ( s e e  

Sec t ion  V-A above) when used a s a m e t h o d  f o r  de te rmining  molecular  

s i z e .  

g r e a t e r  ( o r  l e s s e r )  d e v i a t i o n  from symmetry of t h e  unknown p r o t e i n ( s )  

than  of t h e  molecular  weight markers ,  w i l l  l e a d  t o  e r roneous  r e s u l t s ,  

even i f  t h e  i n t e r p o l a t i o n  method is  p r o p e r l y  adhered t o .  The ul-  

timate c r i t e r i o n  of molecular  s i z e  de te rmina t ion  of p r o t e i n s  s t i l l  

r e s i d e s  i n  t h e  d i r e c t  measurement of molecular  weights  asym- 

metries by a n a l y t i c a l  u l t r a c e n t r i f u g a t i o n ,  see t h e  n e x t  s e c t i o n  ( D ) ,  

below. 

I n  a l l  t h e s e  cases i t  must b e  remembered t h a t  a s i g n i f i c a n t l y  

Ion Exchange HPLC, f o r  t h e  c h a r a c t e r i z a t i o n  of immunoglobulins 

and/or  immunoglobulin cha ins  is f e a s i b l e ,  b u t  i n  t h e  f a c e  of t h e  

e x i s t e n c e  of  e l e c t r o p h o r e t i c ,  immunoelectrophoret ic ,  g e l  e l e c t r o -  

p h o r e t i c  and o t h e r  e l e c t r o k i n e t i c  methods ( s e e  Sec t ion  B ,  above) ,  

t h i s  approach has  l i t t l e  t o  commend it .  

D. Sedimentat ion 

With a l l  t h e  secondary methods f o r  determining molecular  

weights  of immunoglobulins, immunoglobulin c h a i n s  and o t h e r  poly- 

p e p t i d e s  and p r o t e i n s ,  t h a t  are used i n c r e a s i n g l y ,  such as  g e l  

f i l t r a t i o n  chromatography ( o r  g e l  permeation HPLC), o r  SDS g e l  
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e l e c t r o p h o r e s i s  ( s e e  above, Sec t ions  B and C ) ,  one must n o t  l o s e  

s i g h t  of t h e  f a c t  t h a t  i n  a l l  t h e s e  cases c o n t r o l  biopolymers of 

known molecular  weights  must b e  used, f o r  i n t e r p o l a t i o n  and estima- 

t i o n  of t h e  molecular s i z e s  of t h e  unknown molecules o r  c h a i n s .  

Such i n t e r p o l a t i o n s  indeed a t  b e s t  y i e l d  only  e s t i m a t i o n s ,  as i t  i s  

u n l i k e l y  t h a t  t h e  unknown has  t h e  same degree and type  of asymmetry 

as  t h e  known molecules. And i n  t h e  f i n a l  a n a l y s i s  t h e  molecular  

weights  of t h e  known molecules have been determined ear l ier  by 

a n a l y t i c a l  u l t r a c e n t r i f u g a t i o n .  There t h u s  are always reasons  why 

one may want t o  ( o r  have t o )  go back t o  a sed imenta t ion  technique 

f o r  t h e  p r e c i s e  and unequivocal de te rmina t ion  of t h e  molecular  

weight ,  as w e l l  as of t h e  degree of asymmetry, of an  immunoglobulin, 

an  immunoglobulin c h a i n ,  o r  any o t h e r  p r o t e i n  o r  po lypept ide .  

It t h u s  remains u s e f u l  t o  r e c a p i t u l a t e  what can and what can- 

61 n o t  be determined by v a r i o u s  a n a l y t i c a l  sed imenta t ion  techniques.  

Sedimentat ion Rates have t h e  c o n s i d e r a b l e  advantage t h a t  they  

even can b e  determined i n  heterogeneous mixtures  (us ing ,  e .g . ,  

s c h l i e r e n  o p t i c s ) .  The sed imenta t ion  c o n s t a n t ( s )  ob ta ined  have t h e  

drawback t h a t  t h e  molecular  weight (M) can only be obta ined  from 

them ( v i a  t h e  Svedberg equat ion:  

f u s i o n  cons tan t  (D) a l s o  i s  known. However, nowadays d i f f u s i o n  

c o n s t a n t s  of a given p r o t e i n  can a l s o  be determined i n  heterogeneous 

mixtures ,  as long  as an  ant ibody t o  t h a t  p r o t e i n  i s  a v a i l a b l e ;  

double d i f f u s i o n  a t  r i g h t  angles63  w i l l  then y i e l d  D. 

M and D,  o r  bo th  s and D, o r  b o t h  s and M, are known, t h e  f r i c t i o n  

f a c t o r  r a t i o  f / f o ,  express ing  t h e  r a t i o  between t h e  a c t u a l  d i f f u s i o n  

M = RTs/(i-;p)Df1’62)if t h e  d i f -  

Once both  
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c o e f f i c i e n t ,  and t h e  d i f f u s i o n  c o e f f i c i e n t  a molecu le  o f  t h e  same 

molecu la r  we igh t  would have i f  i t  were comple t e ly  s p h e r i c a l ,  and 

t h e r e f r o m  t h e  asymmetry r a t i o  c a n  b e  de t e rmined .  6 1 3 6 2 * 6 4  If a pro- 

t e in  is  a v a i l a b l e  i n  t h e  p u r i f i e d  s t a t e ,  M can  a l s o  b e  d i r e c t l y  

determined (wi thou t  knowing D) by s e d i m e n t a t i o n  e q u i l i b r i u m ,  o r  by 

approach t o  e q u i l i b r i u m  methods!' Sed imen ta t ion  rate d e t e r m i n a t i o n  

i s  a u s e f u l  check f o r  molecu la r  we igh t  homogeneity (p rov ided  a t  

least 0.5 m l ,  c o n t a i n i n g  2 t o  5 mg p r o t e i n ,  i s  a v a i l a b l e ) .  Small  

amounts of  con taminan t s  ( ~ 2 % )  however canno t  b e  d e t e c t e d  by t h a t  

approach.  

E. S u r f a c e  Tension 

From t h e  o r d e r  i n  which immunoglobulins and o t h e r  plasma pro- 

t e i n s  emerge from a hydrophobic  ( o r  r eve r sed -phase )  chromatography 

c o l m  ( s e e  S e c t i o n  IV-B, a b o v e ) ,  one can  o b t a i n  a q u a l i t a t i v e  

e s t i m a t i o n  of  t h e  s u r f a c e  t e n s i o n  o f  t h e s e  p r o t e i n s .  For t h e  

q u a n t i t a t i v e  d e t e r m i n a t i o n  of  t h e  s u r f a c e  t e n s i o n  of  p r o t e i n s  

(yprv) ,  two methods may b e  used:  

p r o t e i n  a d s o r p t i o n  d e t e r m i n a t i o n .  

c o n t a c t  a n g l e  measurement,  o r  

Con tac t  Angle Measurement i s  by f a r  t h e  s i m p l e s t  method f o r  

One must however tokc  g r e a t  c a r e  n o t  t o  d e n a t u r e  o b t a i n i n g  y 

t h e  p r o t e i n  by exposure  o f  t o o  t h i n  a l a y e r  t o  t h e  a i r - i n t e r f a c e .  

To t h a t  e f f e c t ,  a t h i c k ,  h y d r a t e d  l a y e r  of  c o n c e n t r a t e d  p r o t e i n  

must be  d e p o s i t e d  by u l t r a f i l t r a t i o n  on an a n i s o t r o p i c  membrane. 

PrV' 
65 

The c o n t a c t  a n g l e  0 ,  made by a d rop  o f  s a l i n e  w a t e r ,  d e p o s i t e d  on 

top  of  t h e  (on ly  s l i g h t l y  d r i e d )  h y d r a t e d  p r o t e i n  l a y e r  ( a t t a c h e d  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
0
0
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



168 VAN oss 

t o  t h e  membrane) can then  b e  measured, and from t h e  c o n t a c t  angle  0 

yprV may be obta ined ,  e . g . ,  by means of t a b l e s z 3  based upon an  

equat ion  of s ta te .  

P r o t e i n  Adsorpt ion from s o l u t i o n s ,  o n t o  d i f f e r e n t  polymer 

s u r f a c e s  of v a r i o u s  s u r f a c e  t e n s i o n s ,  whi le  immersed i n  l i q u i d s  of 

L 
t h e  d i f f e r e n t  s u r f a c e  t e n s i o n s  w i l l  a l s o  y i e l d  yprv. This  i s  done 

by f i n d i n g  (by i n t e r p o l a t i o n )  t h e  one l i q u i d  i n  which t h e  degree of  

adsorp t ion  of a given p r o t e i n  ( i n  pg/cm ) i s  t h e  same f o r  d i f -  

f e r e n t  polymet s u r f a c e .  The s u r f a c e  t e n s i o n  y of t h a t  l i q u i d  is 

equal  t o  yprV. 

method, b u t  i t  s e r v e s  t h e  u s e f u l  purpose,  w h i l s t  be ing  t o t a l l y  d i f -  

f e r e n t  from and u n r e l a t e d  t o  t h e  c o n t a c t  a n g l e  method, of neverthe-  

less g i v i n g  t h e  same va lue  of yprV f o r  t h e  same p r o t e i n  ( w i t h i n  

2 

LV 

This  method is  more l a b o r i o u s  than  t h e  c o n t a c t  a n g l e  

k 0.3  erg/cm') . 
Charge-Shift E l e c t r o p h o r e s i s  is  an e l e c t r o p h o r e t i c  method, 

us ing  t h r e e  types  ( a n i o n i c ,  nonionic  and c a t i o n i c )  of  s u r f a c t a n t  as 

probes f o r  hydrophobic m o i e t i e s  on p r o t e i n  molecules?8 

hydrophobic t a i l  of s u r f a c t a n t s  can b ind  t o  a hydrophobic moiety of 

a p r o t e i n ,  a n i o n i c  s u r f a c t a n t s  w i l l  make t h e  p r o t e i n  more n e g a t i v e l y  

charged, c a t i o n i c  s u r f a c t a n t s  less n e g a t i v e l y  charged,  and nonionic  

s u r f a c t a n t s  should have no i n f l u e n c e .  The use  of a l l  t h r e e  k inds  

of  s u r f a c t a n t  is advised ,  t o  d e t e c t  whether one of them a t t a c h e s  t o  

t h e  p r o t e i n  v i a  an i o n i c  ( i n s t e a d  of a hydrophobic, o r  van d e r  

Waals) i n t e r a c t i o n ,  i n  which case one of t h e  i o n i c  ones would not  

cause a change i n  t h e  p r o t e i n ' s  e l e c t r o p h o r e t i c  mobi l i ty .  

of t h e  t h r e e  t y p e s  of s u r f a c t a n t  causes  a change i n  e l e c t r o p h o r e t i c  

When t h e  

I f  none 
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mobi l i ty  of a p r o t e i n ,  t h a t  p r o t e i n  i s  u n l i k e l y  t o  have a prominent 

hydrophobic moiety. The method has  y i e l d e d  i n t e r e s t i n g  r e s u l t s  i n  

t h e  s tudy  of c e l l  membrane p r o t e i n s ,  b u t  does n o t  show g r e a t  promise 

i n  t h e  c h a r a c t e r i z a t i o n  of t h e  (very h y d r o p h i l i c )  plasma p r o t e i n s .  

S t i l l ,  f o r  t h e  f u r t h e r  s tudy  of t h e  r e l a t i v e l y  hydrophobic Fc t a i l s  

of  some immunoglobulins (e .g . ,  of IgGl and IgG3), t h e  method might 

b e  u s e f u l .  

Sur face  Tensions of  P r o t e i n  S o l u t i o n s  y i e l d  no informat ion  

about  t h e  s u r f a c e  t e n s i o n  of t h e  p r o t e i n  i t s e l f ,  b u t  s imply r e f l e c t  

t h e  degree of a d s o r b t i o n  of t h e  p r o t e i n  a t  t h e  a i r - l i q u i d  i n t e r f a c e  

i n  t h e  measuring device ,  and t h e  concomitant d e n a t u r a t i o n  of t h e  

p r o t e i n . 6 5  

a s y n t h e t i c  po lypept ide  (poly-L-lysine), as a f u n c t i o n  of tempera- 

t u r e ,  and as a f u n c t i o n  of pH, c o r r e l a t e  w e l l  w i t h  changes i n  t h e  

However, changes i n  t h e  s u r f a c e  t e n s i o n  of a s o l u t i o n  of 

secondary conformation of t h a t  polymer, as measured by c i r c u l a r  

dichroism.  A t  t h e  pK v a l u e  of poly-L-lysine (pH 10.4)  a minimum 

w a s  found i n  t h e  s u r f a c e  t e n s i o n  of t h e  s o l u t i o n  ( a t  a l l  tempera- 

t u r e s ) ,  implying t h a t  a t  t h a t  pH t h e  s u r f a c e  c o n c e n t r a t i o n  of hydro- 

phobic groups o f  t h e  polypept ide  molecule i s  a t  a maximum;66 see 

a l s o  Sec t ion  G ,  below. 

The Surface  Tensions of P r o t e i n s  ( PrV) i n  t h e  hydra ted ,  

n a t i v e  s ta te ,  g e n e r a l l y  i s  t h e  dec id ing  f a c t o r  i n  t h e  degree  t o  

which a p r o t e i n  becomes a s p e c i f i c a l l y  adsorbed t o  v a r i o u s  s u r f a c e s  

( s e e  Sec t ion  IV-A, above). This e x p l a i n s  t h e  a s p e c i f i c  opsoniza- 

t i o n  of hydrophobic b a c t e r i a  by IgGl and IgG3 (which have r a t h e r  

hydrophobic Fc t a i l s ) .  From t h e  s u r f a c e  t e n s i o n  of a p r o t e i n ,  i ts 
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van d e r  Waals ( o r  Hamaker) c o e f f i c i e n t  can b e  c a l c u l a t e d ,  v i a  equa- 

L t i o n s  ( 1 A )  and ( 7 ) ,  see Sec t ion  IV-A, above. 

F. Primary Conf igura t ion  

The amino a c i d  sequence of a p e p t i d e  c h a i n  and t h e  way i n  

which two o r  more p e p t i d e  c h a i n s  are c o v a l e n t l y  bound t o g e t h e r  form 

t h e  pr imary c o n f i g u r a t i o n  of  a p o l y p e p t i d e  o r  p r o t e i n .  

decades ago t h e  de te rmina t ion  of t h e  amino a c i d  sequence of p e p t i d e s  

w a s  an exceedingly l a b o r i o u s  e n t e r p r i s e .  With t h e  advent  of  auto-  

matic p r o t e i n  sequencers  (Beckman Ins t ruments ,  Pa lo  A l t o ,  CA)67 t h e  

de te rmina t ion  of t h e  pr imary c o n f i g u r a t i o n  of  even q u i t e  l a r g e  pro- 

t e i n s  became a matter of r o u t i n e .  For t h e  de te rmina t ion  of t h e  

pr imary c o n f i g u r a t i o n  of  immunoglobulins, sequencing i s  only 

p o s s i b l e  w i t h  monoclonal immunoglobulins. A number of  amino a c i d  

sequences of human (monoclonal) y ,  a, u,B,E,K and X c h a i n s ,  showing 

t h e  v a r i a b l e  as w e l l  as t h e  c o n s t a n t  p a r t s ,  compiled by A. L. 

Grossberg,  a r e  g iven  by van OssT8 see a l s o  Nisonoff e t  a14' Auto- 

mat ic  p r o t e i n  s y n t h e s i z e r s ,  combined w i t h  p r o t e i n  sequencers ,  form 

i n c r e a s i n g l y  impor tan t  t o o l s  i n  t h e  immunochemical s t u d y  of t h e  

complete a n t i g e n i c  make-up of p r o t e i n s .  Knowledge of t h e  pr imary 

c o n f i g u r a t i o n  of p r o t e i n  a n t i g e n s  as w e l l  a s  of  immunoglobulins 

remains of c r u c i a l  importance i n  t h e  unders tanding  of t h e i r  s p a t i a l  

(secondary and t e r t i a r y )  c o n f i g u r a t i o n s ,  as w e l l  as o f  t h e i r  immuno- 

chemistry.  

S e v e r a l  

53 

G. Secondary Conf igura t ion  

The secondary c o n f i g u r a t i o n  of p r o t e i n s  a l l u d e s  t o  t h e i r  f i r s t -  

o r d e r  s p a t i a l  f o l d i n g ,  e . g . ,  i n  a - h e l i c e s ,  8-pleated s h e e t s  o r  ran- 
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dom c o i l  The secondary c o n f i g u r a t i o n  i s  u s u a l l y  

determined by one of two r e l a t e d  o p t i c a l  methods, i . e . :  c i r c u l a r  

dichroism (CD) and o p t i c a l  r o t a t o r y  d i s p e r s i o n  (ORD). CD ( u s u a l l y  

t h e  method of choice)  measures t h e  d i f f e r e n c e  between r i g h t  and l e f t  

c i r c u l a r l y  p o l a r i z e d  l i g h t ,  expressed as t h e  d i f f e r e n c e  i n  o p t i c a l  

r o t a t i o n  i n  degrees  (per  mole of p r o t e i n  s o l u t i o n  t h e  l i g h t  t r a -  

v e r s e s ) ,  E. t h e  wavelength. 

p a s s i n g  through a column of p r o t e i n  s o l u t i o n  i s  p l o t t e d  E. t h e  

wavelength. ORD s p e c t r a  e s s e n t i a l l y  d e p i c t  t h e  f i r s t  d e r i v a t i v e  of 

CD s p e c t r a  (of a given p r o t e i n ) t 2  CD s p e c t r a  a l low t h e  d i f f e r e n t a -  

t i o n  between a - h e l i c e s ,  B-sheets and random c o i l s .  Sur face  t e n s i o n  

measurements of s imple polypept ides  (such as poly-L-lysine) a l s o  

al low t h e  measurement of conversion form a-he l ix  t o  &sheet  i n  good 

agreement wi th  CD de te r rn ina t ionsf6  see Sec t ion  E ,  above. 

I n  ORD t h e  o p t i c a l  r o t a t i o n  of  l i g h t  

H. T e r t i a r y  Conf igura t ion  

The a c t u a l  f o l d i n g  of t h e  a - h e l i x  and/or  B-sheet of a p r o t e i n  

i n t o  i t s  f i n a l  3-dimensional s t r u c t u r e  r e s u l t s  i n  t h e  t e r t i a r y  

c o n f i g u r a t i o n .  A v a r i e t y  of methods g e n e r a l l y  are used i n  conjunc- 

t i o n  wi th  each o t h e r  f o r  t h e  complete unrave l ing  of t h e  t e r t i a r y  

c o n f i g u r a t i o n .  To begin  w i t h ,  t h e  primary c o n f i g u r a t i o n  of a 

p r o t e i n  must be known, and a t  least  a f a i r l y  good knowledge of t h e  

secondary c o n f i g u r a t i o n .  Then t h e  method of choice is X-ray 

d i f f r a c t i o n  of  c r y s t a l s  of t h e  pure p r o t e i n .  40 ’62  

t i o n  of t h i s  method i s  due t o  t h e  exceedingly small wavelength of 

X-rays cdl 2). 
atoms of t h e  c r y s t a l ,  g iv ing  r ise t o  d i f f r a c t i o n  p a t t e r n s ,  due t o  

The high reso lu-  

X-rays are s c a t t e r e d  by t h e  e l e c t r o n s  w i t h i n  t h e  
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i n t e r f e r e n c e  among t h e  s c a t t e r e d  r a d i a t i o n s  from t h e  v a r i o u s  atoms. 

The d i f f r a c t i o n  p a t t e r n s  are analyzed v i a  Four ie r  t ransforms,  t o  

y i e l d ,  a f t e r  much t r ia l  and e r r o r ,  an e l e c t r o n  d e n s i t y  p a t t e r n ,  

corresponding t o  t h e  p a t t e r n  corresponding t o  t h e  atoms i n  t h e  

p r o t e i n  c r y s t a l ,  i n  one given l a y e r .  Many ana lyses  of t h i s  type 

u l t i m a t e l y  permit  t h e  c o n s t r u c t i o n  of a three-dimensional  repre-  

s e n t a t i o n  of t h e  atoms i n  t h e  p r o t e i n .  For t h i s  i t  i s  e s s e n t i a l  t o  

know n o t  only t h e  primary c o n f i g u r a t i o n  of t h e  p r o t e i n ,  b u t  a l s o  

its real  three-dimensional  shape,  ob ta ined  from, e .g . ,  hydrodynamic 

sedimentat ion d a t a  ( s e e  Sec t ion  D ,  above) ,  o r  e l e c t r o n  microscopy; 

see a l s o  Nisonoff e t  a l .  40 
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