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I. INTRODUCTION 

The use o f  an enzyme as a l a b e l  has a number o f  advantages 

over  t h e  use o f  o t h e r  l a b e l s  i n  b o t h  immunohistochemistry and 

immunoassay . Immunofluorescence techniques a r e  n o t  s u i t a b l e  

f o r  u l  t r a s t r u c t u r a l  research on c e l l s ,  and f e r r i t i n - l a b e l e d  a n t i -  

bodies a1 low o n l y  e l e c t r o n m i c r o s c o p i c  s t u d i e s .  By c o n t r a s t ,  

enzyme-labeled a n t i b o d i e s  p e r m i t  l o c a l i z a t i o n  o f  c e l l u l a r  a n t i g e n s  

i n  r e l a t i o n  t o  t i s s u e  s t r u c t u r e s  under  l i g h t  microscope and a l s o  

demonstrat ion o f  c e l l u l a r  an t i gens  a t  an u l t r a s t r u c t u r a l  l e v e l  by  

e lect ronmicroscopy.  Ant ibody o r  an t i body  f ragments l a b e l e d  

w i t h  enzymes o f  smal l  mo lecu la r  we igh t  can more r e a d i l y  permeate 

c e l l s  o f  t i s s u e  s e c t i o n s  than  f e r r i t i n - l a b e l e d  a n t i b o d i e s .  The 

c o l o r  o f  t i s s u e  s e c t i o n s  prepared by immunoenzymatic techniques i s  

s t a b l e  f o r  years,  w h i l e  immunofluorescence o f  t i s s u e  s e c t i o n s  

decreases r a p i d l y  when exposed t o  l i g h t .  Rad io i so tope- labe led  

reagents decay w i t h  t ime;  t h e r e  a r e  h e a l t h  hazards due t o  r a d i o -  
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2 12 ISHIKAWA ET AL. 

isotopes; and disposal of radioactive waste is becoming increas- 

ingly difficult. By contrast, enzyme-labeled antigens and 

antibodies are stable for months or even years and there are no 

problems either of health hazards or of waste disposal with 

appropriate choice of enzymes and substrates. Under favourable 

conditions, enzyme imnunoassays may be even more sensitive than 

radioimmunoassays (1). Enzyme-labeled antigens and antibodies 

have found increasing use during the past decade, reinforced by 

improvements in enzyme-labeling methods. 

The existing reviews o f  enzyme-labeling methods (2-5) do not 

include recent developments. The present work reviews availa- 

ble methods for enzyme-labeling in which enzymes are cross-linked 

with antibodies or antibody fragments through covalent bonds and 

describes more recent and useful methods in detail. 

11. DEVELOPMENT OF LABELING METHODS 

Before development of the glutaraldehyde method 

Before the glutaraldehyde method was developed, several 

cross-linking reagents were tested for their ability to conjugate 

enzymes with antibodies. These included cyanuric chloride, 

4,4'-difluoro-3,3'-dinitro-diphenylsulfone, toluene-2,2'-diisocya- 

nate , N ,N ' -di cycl ohexyl carbodi imi de , 1- ( 3-dimet hyl ami nopropyl ) -3-  

ethylcarbodi imide, and bisdiazotized o-dianisidine (3). They 

all had various disadvantages, and none is currently in use. 

One-step glutaraldehyde method 

Proteins can be readily cross-linked by reaction of glutar- 

aldehyde under mild conditions mainly with amino groups of lysine 
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ENZYME-LABELING ANTIBODIES 213 

res idues.  Con juga t ion  o f  enzymes w i t h  IgG by u s i n g  g l u t a r -  

aldehyde was f i r s t  r e p o r t e d  i n  1969 ( 6 ) .  G1 u t a r a l  dehyde was 

added t o  a m i x t u r e  o f  enzyme and human, r a b b i t  o r  sheep IgG, and 

t h e  r e a c t i o n  was a l l owed  t o  proceed a t  pH 6.8 a t  room temperature 

f o r  2 h. The enzymes t e s t e d  were h o r s e r a d i s h  perox idase,  

g lucose ox idase f rom A s p e r g i l l u s  n i g e r ,  t y r o s i n a s e  f rom mushroom 

and a l k a l i n e  phosphatase f rom Escher i ch ia  coli and ch i cken  i n t e s -  

t i n e .  The conjugates produced were h i g h l y  po lymer ized and 

heterogeneous. 

The c h a r a c t e r i s t i c s  o f  t h i s  method were r e v e a l e d  more c l e a r l y  

by l a t e r  s t u d i e s  i n  which ho rse rad ish  perox idase was con juga ted  

w i t h  r a b b i t  Fab ( 7 )  and IgG f rom d i f f e r e n t  spec ies i n c l u d i n g  sheep 

( 7 ) ,  goat  ( 8 )  and r a b b i t  ( 9 ) .  The IgG was l a r g e l y  po lymer ized 

and o n l y  a v e r y  small  p r o p o r t i o n  o f  t h e  a v a i l a b l e  enzyme was 

conjugated w i t h  IgG. Al though enzyme a c t i v i t y  was f a i r l y  w e l l  

r e t a i n e d  i n  t h e  conjugate,  a s e r i o u s  loss o f  a n t i b o d y  a c t i v i t y  was 

found by hemagg lu t i na t i on ,  agarose b l o c k  p r e c i p i t a t i o n  and r a d i a l  

immunodi f fus ion.  

S i m i l a r  c h a r a c t e r i s t i c s  were a l s o  observed i n  t h e  c o n j u g a t i o n  

o f  IgG w i t h  a l k a l i n e  phosphatase f rom c a l f  i n t e s t i n e .  Rabb i t  

IgG and t h e  enzyme were conver ted t o  h i g h l y  po lymer ized conJu- 

gates, t h e  y i e l d  i n  terms o f  a n t i g e n i c  a c t i v i t y  o f  r a b b i t  IgG 

being about  1 % ( l o ) ,  a l though  60-70 % o f  t h e  enzyme a c t i v i t y  was 

r e t a i n e d  (11). When goat  (anti-human IgG) IgG was con juga ted  

w i t h  a l k a l i n e  phosphatase, i n c r e a s i n g  concen t ra t i ons  o f  g l u t a r -  

aldehyde r e s u l t e d  i n  i n c r e a s i n g  l o s s e s  o f  enzyme and a n t i b o d y  

a c t i v i t i e s  w i t h  low e f f i c i e n c y  o f  enzyme l a b e l i n g  and e x t e n s i v e  
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2 14 ISHIKAWA ET AL. 

p o l y m e r i z a t i o n  o f  IgG (12) .  S i m i l a r l y ,  when p r o t e i n  A was 

conjugated w i t h  a l k a l i n e  phosphatase by t h e  one-step method, i t s  

a b i l i t y  t o  b i n d  t o  IgG was g r e a t l y  reduced and l a b e l i n g  e f f i c i e n c y  

was ve ry  low (13) .  It was suggested t h a t  each p r o t e i n  was 

polymer ized t o  a homopolymer because o f  d i f f e r e n t  r e a c t i v i t i e s  t o  

g lu ta ra ldehyde  and t h a t  t h e  b i n d i n g  s i t e s  o f  IgG o r  p r o t e i n  A were 

b u r i e d  i n  l a r g e  aggregates w i t h  consequent l o s s  o f  b i n d i n g  r e a c t i -  

v i t y  t o  an t i gens  o r  IgG (12, 13). No improvement r e s u l t e d  f r o m  

v a r y i n g  e i t h e r  g lu ta ra ldehyde  c o n c e n t r a t i o n  o r  c o n j u g a t i o n  

r e a c t i o n  t ime  (12, 13) .  

I n  c o n t r a s t  t o  a l k a l i n e  phosphatase, l ac tope rox idase  was more 

e f f i c i e n t l y  (49 % )  conjugated w i th  goa t  IgG a t  a l ow  c o n c e n t r a t i o n  

o f  g lu ta ra ldehyde  w i t h o u t  l o s i n g  i t s  enzyme a c t i v i t y  and l o s s  o f  

an t i body  a c t i v i t y  was o n l y  21  % (12 ) .  T h i s  may be because o f  

s i m i l a r  r e a c t i v i t i e s  t o  g lu ta ra ldehyde  o f  t h e  two p r o t e i n s ,  u n l i k e  

a l k a l i n e  phosphatase which i s  much l e s s  r e a c t i v e .  The goa t  

IgG-1 actoperox idase con j u g a t e  ob ta ined  was , however , h i g h l y  p o l y -  

mer ized and heterogeneous. 

IgG and O-D-galactosidase were a1 so m o s t l y  conve r ted  t o  

h i g h l y  po lymer ized conjugates i n  t h e  one-step g lu ta ra ldehyde  

method (14 ) .  A c t i v i t i e s  b o t h  o f  t h e  enzyme and o f  IgG were 

s i g n i f i c a n t l y  impai red,  and t h e  n o n s p e c i f i c  b i n d i n g  o f  t h e  p o l y -  

mer ized conjugates t o  s o l i d  phase was g r e a t e r  t han  w i t h  con juga tes  

prepared by t h e  maleimide o r  p y r i d y l  d i s u l f i d e  methods desc r ibed  

be1 ow. 

Glucose ox idase a l s o  has been con juga ted  by t h e  one-step 

g lu ta ra ldehyde  method w i th  r a b b i t  IgG (15) ,  sheep IgG (16)  and 
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heat  aggregated human and r a b b i t  IgG (17)  , and B-D-galactos idase 

has been conjugated w i t h  sheep (18) and r a b b i t  (19) IgG, b u t  t h e  

conjugates ob ta ined  were n o t  cha rac te r i zed .  

Two-step g lu ta ra ldehyde  method 

The two-step g lu ta ra ldehyde  method was f i r s t  r e p o r t e d  i n  an 

i ncomp le te  form i n  1971 (11). A l k a l i n e  phosphatase was a l l o w e d  

t o  r e a c t  w i t h  g lu ta ra ldehyde  f o r  1 h and then  r a b b i t  IgG was 

added. The a n t i g e n i c  s i t e s  o f  r a b b i t  IgG thus con juga ted  

r e t a i n e d  more a c t i v i t y  t han  t h a t  found w i t h  t h e  one-step method. 

I n  a l a t e r  r e p o r t ,  a l k a l i n e  phosphatase was t r e a t e d  w i t h  g l u t a r -  

aldehyde, t h e  excess o f  g l u t a r a l d e h y d e  was removed, and t h e  

g l u t a r a l d e h y d e - a l k a l  i n e  phosphatase complex was a l l owed  t o  r e a c t  

w i t h  p r o t e i n  A (13) .  The a c t i v i t i e s  o f  b o t h  t h e  enzyme and 

p r o t e i n  A i n  t h e  con juga te  were w e l l  r e t a i n e d ,  a l t h o u g h  t h e  enzyme 

was polymer ized.  I t was suggested t h a t  p r o t e i n  A became con ju -  

gated t o  t h e  o u t e r  s u r f a c e  o f  t h e  enzyme polymers, t h e r e b y  p r o -  

t e c t i n g  t h e  a c t i v i t y  o f  p r o t e i n  A f r o m  s t e r i c  h indrance.  The 

enzyme a c t i v i t y  which r e q u i r e s  access of o n l y  l o w  m o l e c u l a r  w e i g h t  

s u b s t r a t e  t o  t h e  a c t i v e  s i t e  i s  l i k e l y  t o  be much l e s s  i n f l u e n c e d  

by s t e r i  c h indrance.  

An even more success fu l  c o n j u g a t i o n  by t h e  two-step g l u t a r -  

aldehyde method was desc r ibed  w i t h  h o r s e r a d i s h  pe rox idase  ( 7 ) .  

The enzyme a lone  was n o t  i n s o l u b i l i z e d  by t rea tmen t  even w i t h  

excess o f  g lu ta ra ldehyde  p robab ly  because t h e  m a j o r i t y  o f  amino 

groups i n  t h e  enzyme molecules were b locked  by  a l l y 1  i s o t h i o c y a n a t e  

which was p resen t  i n  t h e  ho rse rad ish  e x t r a c t s  (20 ) ,  and a mono- 

mer i c  ant ibody-perox idase con juga te  r e s u l t e d  f r o m  t h e  two-step 
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216 ISHIKAWA ET AL. 

method (7, 21, 22). A h i g h  p r o p o r t i o n  o f  perox idase i n  t h e  

conjugates c o u l d  be achieved by i n c r e a s i n g  t h e  amount o f  p e r o x i -  

dase ( 7 ) .  The enzyme was, however, p a r t l y  d imer i zed  o r  even 

polymer ized by t rea tmen t  w i t h  g l u t a r a l d e h y d e  (7,  21), t h e  e x t e n t  

v a r y i n g  w i t h  t h e  enzyme p r e p a r a t i o n  used ( 7 ) ,  and t h e  mo lecu la r  

we igh t  o f  t h e  con juga te  and i t s  enzymelantibody mo la r  r a t i o  a l s o  

v a r i e d  (7, 21). The perox idase a c t i v i t y  was reduced by 30-50 % 

(9, 21, 23). A cons ide rab le  decrease o f  r a b b i t  anti-human IgG 

an t ibody  a c t i v i t y  was a l s o  observed a f t e r  c o n j u g a t i o n  w i t h  t h e  

enzyme, a l t hough  l e s s  than  i n  t h e  one-step method (8, 21, 23, 24 ) .  

The recovery o f  t h e  enzyme i n  conjugates prepared by t h e  two-step 

proceduce was as l ow  as i n  t h e  one-step method (7 ,  8, 21, 24) .  

Pe r ioda te  method 

The p e r i o d a t e  method was r e p o r t e d  i n  1974 (25). The f i r s t  

s tep  o f  t h i s  method was t o  comp le te l y  b l o c k  amino groups remain ing 

r e a c t i v e  i n  ho rse rad ish  perox idase molecules by  t rea tmen t  w i t h  

l-fluoro-2,4-dinitrobenzene t o  m in im ize  s e l f - c o n j u g a t i o n .  The 

second s tep  was t o  o x i d i z e  carbohydrate m o i e t i e s  o f  t h e  g l yco -  

p r o t e i n  enzyme w i t h  NaI04 t o  generate aldehyde groups. I n  t h e  

t h i r d  step, t h e  aldehyde groups generated were a l l owed  t o  r e a c t  a t  

pH 9.5 w i t h  amino groups o f  IgG a n t i b o d i e s  t o  fo rm a S c h i f f ' s  

base. The f i n a l  s tep  was t o  reduce t h e  S c h i f f ' s  base u s i n g  

NaBH4 t o  s t a b i l i z e  t h e  c ross - l i nkages .  The r e d u c t i o n  w i t h  

NaBH4 caused 18 % l o s s  o f  t h e  enzyme a c t i v i t y .  The recove ry  o f  

t he  enzyme i n  t h e  conjugates i nc reased  w i t h  i n c r e a s i n g  degree o f  

t h e  o x i d a t i o n  and was 68 % when o x i d i z e d  w i t h  0.08 % NaI04 f o r  30 
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ENZYME-LABELING ANTIBODIES 217  

min. However, i nc rease  i n  t h e  recove ry  was accompanied by 

i nc rease  i n  b o t h  t h e  m o l e c u l a r  we igh t  o f  t h e  con juga tes  formed and 

l o s s  o f  an t i body  a c t i v i t y .  

L a t e r  r e p o r t s  f u r t h e r  d e f i n e d  t h e  perox idase- IgG conjugates 

prepared by t h e  p e r i o d a t e  method (21, 23). The enzyme a c t i v i t y  

i n  t h e  con juga te  was 30-55 % o f  t h e  o r i g i n a l  a c t i v i t y ,  and a 

cons ide rab le  l o s s  o f  r a b b i t  anti-human IgG a n t i b o d y  a c t i v i t y  by  

c o n j u g a t i o n  was noted by hemagg lu t i na t i on ,  t h e  l o s s  be ing  more 

than w i t h  t h e  two-step g l u t a r a l d e h y d e  method. The mo lecu la r  

we igh t  o f  t h e  con juga te  was more than  400,000. I n  ano the r  

r e p o r t ,  14-18 % o f  perox idase a c t i v i t y  and 30-40 % o f  r a b b i t  

a n t i - a - f e t o p r o t e i n  a c t i v i t y  were ob ta ined  i n  t h e  conjugate,  much 

o f  t h e  l o s s  o f  an t i body  a c t i v i t y  r e s u l t i n g  f rom r e d u c t i o n  w i t h  

NaBH4 (26) .  I n  some r e p o r t s ,  t h e  r e d u c t i o n  s t e p  w i t h  NaBH4 was 

even omi t ted ,  because i t  caused a cons ide rab le  l o s s  o f  enzyme 

a c t i v i t y  ( 2 7 )  o r  an t i body  a c t i v i t y  ( 2 8 ) .  

An a t tempt  was made t o  m in im ize  s e l f - c o n j u g a t i o n  o f  p e r o x i -  

dase by l o w e r i n g  t h e  pH a f t e r  o x i d a t i o n  o f  t h e  enzyme w i t h  p e r i o -  

date (29, 30). Only 5 % o f  o x i d i z e d  perox idase was s e l f -  

conjugated a t  pH 4.4, w h i l e  35 % was s e l f - c o n j u g a t e d  a t  pH 9.5 

even w i t h  p r i o r  b l o c k i n g  o f  amino groups by l - f l u o r o - 2 , 4 - d i n i t r o -  

benzene. The maximum amount o f  t h e  enzyme t h a t  c o u l d  be 

i n c o r p o r a t e d  i n t o  90,000 mo lecu la r  we igh t  Fab'-enzyme con juga te  

was 34 %. When t h e  enzyme/antibody mo la r  r a t i o  was l e s s  than  

o r  more than  one, conjugates showed a reduced a n t i b o d y  a v i d i t y .  

I n  another  r e p o r t ,  more than  95 % o f  r a b b i t  IgG and about  60 % o f  
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218 ISHIKAWA ET AL. 

Fab' were con juga ted  w i t h  more than  95 % and 60 % o f  perox idase,  

r e s p e c t i v e l y ,  a1 though conjugates o b t a i n e d  were l a r g e l y  po l ymer i c ,  

and t h e  an t i body  and enzyme a c t i v i t i e s  i n  t h e  conjugates were 

reduced (22 ) .  

Maleimide method 

Male imide groups r e a c t  under m i l d  c o n d i t i o n s  f a i r l y  r a p i d l y  

w i t h  t h i o l  groups and ve ry  s l o w l y  w i t h  o t h e r  f u n c t i o n a l  groups o f  

p r o t e i n s ,  and v a r i o u s  maleimide compounds have been syn thes i zed  

f o r  c r o s s - l i n k i n g  p r o t e i n s  (31 ) .  We used one o f  them, N,N'-o- 

phenylenedimaleimide f o r  enzyme- label ing o f  IgG i n  1975 (32 ) .  

IgG was reduced w i t h  2-mercaptoethylamine t o  generate t h i o l  groups 

i n  t h e  h inge  and t r e a t e d  w i t h  excess o f  t h e  d ima le im ide  t o  i n t r o -  

duce maleimide groups. Then, t h e  maleimide-IgG was a l l owed  t o  

r e a c t  w i t h  t h i o l  groups i n  t h e  n a t i v e  f o r m  o f  6-D-galactos idase.  

Fab' , which con ta ined  approx ima te l y  one t h i o l  group p e r  molecule,  

was a l s o  conjugated w i t h  R-D-galactosidase i n  t h e  same way (33, 

3 4 ) .  

Th is  was t h e  o n l y  method a t  t h a t  t i m e  i n  which t h e  an t i body  

con juga t ion  s i t e  was p r e d i c t a b l e  and was n o t  assoc ia ted  w i t h  

an t i gen -b ind ing  s i t e s ,  and t h e  con juga tes  o b t a i n e d  were cha rac te -  

r i z e d  more p r e c i s e l y  t h a n  o t h e r  con juga tes  (35, 36) .  The 

d imale imide method can be performed a t  pH 6.0-6.5. There was 

no l o s s  of 6-D-galactos idase a c t i v i t y  d u r i n g  t h e  c o n j u g a t i o n  

r e a c t i o n ,  and t h e  an t i body  a c t i v i t y  was w e l l  r e t a i n e d  i n  t h e  

conjugates.  There was l i t t l e  f o r m a t i o n  o f  homopolymers o f  IgG 

o r  o f  Fab ' .  The recove ry  o f  R-D-galactosidase i n  t h e  con ju -  
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ENZYME-LABELING ANTIBODIES 219 

gate was more than  99 % and t h e  con juga te  f r a c t i o n s  o b t a i n e d  by 

g e l  f i l t r a t i o n  con ta ined  l i t t l e  f r e e  enzyme. The r e c o v e r i e s  o f  

IgG and Fab' i n  t h e  conjugates were 26 and 43 %, r e s p e c t i v e l y .  

The c r o s s - l i n k  was s t a b l e  a t  4°C a t  pH 6-7 f o r  a t  l e a s t  a y e a r .  

The d imale imide method i s  a genera l  method t h a t  i s  a p p l i c a b l e  

t o  t h e  c o n j u g a t i o n  o f  a lmost  eve ry  k i n d  o f  p e p t i d e  and p r o t e i n ,  

s i n c e  t h i o l  groups can be r e a d i l y  i n t r o d u c e d  i n t o  most pep t ides  

and p r o t e i n s  a t  n e u t r a l  pH. I t  i s  h i g h l y  r e p r o d u c i b l e ,  i f  t h e  

con ten t  o f  t h i o l  and male imide groups i n  t h e  p r o t e i n  t o  be con ju -  

gated i s  conf i rmed b e f o r e  con juga t ion .  However, some c a u t i o n  

i s  requ i red .  Male imide groups a r e  n o t  s t a b l e  a t  n e u t r a l  o r  

h i g h e r  pH, and t h i o l  groups a r e  n o t  s t a b l e  i n  t h e  absence o f  EDTA 

(35, 36) .  A l k a l i n e  phosphatase loses  20-40 % o f  i t s  enzyme 

a c t i v i t y  a f t e r  i n t r o d u c t i o n  o f  t h i o l  groups (37)  and i s  i n a c t i -  

vated by  EDTA, which i s  added t o  p r e v e n t  t h e  o x i d a t i o n  o f  t h i o l  

groups. a-D-Glucosidase f rom y e a s t  l oses  30 % o f  a c t i v i t y  by 

i n c u b a t i o n  w i t h  t h e  d imale imide (37, 38) and male imide groups have 

i n s t e a d  t o  be i n t r o d u c e d  i n t o  t h e  a n t i b o d y  o r  a n t i b o d y  f ragment  t o  

be l abe led .  The r e d u c t i o n  o f  a n t i b o d i e s  a t  h i g h e r  pH t h a n  6 

increases t h e  p r o d u c t i o n  o f  po lymer ized con juga tes  i n  which more 

than  one D-D-galactosidase molecule i s  assoc ia ted  w i t h  an i n d i v i -  

dual  con juga te  molecules. 

Donkey (an t i - sheep  IgG) IgG c o n j u g a t i o n  w i t h  B-D-galacto- 

s idase by a m o d i f i e d  d ima le im ide  method (39, 40)  was per formed as 

fo l l ows .  T h i o l  groups were i n t r o d u c e d  i n t o  donkey (an t i - sheep  

IgG) IgG adsorbed on sheep IgG-Sepharose by t r e a t m e n t  w i t h  methy l  
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220 ISHIKAWA ET AL. 

4-mercaptobutyr imidate,  and t h e  (an t i - sheep  IgG) IgG w i t h  t h i o l  

groups was e l u t e d  a t  pH 2.5, t r e a t e d  w i t h  excess N,N'-o-phenylene- 

d imale imide and conjugated w i t h  O-D-galactosidase. Up t o  80 % 

o f  t h e  enzyme was conjugated t o  immuno log ica l l y  a c t i v e  an t i body  

w i t h  90 % r e t e n t i o n  o f  t h e  enzyme a c t i v i t y .  

Another dimaleimide, N,N'-oxydimethylenedimaleimide, was 

t e s t e d  f o r  t h e  c o n j u g a t i o n  o f  IgG w i t h  enzymes such as perox idase,  

glucose oxidase, O-D-galactosidase and p e n i c i l l i n a s e  (41).  

T h i o l  groups were i n t r o d u c e d  i n t o  b o t h  pe rox idase  and IgG u s i n g  S-  

ace ty lmercap tosucc in i c  anhydr ide,  and mercap tosucc iny la ted  enzyme 

o r  IgG was t r e a t e d  w i t h  t h e  d imale imide t o  i n t r o d u c e  maleimide 

groups and then  a l l owed  t o  r e a c t  w i t h  mercap tosucc iny la ted  IgG o r  

enzyme. Both perox idase and an t i body  a c t i v i t i e s  were w e l l  

r e t a i n e d  i n  conjugates,  i n  c o n t r a s t  t o  s i g n i f i c a n t  decreases i n  

bo th  a c t i v i t i e s  when t h e  p e r i o d a t e  method was used. The 

recovery o f  perox idase i n  conjugates was 44-77 %. The use o f  

N ,N'-oxydimethylenedimaleimide was c la imed t o  be advantageous o v e r  

t h a t  o f  N,N'-o-phenylenedimaleimide, because t h e  former was more 

s o l u b l e  i n  acetone and r e s u l t e d  i n  conjugates w i t h  l ower  non- 

speci  f i c b i n d i n g  . However, these f i n d i n g s  were n o t  con f i rmed  

i n  o u r  1 aboratory .  N ,N' -0-phenyl enedimal e im ide  was s u f f i c i e n t -  

l y  s o l u b l e  i n  N,N-dimethylformamide f o r  i n t r o d u c t i o n  o f  maleimide 

groups. These two d imale imides had s i m i l a r  s t a b i l i t y  i n  

aqueous s o l u t i o n s ,  and t h e  q u a l i t y  o f  con juga tes  ob ta ined  u s i n g  

them were s i m i l a r .  Furthermore, N,N'-o-phenylenedimaleimide i s  

commercial l y  ava i  1 ab le,  w h i l e  N,N' -oxydimethylenedimaleimide i s  

no t .  
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ENZYME-LABELING ANTIBODIES 221 

U n f o r t u n a t e l y ,  maleimides a r e  l e s s  s t a b l e  a t  h i g h e r  pH. 

The obse rva t i on  t h a t  N-ethy lmale imide i s  much more s t a b l e  a t  pH 7 

than N,N'-o-phenylenedimaleimide i n  which t h e  male imide group i s  

d i r e c t l y  a t tached  t o  a benzene r i n g  s t i m u l a t e d  us t o  s y n t h e s i z e  a 

more s t a  b l  e ma 1 e i m i  de , N-succ i n i m i  dy 1 4 - (N -ma 1 e i  m i  domet h y l  ) c y c l  o- 

hexane-1-carboxylate which i s  now commerc ia l ly  a v a i l a b l e  (Z ieben 

Chemical Co., L td . ,  Tokyo and P i e r c e  Chemical Company, Rockford,  

I l l i n o i s )  (37, 42) .  Maleini ide groups o f  t h i s  compound decom- 

pose a t  pH 7 a t  30°C o n l y  4 % w i t h i n  2 h. 

N-Succi n i m i d y l  4- (N-ma1 eimidomethyl ) c y c l  ohexane-1-carboxyl a t e  

was used t o  prepare IgG- and Fab' -g lucose ox idase  conjugates (42 ) .  

Glucose ox idase was t r e a t e d  w i t h  t h e  reagent  t o  i n t r o d u c e  m a l e i -  

mide groups, and t h e  maleimide-enzyme was a l l owed  t o  r e a c t  w i t h  

t h i o l  groups o f  reduced IgG o r  Fab ' .  The r e c o v e r i e s  o f  a n t i -  

body and enzyme i n  t h e  conjugates were more than  40 %. A n t i -  

human IgG an t ibody  a c t i v i t y  was a lmost  f u l l y  preserved, w h i l e  

glucose ox idase a c t i v i t y  was reduced by 15 and 26 % d u r i n g  t h e  

c o n j u g a t i o n  r e a c t i o n  w i t h  Fab' and IgG, r e s p e c t i v e l y .  A l though 

t h e r e  was no s e l f - c o n j u g a t i o n  o f  IgG, Fab' o r  g lucose  ox idase,  t h e  

conjugates ob ta ined  were heterogeneous w i t h  a mo la r  r a t i o  ( I g G  o r  

Fab ' /g lucose ox idase)  o f  1-3. I n  t h e  same way, Fab' was con ju -  

gated w i t h  ho rse rad ish  perox idase (43-45). The con juga te  

ob ta ined  was l a r g e l y  monomeric, p robab ly  because t h e  number o f  

amino groups i n  t h e  enzyme was v e r y  sma l l .  The y i e l d  was 

65-75 %. There was no l o s s  o f  t h e  enzyme a c t i v i t y ,  and t h e  

a n t i g e n - b i n d i n g  a c t i v i t y  o f  Fab' was b e t t e r  r e t a i n e d  i n  t h e  con ju -  

ga te  than i n  t h e  g lu ta ra ldehyde  and p e r i o d a t e  methods. The use 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
2
7
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1



222 ISHIKAWA ET AL. 

o f  Fab ' -perox idase con juga te  r e s u l t e d  i n  more s e n s i t i v e  enzyme 

immunoassays and more e f f i c i e n t  immunohistochemical s t a i n i n g s  w i t h  

lower  background and h i g h e r  s p e c i f i c  b i n d i n g  than  t h a t  o f  con ju -  

gates prepared by t h e  g l u t a r a l d e h y d e  and p e r i o d a t e  methods. 

A l k a l i n e  phosphatase c o u l d  a l s o  be conjugated w i t h  IgG o r  Fab' i n  

the  same way, a l t hough  t h e  enzyme a c t i v i t y  decreased 20-40 %. 

N-Succin imidy l  m-maleimidobenzoate was used t o  i n t r o d u c e  

maleimide groups i n t o  donkey (an t i - sheep  IgG) IgG, and t h e  

maleimide groups i n t r o d u c e d  were a l l owed  t o  r e a c t  w i t h  t h i o l  

groups o f  B-D-galactosidase (39) .  E i g h t y  pe r  c e n t  o f  t h e  

enzyme used was conjugated t o  immuno log ica l l y  a c t i v e  a n t i b o d y  w i t h  

approx imate ly  90 % r e t e n t i o n  o f  enzyme a c t i v i t y ,  and 50 % o f  a n t i -  

body was conjugated w i t h  B-D-galactosidase. A l a t e r  paper a l s o  

conf i rmed t h a t  b o t h  a c t i v i t i e s  o f  B-D-galactosidase and IgG were 

b e t t e r  r e t a i n e d  i n  t h i s  method than  i n  t h e  one-step g l u t a r a l d e h y d e  

method (14) .  However, t h e  c o n j u g a t i o n  was n o t  de f i nded  i n  more 

d e t a i l ,  f o r  example, by e s t i m a t i n g  t h e  number o f  male imide groups 

i n t roduced  and IgG molecules conjugated,  

A drawback i n  t h e  use o f  N -succ in im idy l  m-maleimidobenzoate 

was demonstrated when i t  was used f o r  t h e  p r e p a r a t i o n  o f  Fab'- 

ho rse rad ish  perox idase con juga te  i n  p lace  o f  N -succ in im idy l  4-(N- 

maleimidomethyl ) c y c l  ohexane-1-carboxyl a t e  (45) .  When male imide 

groups were i n t roduced  i n t o  t h e  enzyme a t  pH 7.0, t h e  average 

number of maleimide groups i n t r o d u c e d  p e r  enzyme molecule was 

about 0.6 w i t h  t h e  former and 1.0-1.2 w i t h  t h e  l a t t e r ,  and t h e  

recovery o f  t h e  enzyme i n  t h e  con juga te  l e s s  than  50 % and 65-75 % 
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ENZYME-LABELING ANTIBODIES 223 

respec t  i v e l  y e  Maleimide groups i n t r o d u c e d  u s i n g  t h e  former 

a r e  much more l a b i l e  a t  pH 7 t h a n  those i n t r o d u c e d  u s i n g  t h e  

l a t t e r  (37, 43) and m igh t  have been decomposed i n  p a r t .  The 

i n t r o d u c t i o n  o f  male imide groups a t  pH 6.5 was even l e s s  e f f i c i e n t  

w i t h  b o t h  reagents.  T h i s  i s  a p p a r e n t l y  because N-hydroxysucc i -  

n imide e s t e r  i s  l e s s  r e a c t i v e  w i t h  amino groups a t  l ower  pH. 

P y r i d y l  d i s u l f i d e  method 

Pyridyl d i s u l f i d e  d e r i v a t i v e s  were u t i l i z e d  f o r  enzyme- 

l a b e l i n g  by two groups i n  1978. One group used N-succ in im idy l  

3-(2-pyridyldithio)propionate as a cross-1 i n k i n g  reagent  (46 ) .  

2 - P y r i d y l  d i s u l f i d e  groups were i n t r o d u c e d  i n t o  b o t h  pe rox idase  

and r a b b i t  anti-human t r a n s f e r r i n  IgG by t r e a t m e n t  w i t h  t h i s  

reagent .  The 2 - p y r i d y l  d i s u l f i d e  groups i n t r o d u c e d  i n t o  IgG 

were reduced by d i t h i o t h r e i t o l  t o  generate t h i o l  groups and t h e  

two p r o t e i n s  were conjugated by a d i s u l f i d e  i n te rchange  under  m i l d  

c o n d i t i o n s .  The perox idase a c t i v i t y  was w e l l  r e t a i n e d  w i t h  

45 % recovery i n  t h e  conjugate.  

The o t h e r  group used methyl 3-(4-dithiopyridyl)propionimi- 

da te  o r  a combinat ion o f  im ida tes  and 4 , 4 ' - d i t h i o d i p y r i d i n e  (47, 

48). P y r i d y l  d i s u l f i d e  groups were i n t r o d u c e d  i n t o  t h e  f i r s t  

p r o t e i n  t o  be conjugated by a m i d i n a t i o n  w i t h  methy l  3 - ( 4 - d i t h i o -  

p y r i d y l  ) p r o p i o n i m i d a t e  o r  w i t h  e i t h e r  methyl 3-mercaptopropion imi-  

date,  methy l  4-mercaptobutyr imidate o r  2 - i m i n o t h i o l a n e  i n  t h e  

presence o f  4,4' - d i  t h i o d i p y r i d i n e .  The f i r s t  p r o t e i n  w i t h  

p y r i d y l  d i s u l f i d e  groups was then  a l l owed  t o  r e a c t  w i t h  t h e  second 

p r o t e i n  which had been t h i o l a t e d .  The s p e c i f i c  a c t i v i t y  o f  
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perox idase i n  sheep (anti-human IgE)  IgG-peroxidase con juga te  was 

74 % o f  t h e  o r i g i n a l  a c t i v i t y ,  and an t i body  a c t i v i t y  was a l s o  w e l l  

r e t a  i ned . 
Other methods 

The c o n j u g a t i o n  o f  sheep IgG w i t h  v a r i o u s  enzymes such as 

peroxidase, a1 k a l  i n e  phosphatase, g lucose ox idase and 8-D-galacto- 

s idase  by u s i n g  p-benzoquinone was r e p o r t e d  i n  1976 (49, 50) .  

p-Benzoquinone r e a c t s  w i t h  f u n c t i o n a l  groups o f  p r o t e i n s  such as 

amino and t h i o l  groups a t  pH 6, and p-benzoquinone- t reated p ro -  

t e i n  becomes r e a c t i v e  w i t h  f u n c t i o n a l  groups o f  p r o t e i n s  a t  pH 8, 

a l t hough  n o t  r e a c t i v e  a t  pH 6. The re fo re ,  a two-step con ju -  

g a t i o n  i s  p o s s i b l e  us ing  t h i s  reagent .  A c t i v i t i e s  o f  enzymes 

and a n t i b o d i e s  show l i t t l e  o r  no m o d i f i c a t i o n  by t rea tmen t  w i t h  

p-benzoquinone, b u t  20-50 % o f  enzyme a c t i v i t i e s  and about  40 % o f  

an t i body  a c t i v i t i e s  a r e  l o s t  a f t e r  con juga t ion .  Perox idase 

and an t i body  a re  recovered 15 and 60 %, r e s p e c t i v e l y ,  i n  t h e  

conjugate.  A l though no enzyme polymers a r e  p resen t  a f t e r  

t rea tmen t  w i t h  p-benzoquinone, con juga tes  o b t a i n e d  a r e  h e t e r o -  

genous. However, adequate c o n d i t i o n s  y i e l d  a monomeric a n t i -  

body-peroxidase conjugate.  

I o d o a c e t i c  a c i d  o r  iodoacetamide i s  w e l l  known t o  r e a c t  

r e a d i l y  w i t h  t h i o l  groups and f o r m  a t h i o e t h e r ,  and t h e  use o f  N- 

succ in im idy l  i odoace ta te  was r e p o r t e d  f o r  t h e  c o n j u g a t i o n  o f  

ovalbumin and IgG f r o m  dog and mouse i n  1978 ( 5 1 ) .  T h i s  method 

may a l s o  be u s e f u l  i f  t h i o l  groups i n  t h e  h inge  o f  Fab' a r e  used 

f o r  t h e  con juga t ion .  
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ENZYME-LABELING ANTIBODIES 225 

Comparison o f  IgG and i t s  fragments f o r  enzyme- labe l i ng  

Nonspec i f i c  b i n d i n g  o f  enzyme-labeled IgG t o  s o l i d  m a t e r i a l s  

i s  h i g h e r  than t h a t  o f  enzyme-labeled Fab', a l t hough  s p e c i f i c  

b i n d i n g s  o f  bo th  conjugates a r e  s i m i l a r  (35, 52, 53) .  Mono- 

mer i c  Fab' conjugates more r e a d i l y  p e n e t r a t e  i n t o  c e l l s  o f  t i s s u e  

s e c t i o n s  (5,  30). The re fo re ,  Fab' con juga tes  a r e  more u s e f u l  

i n  pe r fo rm ing  b o t h  h i g h l y  s e n s i t i v e  sandwich enzyme immunoassays 

f o r  macromolecular an t i gens  and immunohistochemical s t a i n i n g  o f  

t i s s u e  s e c t i o n s .  

Summary 

The g lu ta ra ldehyde  method has some advantages. G1 u t a r -  

aldehyde i s  inexpensive,  and t h e  procedures used a r e  v e r y  s i m p l e  

and r e p r o d u c i b l e .  The two-step method w i t h  g l u t a r a l d e h y d e  

p rov ides  a monomeric con juga te  o f  ho rse rad ish  pe rox idase  and 

a n t i b o d i e s  o r  an t i body  fragments. The c r o s s - l i n k  formed i s  

s t a b l e ,  a l t hough  i t s  exac t  s t r u c t u r e  i s  unknown. However, 

these advantages appear t o  be outweighed by t h e  f o l l o w i n g  f a c t o r s .  

Enzymes and a n t i b o d i e s  o r  an t i body  fragments a r e  polymer ized,  and 

an t i body  a c t i v i t y  i s  s i g n i f i c a n t l y  impa i red  by t h e  con juga t ion .  

Po lymer i za t i on  i s  a s e r i o u s  problem, s i n c e  i t  inc reases  non- 

s p e c i f i c  b i n d i n g  o f  enzyme-labeled conjugates b o t h  i n  immunohisto- 

chemical s t a i n i n g  and i n  q u a n t i t a t i v e  enzyme immunoassay, and 

l i m i t s  p e n e t r a t i o n  o f  conjugates i n t o  c e l l s  o f  t i s s u e  s e c t i o n s .  

I n  a d d i t i o n ,  o n l y  a smal l  p r o p o r t i o n  o f  t h e  h o r s e r a d i s h  pe rox idase  

used i s  conve r ted  t o  conjugates.  

The p e r i o d a t e  method p rov ides  an t i body -ho rse rad ish  pe rox idase  

conjugates i n  h i g h  y i e l d ,  a remarkable advance compared w i t h  t h e  
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226 ISHIKAWA ET AL. 

g l  u t a r a l  dehyde method. The c r o s s - l i n k  formed i s  v e r y  s t a b l e ,  

s i n c e  t h e  S c h i f f ' s  base formed between t h e  o x i d i z e d  pe rox idase  and 

a n t i b o d i e s  o r  an t i body  fragments i s  reduced. T h i s  method i s ,  

however, a p p l i c a b l e  o n l y  when t h e  enzymes c o n t a i n  ca rbohydra te  

m o i e t i e s  which a r e  n o t  i n v o l v e d  i n  enzyme a c t i v i t y ,  and t h e  

enhanced y i e l d  o f  an t i body -ho rse rad ish  perox idase con juga te  i s  

accompanied by apprec iab le  p o l y m e r i z a t i o n .  

The maleimide method has seve ra l  advantages. The proce-  

dures used a re  m i l d  and rep roduc ib le .  Bo th  enzymes (horse-  

r a d i s h  perox idase and 6-D-galactos idase f rom E s c h e r i c h i a  *) and 

a n t i b o d i e s  o r  an t i body  fragments l o s e  l i t t l e  a c t i v i t y  by con ju -  

g a t i o n .  The y i e l d  o f  conjugates i s  s a t i s f a c o t r i l y  h i g h .  

There i s  no s e l f - c o n j u g a t i o n  o f  enzymes, a n t i b o d i e s  o r  an t i body  

fragments. Fab' has approx ima te l y  one t h i o l  group p e r  molecule 

i n  t h e  hinge, remote f rom t h e  a n t i g e n - b i n d i n g  s i t e .  I t  can be 

conjugated w i t h  enzymes th rough  t h e  h inge  by t h e  male imide method. 

Monomeric Fab l -ho rse rad ish  perox idase con juga te  thus o f f e r s  more 

e f f i c i e n t  s t a i n i n g  o f  t i s s u e  s e c t i o n s  and h i g h e r  s e n s i t i v i t y  o f  

enzyme immunoassay than  t h a t  o f  t h e  corresponding conjugates p re -  

pared u s i n g  amino groups o f  Fab' i n  t h e  g l u t a r a l d e h y d e  and p e r i o -  

date methods, sugges t ing  t h a t  t h e  use o f  t h i o l  groups i n  t h e  h i n g e  

of Fab' may a l s o  be advantageous i n  c o n j u g a t i o n  w i t h  o t h e r  

enzymes. The use o f  Fabl -6-D-galactos idase (1, 54-56) and 

Fabl -perox idase (57 )  conjugates r e s u l t e d  i n  a t tomo le  l e v e l  sand- 

wich enzyme immunoassays f o r  c l i n i c a l l y  i m p o r t a n t  an t i gens  such as 

t h y r o g l o b u l i n  (54), IgE (55 ) ,  f e r r i t i n  ( l ) ,  t h y r o i d - s t i m u l a t i n g  
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ENZYME-LABELING ANTIBODIES 227 

hormone (56 )  and growth hormone (57 ) .  O f  these assays, t h e  

human f e r r i t i n  assay was demonstrated t o  be more s e n s i t i v e  than  

the  corresponding radioimmunoassay ( 1 ) .  A d isadvantage o f  t h e  

maleimide method i s  t h a t  i t  i s  n o t  a p p l i c a b l e  t o  c o n j u g a t i o n  w i t h  

enzymes i n  which t h i o l  groups a r e  e s s e n t i a l  f o r  t h e  enzyme 

a c t i v i t y .  

The p y r i d y l  d i s u l f i d e  method has a lmost  t h e  same advantages 

as t h e  maleimide method, and i n  a d d i t i o n  t h e  c r o s s - l i n k  formed can 

e a s i l y  be s p l i t  by r e d u c t i o n .  However, t h e  y i e l d  o f  con juga tes  

i s  l ower  i n  t h e  p y r i d y l  d i s u l f i d e  t h a n  i n  t h e  male imide method. 

111. PREPARATION OF IgG AND ITS FRAGMENTS 

A. P r e p a r a t i o n  o f  IgG (58, 59) 

1. Add s l o w l y  0.18 g o f  Na2S04 t o  1 m l  o f  serum w i t h  s t i r r i n g ,  and 

c o n t i n u e  s t i r r i n g  a t  22-25°C f o r  30 min a f t e r  a complete d i s -  

s o l u t i o n .  

2. C e n t r i f u g e  t h e  m i x t u r e  a t  10,000 rpm f o r  10 min a t  22-25°C. 

3. D i s s o l v e  t h e  p r e c i p i t a t e  w i t h  1 m l  o f  sodium phosphate b u f f e r ,  

pH 6.3, 17.5 mmol/L and d i a l y s e  t h e  s o l u t i o n  a g a i n s t  t h e  same 

b u f f e r .  

4. Apply  t h e  supernatant  t o  a DEAE c e l l u l o s e  column e q u i l i b r a t e d  

w i t h  sodium phosphate b u f f e r ,  pH 6.3, 17.5 mmol/L. The wet 

volume o f  DEAE c e l l u l o s e  f o r  p rocess ing  10 mg o f  p r o t e i n  i n  t h e  

supernatant  i s  1 m l  . 
5. C a l c u l a t e  t h e  amount o f  IgG f r o m  i t s  absorbance a t  280 nm by 

t a k i n g  t h e  e x t i n c t i o n  c o e f f i c i e n t  a t  280 nm and m o l e c u l a r  
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228 ISHIKAWA ET AL. 

we igh t  o f  IgG t o  be 1.5 g-l.L.cm-' (60 )  and 150,000 (61) ,  res -  

pec t i ve l  y . 

6. Prepara t i on  o f  Reduced IgG 

IgG can be reduced i n  t h e  same way as F ( a b ' ) 2  (111-D). 

The average number o f  t h i o l  groups i n  t h e  reduced IgG i s  2.0-3.2 

p e r  molecule.  T h i o l  groups generated i n  t h e  h inge  o f  IgG mole- 

cu les  a re  f a i r l y  s t a b l e  i n  t h e  presence o f  EDTA, a l t hough  much 

l e s s  s t a b l e  i n  t h e  absence o f  EDTA than  those o f  Fab' ( 5 3 ) .  

C. P r e p a r a t i o n  o f  F ( a b ' ) 2  (62)  

1. D i a l y s e  10-20 mg o f  IgG i n  1 m l  a g a i n s t  sodium a c e t a t e  b u f f e r ,  

pH 4.5, 0.1 m o l / L ,  a t  5°C. 

2. Add 0.05 m l  (1 /20 volume) o f  2 mol /L  NaCl t o  t h e  d i a l y s e d  IgG 

s o l  u t i o n .  

3. D i s s o l v e  pepsin f rom p o r c i n e  g a s t r i c  mucosa (0.2 mg/lO mg o f  

IgG) i n  t h e  d i a l y s e d  IgG s o l u t i o n .  

4. Incubate t h e  m i x t u r e  a t  37°C f o r  15-24 h. The d u r a t i o n  o f  

i n c u b a t i o n  depends upon t h e  p r e p a r a t i o n  o f  peps in  and t h e  

species o f  animal f rom which t h e  IgG was obta ined.  

5. A d j u s t  t h e  pH o f  t h e  d i g e s t e d  IgG s o l u t i o n  t o  8 u s i n g  1 mol/L 

NaOH. 

6. Apply  d iges ted  r a b b i t  IgG s o l u t i o n  a t  pH 8.0 t o  a Sephadex 

6-150 column (1.5 x 45 cm f o r  1.0-1.5 m l  and 2.0 x 45 cm f o r  

2.0-2.5 m l )  u s i n g  sodium b o r a t e  b u f f e r ,  pH 8.0, 0.1 mol/L. 

U l t r o g e l  AcA 44 p rov ides  a sharper  s e p a r a t i o n  o f  F ( a b ' ) 2  than  
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ENZYME-LABELING ANTIBODIES 229 

7. 

does Sephadex 6-150. The F ( a b ' ) 2  fragment f r o m  goat ,  sheep, 

guinea p i g  and p robab ly  o t h e r  an imals  except  f o r  r a b b i t  shou ld  

be sub jec ted  t o  ge l  f i l t r a t i o n  w i t h  U l t r o g e l  AcA 44 a t  pH 6-7 

r a t h e r  than  pH 8.0, s i n c e  i t s  e l u t i o n  i s  r e t a r d e d  a t  pH 8. 

Washing o f  columns w i t h  a b u f f e r  c o n t a i n i n g  bov ine  serum 

albumin b e f o r e  ge l  f i l t r a t i o n  he lps  t o  i nc rease  t h e  r e c o v e r y  o f  

F (ab ' )2 ,  when i t  i s  a v a i l a b l e  o n l y  i n  smal l  q u a n t i t y .  

C a l c u l a t e  t h e  amount o f  F ( a b ' ) 2  f r o m  i t s  absorbance a t  280 nm 

by t a k i n g  i t s  e x t i n c t i o n  c o e f f i c i e n t  a t  280 nm and m o l e c u l a r  

we igh t  t o  be 1.48 g-l.L.cm-' (63 )  afld 92,000 (64, 65) ,  res -  

pec t  i v e l  y. 

D. P r e p a r a t i o n  o f  Fab' (62)  

1. Prepare 0.1-3 mg o f  F ( a b ' ) 2  i n  0.45 m l  o f  sodium phosphate 

b u f f e r ,  pH 6.0, 0 .1 mol /L .  

2. Add t o  t h e  F ( a b ' ) Z  s o l u t i o n  above 0.05 m l  (1 /9  volume) o f  0.1 

mol/L 2-mercaptoethylamine i n  sodium phosphate b u f f e r ,  pH 6.0, 

0 .1 mol/L, c o n t a i n i n g  5 mmol/L EDTA f r e s h l y  prepared. 

3. I ncuba te  t h e  m i x t u r e  a t  37°C f o r  1.5 h. 

4. Apply t h e  r e a c t i o n  m i x t u r e  t o  a Sephadex 6-25 column (1 x 30 

cm) u s i n g  sodium phosphate b u f f e r ,  pH 6.0, 0 . 1  mol/L, c o n t a i n -  

i n g  5 mmol/L EDTA. 

5.  C a l c u l a t e  t h e  amount o f  Fab' f r o m  absorbance a t  280 nm by 

t a k i n g  t h e  e x t i n c t i o n  c o e f f i c i e n t  a t  280 nm and m o l e c u l a r  

we igh t  o f  Fab' t o  be 1.48 9-l.L.crn-l (63)  and 46,000 (64, 65) ,  

r e s p e c t i v e l y .  

6. Measure t h e  c o n t e n t  o f  t h i o l  groups i n  Fab ' .  
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230 ISHIKAWA ET AL. 

Measurement o f  t h i o l  groups i n  Fab' (35, 36, 66) 

1. A d j u s t  t h e  c o n c e n t r a t i o n  o f  Fab' i n  a t o t a l  volume o f  0.5 m l  

sodium phosphate b u f f e r ,  pH 6.0, 0.1 mol/L t o  g i v e  an absor- 

bance a t  280 nm o f  0.2-1.0 (0.13-0.67 g/L, 2.9-141lmol/L). 

2. Add 0.02 m l  o f  5 mmol/L 4 , 4 ' - d i t h i o d i p y r i d i n e  t o  t h i s  0.5 m l  

Fab' s o l u t i o n .  

3. I ncuba te  t h e  m i x t u r e  a t  room temperature f o r  10-20 min. 

4. Read absorbance a t  324 nm. 

5. C a l c u l a t e  t h e  average number o f  t h i o l  groups pe r  Fab' molecule 

u s i n g  t h e  mo la r  e x t i n c t i o n  c o e f f i c i e n t  a t  324 nm o f  p y r i d i n e - 4 -  

t h i o n e  which i s  19,800 M-'.cm-' (66)  , t h e  e x t i n c t i o n  c o e f f i c i -  

e n t  a t  280 nm o f  Fab' which i s  1.48 g-l.L.cm-' (63 )  and t h e  

mo lecu la r  we igh t  o f  Fab' which i s  46,000 (64, 6 5 ) .  The 

average number o f  t h i o l  groups p e r  Fab' molecule i s  1.0 w i t h  a 

range o f  0.97-1.1 (n=5) (36). The c o n t e n t  o f  t h i o l  groups 

does n o t  s i g n i f i c a n t l y  decrease i n  t h e  presence o f  EDTA a t  23°C 

f o r  a t  l e a s t  4 h,  w h i l e  i t  decreases s l i g h t l y  i n  t h e  absence o f  

EDTA (36) .  However, c a u t i o n  i s  r e q u i r e d ,  s i n c e  t h i o l  groups 

a t  l ower  concen t ra t i ons  a r e  o x i d i z e d  more r a p i d l y .  

A complete s p l i t  o f  d i s u l f i d e  bond i n  t h e  h inge  o f  F ( a b ' ) *  

should be con f i rmed  by s u b j e c t i n g  Fab' t o  ge l  f i l t r a t i o n  w i t h  

U l t r o g e l  AcA 44 a f t e r  b l o c k i n g  t h i o l  groups (111-E). I n  r a b b i t  

F ( a b ' ) 2  thus  prepared, t h e r e  i s  l i t t l e  p r o t e i n  t h a t  can n o t  be 

s p l i t .  F ( a b ' ) 2  prepared f rom goat  and guinea p i g  u s u a l l y  

con ta ins  p r o t e i n s  (5-10 %) r e s i s t a n t  t o  t h e  r e d u c t i v e  s p l i t .  
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ENZYME-LABELING ANTIBODIES 231 

F(ab ' )2  f rom r a t  and mouse c o n t a i n s  more and shou ld  be s u b j e c t e d  

t o  ge l  f i l t r a t i o n  w i t h  U l t r o g e l  AcA 44 a f t e r  r e d u c t i o n  t o  separa te  

Fab' f rom o t h e r  p r o t e i n s .  

E. P r e p a r a t i o n  o f  SH-Blocked Fab' .  

1. Reduce F ( a b ' ) 2  by i n c u b a t i o n  w i t h  2-mercaptoethylamine a t  37°C 

f o r  1.5 h as desc r ibed  above (111-D). 

2. Add 0.1 m l  o f  0.1 mol/L N-ethy lmale imide,  and incuba te  t h e  

m i x t u r e  a t  30°C f o r  20 min. (Or  add 0.09 m l  o f  70 mmol/L 

sodium monoiodoacetate i n  Tris-HC1 b u f f e r ,  pH 8.2, 2 mol/L, and 

incubate a t  4-6°C f o r  16 h (30).) 

3. Apply t h e  r e a c t i o n  m i x t u r e  t o  a U l t r o g e l  AcA 44 column (1.0 x 

45 cm) u s i n g  0.15 mol/L NaC1. 

I V .  LABELING WITH HORSERADISH PEROXIDASE 

A. Assay o f  Peroxidase 

Fo r  t h e  assay of perox idase a c t i v i t y ,  t h e r e  a r e  t h r e e  ma jo r  

methods: c o l o r i m e t r i c ,  f l u o r i m e t r i c  and luminescent .  The 

f l u o r i m e t r i c  assay wi th  p-hydroxyphenylpropionic a c i d  (67)  has 

severa l  advantages over  t h e  c o l o r i m e t r i c  assay w i t h  o-phenyl ene- 

diamine o r  2 ,2 ' -az ino-d i  ( 3 - e t h y l b e n z t h i a z o l  i n e  s u l f o n i c  a c i d - 6 )  

(ABTS). The f l u o r i m e t r i c  assay i s  more s e n s i t i v e  than  t h e  

c o l  o r  i met r i c as say. Both background ( reagen t  b l a n k )  and 

f l uo rescence  generated by t h e  enzyme r e a c t i o n  a r e  s t a b l e  a t  room 

temperature f o r  a t  l e a s t  4 h. I n  t h e  c o l o r i m e t r i c  assay, back- 

ground inc reases  w i t h  i n c u b a t i o n  t i m e  f o r  t h e  assay, a l t hough  
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c o l o r  developed by t h e  enzyme r e a c t i o n  i s  s t a b i l i z e d  by t h e  p re -  

sence o f  reduc ing  reagents such as Na2S03. The s u b s t r a t e  s o l u -  

t i o n  i n  t h e  f l u o r i m e t r i c  assay can be s t o r e d  a t  -20°C f o r  a l o n g  

p e r i o d  o f  t ime ,  b u t  i t  has t o  be f r e s h l y  prepared i n  t h e  c o l o r i -  

m e t r i c  assay. Luminescent assay w i t h  l u m i n o l  i s  l e s s  s e n s i t i v e  

than the  f l u o r i m e t r i c  assay, and Pholas d a c t y l u s  l u c i f e r i n  which 

can p rov ide  h i g h l y  s e n s i t i v e  femtogram l e v e l  assay (68) i s  n o t  

commerc ia l ly  a v a i l a b l e .  I n  o u r  l a b o r a t o r y ,  t h e r e f o r e ,  t h e  

f l u o r i m e t r i c  assay w i t h  p-hydroxyphenylpropionic a c i d  i s  used i n  

p re fe rence  t o  c o l o r i m e t r i c  and luminescent  assays. 

F1 u o r i m e t r i c  assay w i t h  p-hydroxyphenylpropionic a c i d  

Horseradish perox idase i n  s o l u t i o n  has a h i g h e r  a c t i v i t y  i n  

t h e  presence o f  bov ine  serum albumin, b u t  t h e  background i s  

increased. Therefore,  albumin c o n c e n t r a t i o n  should n o t  exceed 

10 mg/L i n  t h e  r e a c t i o n  m i x t u r e .  Fab' -pe rox i  dase conjugates 

bound t o  s o l i d  phase show the  same a c t i v i t y  i n  t h e  presence and 

absence o f  bov ine serum albumin. 

Commercial ly a v a i l a b l e  p r e p a r a t i o n s  o f  p-hydroxyphenyl- 

p r o p i o n i c  a c i d  g i v e  r a t h e r  h i g h  backgrounds and those p r e p a r a t i o n s  

have t o  be p u r i f i e d  f o r  s e n s i t i v e  assays, An adequate p u r i f i -  

c a t i o n  can lower  t h e  background t o  a r e l a t i v e  f l uo rescence  i n t e n -  

s i t y  o f  1-2 when f l uo rescence  i n t e n s i t y  o f  1 mg/L o f  q u i n i n e  i n  

0.1 N H2S04 i s  a d j u s t e d  t o  a s c a l e  o f  100. The s e n s i t i v i t i e s  

i n  10 and 100 min assays w i t h  such a l ow  background a r e  0.2 and 

0.02 pg ( 5  and 0.5 amol) o f  perox idase,  r e s p e c t i v e l y .  The 

assay w i t h  p-hydroxyphenylacet ic  a c i d  i s  s l i g h t l y  l e s s  s e n s i t i v e .  
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1. D i s s o l v e  0.25 g o f  p-hydroxyphenylpropionic a c i d  i n  50 m l  o f  

0 .1 mol/L sodium phosphate b u f f e r ,  pH 8.0 t o  g i v e  a concent-  

r a t i o n  o f  5 g/L. The pH o f  t h e  s o l u t i o n  becomes 7.0 a f t e r  

d i s s o l v i n g  t h e  subs t ra te .  

2. Add 0.01 m l  o f  t h e  enzyme i n  phosphate b u f f e r ,  pH 7.0, 10 

mmol/L c o n t a i n i n g  250 mg/L bov ine  serum albumin and 100 mmol/L 

NaCl, o r  an enzyme-bound p o l y s t y r e n e  b a l l  washed w i t h  t h e  same 

b u f f e r ,  t o  0.25 m l  o f  t h e  s u b s t r a t e  s o l u t i o n .  

3. I ncuba te  t h e  m i x t u r e  a t  30°C f o r  5 min. 

4. S t a r t  t h e  enzyme r e a c t i o n  by add ing  0.05 m l  o f  0.03 % H202 and 

c o n t i n u e  t h e  i n c u b a t i o n  a t  30°C f o r  10-60 min i n  most e x p e r i -  

ments. ( D i l u t e  30 % H202 w i t h  de ion i zed  wa te r  b e f o r e  use 

and f i n d  t h e  c o n c e n t r a t i o n  which g i v e s  t h e  maximal a c t i v i t y .  

S t o r e  30 % H202 i n  t h e  c o l d . )  

5. Stop t h e  enzyme r e a c t i o n  by add ing  2.5 m l  o f  glycine-NaOH 

b u f f e r ,  pH 10.3, 0.1 mol/L. 

6. Measure f l uo rescence  i n t e n s i t y  u s i n g  320 nm f o r  e x c i t a t i o n  and 

Use 1 mg/L o f  q u i n i n e  i n  0.1 N H2S04 405 nm f o r  emission. 

as a s tandard.  

B. Male imide Method ( I )  f o r  Labe l i ng  Fab' w i t h  Perox idase (43-45) 

The maleimide method ( I )  uses a s t a b l e  male imide compound, 

N-succ in im idy l  4 - (  N-maleimidomethyl ) c y c l  ohexane-1-carboxy late 

(Zieben Chemical Co., Ltd., Tokyo o r  P i e r c e  Chemical Company, 

Rockford, I l l . )  (F ig .  I V - 1 ) .  I n  t h e  f i r s t  step, h o r s e r a d i s h  

perox idase i s  t r e a t e d  w i t h  t h e  male imide compound t o  i n t r o d u c e  
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@-NH2 

0 0 

N-succini m idyl I 4-(N-maleimidomethyI)cyclohexane-l-carboxylate 

3 0 
@-NH-C 0 C H ~ - N  

0 

HS@ 

FIGURE I V - 1 .  P r e p a r a t i o n  o f  Fab 'perox idase con juga te  by t h e  
maleimide method ( I ) .  HRP = h o r s e r a d i s h  perox idase.  

maleimide groups. I n  t h e  second step,  t h e  male imide-perox idase 

i s  a l l owed  t o  r e a c t  w i t h  t h i o l  groups i n  t h e  h inge  o f  Fab' 

f o l l owed  by ge l  f i l t r a t i o n  w i t h  U l t r o g e l  AcA 44 t o  separate t h e  

conjugate formed f r o m  unconjugated perox idase and Fab' . 
Prepara t i ons  o f  perox idase f rom Boehr inger ,  Sigma and Toyobo 

were a l l  s u i t a b l e  f o r  t h i s  method. The male imide compound used 

i n  t h i s  method i s  n o t  r e a d i l y  s o l u b l e  i n  b u f f e r s  and has t o  be 
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d i s s o l v e d  f i r s t  i n  o rgan ic  s o l v e n t s  such as N,N-dimethylformamide 

f o l l o w e d  by a d d i t i o n  t o  t h e  perox idase s o l u t i o n .  N-Hydroxy- 

succ in im ide  e s t e r  r e a c t s  w i t h  amino groups o f  p r o t e i n s  more 

r e a d i l y  a t  h i g h e r  pH and temperature (Table I V - 1 ) ,  b u t  male imide 

groups a r e  s t a b l e  a t  l ower  pH and temperature (37, 52, 53) .  

Therefore,  t h e  pH o f  t h e  r e a c t i o n  m i x t u r e  shou ld  n o t  be h i g h e r  

than 7 d u r i n g  t h e  i n t r o d u c t i o n  o f  male imide groups and shou ld  be 

lowered t o  6 f o l l o w i n g  t h e  r e a c t i o n .  The average number o f  

maleimide groups i n t r o d u c e d  i n t o  pe rox idase  a t  pH 7.0 a t  30°C 

reaches a maximum o f  1.6-1.7 p e r  molecule w i t h i n  1 h, w h i l e  a t  

pH 6.5 a t  30°C i t  increases g r a d u a l l y  up t o  0.92 p e r  mo lecu le  

w i t h i n  2 h (Table IV-1) .  The r e a c t i o n  between t h i o l  and 

maleimide groups i s  l i t t l e  a f f e c t e d  by pH between 5 and 7. I t  

i s  h e l p f u l  t o  mon i to r  l a b e l i n g  e f f i c i e n c y  by adding a sma l l  amount 

o f  f l u o r e s c e i n - l a b e l e d  F ( a b ' ) 2  as a t r a c e r  t o  t h e  F ( a b ' ) 2  t o  be 

l abe led ,  a l t hough  t h e  same r e s u l t  can be achieved i n  a l t e r n a t i v e  

ways as desc r ibed  below. 

I n t r o d u c t i o n  o f  maleimide groups i n t o  perox idase 

1. D i s s o l v e  2 mg (50 nmol) o f  h o r s e r a d i s h  pe rox idase  i n  0.3 ml o f  

sodium phosphate b u f f e r ,  pH 7.0, 0.1 mol /L .  C a l c u l a t e  t h e  

amount o f  t h e  enzyme from t h e  absorbance a t  403 nm by t a k i n g  

t h e  e x t i n c t i o n  c o e f f i c i e n t  a t  403 nm and t h e  m o l e c u l a r  w e i g h t  

o f  t h e  enzyme t o  be 2.275 g-'.L.cm-' and 40,000, r e s p e c t i v e l y  

(69 ) .  

2. D i s s o l v e  0.8-1.6 mg (2400-4800 nmol) o f  N-succ in im idy l  4-(N- 

ma1 eimidomethyl )cyclohexane-1-carboxyl a t e  (m.w . 334.33) ( Z i  eben 
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Chemical CC., Tokyo o r  P ie rce  Chemical Co., Rockford,  Ill.) i n  

0.03 m l  o f  N,N-dimethylformamide. Warm t h e  s o l u t i o n  a t  30°C 

f o r  1-2 min b e f o r e  a d d i t i o n  t o  t h e  pe rox idase  s o l u t i o n .  

Th is  p reven ts  t h e  p r e c i p i t a t i o n  o f  t h e  reagen t  when added t o  

t h e  perox idase s o l u t i o n .  

3. Add the  reagent  s o l u t i o n  t o  t h e  perox idase s o l u t i o n  and incu -  

b a t e  t h e  m i x t u r e  a t  30°C f o r  0.5-1 h w i t h  con t inuous  s t i r r i n g .  

4. C e n t r i f u g e  t h e  r e a c t i o n  m i x t u r e  b r i e f l y  t o  remove excess 

p r e c i p i t a t e d  reagent  and app ly  t h e  c l e a r  superna tan t  t o  a 

Sephadex 6-25 column (1.0 x 45 cm) u s i n g  sodium phosphate 

b u f f e r ,  pH 6.0, 0.1 mol/L. A d j u s t  t h e  f l o w  r a t e  t o  0.5-0.7 

ml/min and t h e  f r a c t i o n  volume t o  0.6-0.8 m l .  

5. Pool f r a c t i o n s  showing absorbance a t  403 nm and c o n c e n t r a t e  t h e  

pooled s o l u t i o n  i n  a c o l l o d i o n  bag i n  t h e  c o l d .  Do n o t  use 

NaN3 as a p r e s e r v a t i v e ,  s i n c e  i t  i n a c t i v a t e s  pe rox idase  and 

a c c e l e r a t e s  t h e  decomposi t ion o f  male imide groups. 

Measurement o f  maleimide groups i n  t r e a t e d  perox idase 

Samples a r e  i ncuba ted  w i t h  a known amount of 2-mercaptoethy l -  

amine, and t h e  remain ing t h i o l  groups a r e  measured (35, 52, 66) .  

1. Prepare t h e  t r e a t e d  perox idase i n  0.45 m l  o f  sodium phosphate 

b u f f e r ,  pH 6.0, 0.1 mol /L  w i t h  an absorbance a t  403 nm o f  

0.7-1.0 (0.31-0.44 g/L, 7.7-11 I.rmol/L). Use 0.45 m l  o f  t h e  

same b u f f e r  as a c o n t r o l .  

2. Mix 0.01 ml of f r e s h l y  prepared 0.1 mol/L (11.36 mg/ml) 

2-mercaptoethylamine-HC1 ( m . w .  113.6) and 2 m l  o f  0.05 mol/L 

EDTA, t h e  pH o f  which i s  a d j u s t e d  t o  6.0 u s i n g  1 mol/L NaOH. 

The f i n a l  c o n c e n t r a t i o n  of 2-mercaptoethylamine i s  0.5 mmol/L. 
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3. Add 0.05 m l  o f  t h e  2-mercaptoethylamine-EDTA m i x t u r e  t o  t h e  

0.45 m l  t r e a t e d  perox idase and i n c u b a t e  t h e  r e a c t i o n  m i x t u r e  a t  

30°C f o r  20 min. 

4. Add 0.02 m l  of 5 mmol/L (1.10 mg/ml) 4 , 4 ' - d i t h i o d i p y r i d i n e  

(m.w. 220.32), and incuba te  t h e  m i x t u r e  a t  30°C f o r  10 min. 

5 .  Read t h e  absorbance a t  324 nm. C a l c u l a t e  t h e  average number 

o f  maleimide groups i n t r o d u c e d  p e r  pe rox idase  molecule f rom t h e  

absorbance a t  324 nm u s i n g  t h e  mo la r  e x t i n c t i o n  c o e f f i c i e n t  a t  

324 nm o f  p y r i d i n e - 4 - t h i o n e  which i s  19,800 M-'.cm-' (66 ) ,  t h e  

e x t i n c t i o n  c o e f f i c i e n t  a t  403 nm o f  pe rox idase  which i s  2.275 

g .L.cm-' (69)  and t h e  mo lecu la r  we igh t  o f  perox idase which 

i s  40,000 (69). 

-1 

Conjugat ion 

1. Prepare about  1.8 mg (45 nmol) o f  t h e  male imide-perox idase i n  

0.2-0.4 m l  o f  sodium phosphate b u f f e r ,  pH 6.0, 0.1 mol/L. 

2. Prepare about  2.0 mg (43 nmol) o f  Fab' p l u s  0.05 mg o f  f l u o r e s -  

c e i n - l a b e l e d  Fab' i n  0.2-0.4 m l  o f  sodium phosphate b u f f e r ,  

pH 6.0, 0 .1  mol/L c o n t a i n i n g  5 mmol/L EDTA (111-D). 

3. Mix t h e  two s o l u t i o n s  above and incuba te  t h e  m i x t u r e  a t  4°C f o r  

20 h o r  a t  30°C f o r  1 h. The f i n a l  c o n c e n t r a t i o n s  o f  t h e  

maleimide-peroxidase and Fab' i n  t h e  r e a c t i o n  m i x t u r e  f o r  

con juga t ion  should be 50-100 pmo l /L .  I t  may be b e t t e r  t o  

b l o c k  remain ing t h i o l  groups w i t h  N-ethy lmale imide,  s i n c e  t h e y  

may r e a c t  w i t h  th imerosa l  added as a p r e s e r v a t i v e .  

4. Apply  t h e  r e a c t i o n  m i x t u r e  t o  a U l t r o g e l  AcA 44 column (1.5 x 

45 cm) us ing  sodium phosphate b u f f e r ,  pH 6.5, 0.1 mol/L. 
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ENZYME-LABELING ANTIBODIES 239 

A d j u s t  t h e  f l o w  r a t e  t o  0.3-0.5 ml /min and t h e  f r a c t i o n  volume 

t o  about  1.0 m l  . 
5. 1) Read t h e  absorbance o f  each f r a c t i o n  a t  280 and 403 nm. 

2 )  Measure f l uo rescence  i n t e n s i t y  (490 nm e x c i t a t i o n ,  510 nm 

emiss ion )  o f  each f r a c t i o n  u s i n g  1-10 nmol/L f l u o r e s c e i n  as 

s tandard,  when f l u o r e s c e i n - l a b e l e d  Fab' i s  used. 3 )  

Determine t h e  perox idase a c t i v i t y  o f  each f r a c t i o n  ( I V - A ) .  

6. S t o r e  t h e  Fab ' -perox idase con juga te  a t  4°C a f t e r  add ing  th ime-  

r o s a l  t o  g i v e  a f i n a l  c o n c e n t r a t i o n  o f  20-50 mg/L and bov ine  

serum albumin t o  g i v e  a f i n a l  c o n c e n t r a t i o n  o f  1 g/L. Do 

n o t  use NaN3 as a p r e s e r v a t i v e .  

C. C h a r a c t e r i z a t i o n  o f  Rabb i t  Fab'-Peroxidase Conjugate Prepared 

by  t h e  Maleimide Method (I) (43-45) 

a. P u r i t y  o f  t h e  Conjugate 

The con juga te  was a lmos t  comp le te l y  separated f r o m  f r e e  mono- 

mer perox idase and Fabl by ge l  f i l t r a t i o n .  S ince  t h e  m o l e c u l a r  

weights  o f  Fab' and perox idase a r e  s i m i l a r  (46,000 and 40,000) 

(F ig .  IV-2) ,  d imer  and/or  polymers o f  perox idase,  i f  any, can n o t  

be separated f rom t h e  con juga te  by g e l  f i l t r a t i o n .  To t e s t  f o r  

t h e i r  presence i n  t h e  conjugate,  r a b b i t  Fabl -perox idase c o n j u g a t e  

i n  t h e  peak f r a c t i o n  ( F i g .  IV-2)  was passed th rough  a goa t  a n t i -  

( r a b b i t  IgG) IgG-Sepharose 48 column, and o n l y  1-2 % o f  pe rox idase  

a c t i v i t y  a p p l i e d  was found i n  t h e  e f f l u e n t  (Tab le  IV -2 ) .  When 

passed through a normal goa t  IgG-Sepharose 48 column, 95 % was 

recovered i n  t h e  e f f l u e n t .  These r e s u l t s  i n d i c a t e d  t h a t  98-99 
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FIGURE IV-2 .  E l u t i o n  p r o f i l e  f rom a U l t r o g e l  AcA 44 column o f  
r a b b i t  Fabl -perox idase con juga te  prepared by t h e  male imide method 
( I ) .  The amounts o f  perox idase,  Fab' and f l u o r e s c e i n - l a b e l e d  
normal Fab' used were 1.3, 1.5 and 0.04 mg, r e s p e c t i v e l y .  The 
concen t ra t i ons  o f  t h e  male imide-perox idase and Fab' i ncuba ted  f o r  
con juga t ion  were 0.05 mmol/L. The column s i z e  used was 
1.5 x 45 cm, and t h e  f r a c t i o n  volume was 1.0 m l .  F luorescence 
i n t e n s i t y  o f  f l u o r e s c e i n - l a b e l e d  Fab' was measured by  a d j u s t i n g  
t h a t  o f  10 nmol/L f l u o r e s c e i n  t o  a s c a l e  o f  100. Perox idase 
a c t i v i t y  was determined by 10 min assay u s i n g  p-hydroxyphenyl- 
p r o p i o n i c  ac id .  The recove ry  i n  t h e  con juga te  o f  perox idase 
incubated f o r  t h e  c o n j u g a t i o n  was c a l c u l a t e d  f rom absorbance a t  
403 nm t o  be 73 %, and t h e  recove ry  i n  t h e  con juga te  o f  Fab' 
incubated f o r  t h e  c o n j u g a t i o n  was c a l c u l a t e d  f rom f l uo rescence  
i n t e n s i t y  o f  f l u o r e s c e i n - l a b e l e d  Fab' t o  be 67 %. 
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TABLE IV-2 

P u r i t y  o f  Rabb i t  F luorescein-Labeled Fab' -Horseradish Perox idase 
Conjugate Prepared by t h e  Male imide Method ( I )  

Fluorescence i n t e n s i t y  found  
i n  t h e  e f f l u e n t  Peroxidase 

i n  t h e  e f f l u e n t  
Sepharose 48 a c t i v i t y  found 

con juga te  F (ab '  l2 
column 

% 

Goat a n t i  - 1-2 
r a b b i t  IgG IgG 

Normal goa t  95 
1 gG 

% % 

Concanaval i n  A 0 5-10 96 

The conjugates were a p p l i e d  t o  v a r i o u s  columns, and pe rox idase  
a c t i v i t y  and f l uo rescence  i n t e n s i t y  i n  t h e  e f f l u e n t  were 
expressed i n  percentages o f  those a p p l i e d .  

% o f  perox idase i n  t h e  peak f r a c t i o n  was assoc ia ted  w i t h  r a b b i t  

Fab' and t h a t  t h e r e  was no s i g n i f i c a n t  f o r m a t i o n  o f  unconjugated 

dimers o r  polymers o f  perox idase.  

Test  f o r  t h e  presence o f  unconjugated perox idase 

1. Apply about  200 ng o f  r a b b i t  Fab ' -perox idase con juga te  i n  0.1 

m l  o f  sodium phosphate b u f f e r ,  pH 7.0, 0.01 mol/L, c o n t a i n i n g  

0.1 mol/L NaCl and 1 g/L bov ine serum albumin t o  a goa t  a n t i -  

( r a b b i t  IgG) IgG Sepharose 48 column (3.5 x 27 mm) a t  a f l o w  

r a t e  o f  1 ml /h u s i n g  t h e  same b u f f e r ,  and c o l l e c t  t h e  f i r s t  

3 m l  o f  t h e  e f f l u e n t .  (10 mg o f  goa t  a n t i - ( r a b b i t  IgG) IgG 

was coupled t o  1 g o f  CNBr-act ivated Sepharose 48.) 
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242 ISHIKAWA ET AL. 

2 .  Compare perox idase a c t i v i t y  i n  t h e  e f f l u e n t  w i t h  t h e  a c t i v i t y  

appl i ed . 

IgG and/or  F ( a b ' ) 2  may be p r e s e n t  i n  t h e  con juga te  f r a c t i o n s  

f rom a U l t r o g e l  AcA 44 column, when t h e  d i g e s t i o n  and/or  sepa- 

r a t i o n  o f  IgG i s  incomplete o r  t h e  r e d u c t i o n  w i t h  2-mercaptoethy l -  

amine i s  i n s u f f i c i e n t  (111-C and 111-D). Fab' may be p a r t l y  

r e o x i d i z e d  t o  F ( a b ' ) 2  d u r i n g  t h e  c o n j u g a t i o n  r e a c t i o n .  To 

demonstrate t h i s ,  f l u o r e s c e i n - l a b e l e d  Fab' -perox idase con juga te  i n  

t h e  peak f r a c t i o n  f r o m  a U l t r o g e l  AcA 44 column was passed through 

a concanaval in  A-Sepharose 4B column, and 5-10 % o f  f l uo rescence  

i n t e n s i t y  a p p l i e d  was found i n  t h e  e f f l u e n t  (Table IV -2 ) .  When 

F ( a b ' ) 2  was passed through t h e  same column, 96 % was recovered i n  

the  e f f l u e n t .  These r e s u l t s  i n d i c a t e d  t h a t  peps in  d i g e s t i o n  

was incomplete and/or  t h a t  Fab' was p a r t l y  r e o x i d i z e d  t o  F (ab ' )2 .  

Tes t  f o r  t h e  presence o f  unconjugated F (ab '12  

1. Apply  about  0.05 mg o f  f l u o r e s c e i n - l a b e l e d  Fab' -perox idase 

con juga te  i n  0.1 m l  o f  sodium a c e t a t e  b u f f e r ,  pH 6.0, 0.1 mol/L 

c o n t a i n i n g  1 mol/L NaC1, 1 mmol/L MgC12, 1 mmol/L CaC12, 1 

mmol/L MnC12 and 2 g/L bov ine  serum albumin t o  a column 

(3  x 40 mm) o f  concanaval in  A-Sepharose 4B (Pharmacia Fir ie 

Chemicals AB, Uppsala) a t  a f l o w  r a t e  o f  1 ml /h u s i n g  t h e  same 

b u f f e r ,  and c o l l e c t  t h e  f i r s t  3 m l  o f  t h e  e f f l u e n t .  

2 .  Measure f l uo rescence  i n t e n s i t y  o f  t h e  e f f l u e n t  u s i n g  490 nm f o r  

e x c i t a t i o n  and 510 nm f o r  emission, and compare i t  w i t h  t h a t  

appl  i ed .  

b 
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ENZYME-LABELING ANTIBODIES 2 4 3  

b. Molar  R a t i o  o f  Peroxidase and Fab' i n  t h e  Conjugate 

The mo la r  r a t i o  o f  perox idase t o  Fab' i n  t h e  con juga te  can be 

c a l c u l a t e d  f rom t h e  absorbances a t  403 and 280 nm o f  t h e  con juga te  

-1 u s i n g  t h e  e x t i n c t i o n  c o e f f i c i e n t s  o f  perox idase (2.275 g-'.L.cm 

a t  403 nm and 0.73 9-l .L.cm-l a t  280 nm) (69)  and Fab' (1.48 

g .L.cm-l a t  280 nm) (63)  and t h e  m o l e c u l a r  we igh ts  o f  pe rox idase  

(40,000) (69)  and Fab' (46,000) (64, 6 5 ) .  The e x t i n c t i o n  o f  

perox idase a t  280 nm was about one t h i r d  o f  t h a t  a t  403 nm b u t  

v a r i e d  t o  some e x t e n t  w i t h  t h e  p r e p a r a t i o n .  

-1 

The mo la r  r a t i o  o f  perox idase t o  Fab' i n  t h e  con juga te  was 

1.00-1.09 b o t h  b e f o r e  and a f t e r  p u r i f i c a t i o n  by  a f f i n i t y  chromato- 

graphy u s i n g  concanaval in  A-Sepharose 48 t o  remove unconjugated 

F (ab ' )2  ( I V - D ) .  

c. Mo lecu la r  S i ze  o f  t h e  Conjugate 

The mo lecu la r  we igh t  o f  r a b b i t  Fab ' -perox idase con juga te  was 

assessed t o  be 80,000-90,000 by g e l  f i l t r a t i o n  w i t h  U l t r o g e l  AcA 

44 u s i n g  marker p r o t e i n s  such as h o r s e r a d i s h  perox idase,  f l  uores-  

c e i n - l a b e l e d  SH-blocked r a b b i t  Fab' (111-E), bov ine  serum albumin, 

f l u o r e s c e i n - l a b e l e d  r a b b i t  F ( a b ' ) 2  and a l k a l i n e  phosphatase f rom 

c a l f  i n t e s t i n e  (45) .  Th i s  i n d i c a t e s  t h a t  one molecule each o f  

Fab' and perox idase were c r o s s - l i n k e d  t o  fo rm a monomeric con ju -  

gate. 

d. Recovery o f  Peroxidase and Fab' i n  t h e  Conjugate 

Loss o f  perox idase and Fab' by ge l  f i l t r a t i o n  and concent-  

r a t i o n  a f t e r  t h e  i n t r o d u c t i o n  o f  maleimide groups o r  a f t e r  t h e  

r e d u c t i o n  o f  F ( a b ' ) *  b e f o r e  t h e  c o n j u g a t i o n  was l e s s  than  10 %. 
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244 ISHIKAWA ET AL. 

The recovery i n  t h e  con juga te  o f  t h e  i n i t i a l  perox idase can 

be c a l c u l a t e d  f rom t h e  absorbance a t  403 nm o r  f rom perox idase 

a c t i v i t y  i n  t h e  e l u t i o n  p r o f i l e  ob ta ined  by gel  f i l t r a t i o n .  

The recovery i n  t h e  con juga te  o f  t h e  i n i t i a l  Fab' can be c a l c u -  

l a t e d  e i t h e r  f rom t h e  f l uo rescence  i n t e n s i t y  i n  t h e  e l u t i o n  

p r o f i l e  ob ta ined  u s i n g  f l u o r e s c e i n - l a b e l e d  Fab' o r  f rom t h e  absor-  

bance a t  280 nm o f  Fab ' .  The absorbance o f  Fab' a t  280 nm can 

be c a l c u l a t e d  f rom t h e  t o t a l  absorbance a t  280 nm, c o r r e c t e d  f o r  

perox idase absorbance by measuring absorbance a t  403 nm and u s i n g  

the  r a t i o  o f  absorbances a t  403 and 280 nm f o r  t h e  perox idase 

p r e p a r a t i o n  used. The recove ry  o f  Fab' can a l s o  be c a l c u l a t e d  

f rom t h e  recovery o f  peroxidase, t h e  mo la r  r a t i o  o f  (Fab' t o  

perox idase)  i n  t h e  con juga te  and t h e  i n i t i a l  amounts o f  perox idase 

and Fab' used. These c a l c u l a t i o n s  agree f a i r l y  w e l l ,  i m p l y i n g  

t h a t  f l u o r e s c e i n - l a b e l e d  Fab' r e a c t s  w i t h  t h e  male imide-perox idase 

e s s e n t i a l l y  i n  t h e  same way as non- labe led  Fab'. 

The recovery i n  t h e  con juga te  o f  t h e  i n i t i a l  perox idase and 

Fab' reached 65-75 % a f t e r  15-20 h i n c u b a t i o n  a t  4°C o r  1 h 

i n c u b a t i o n  a t  30°C, when t h e  i n i t i a l  c o n c e n t r a t i o n s  o f  t h e  

maleimide-peroxidase and Fab' were 50 umol/L. 

e. Ant igen-Binding A c t i v i t y  o f  t h e  Conjugate 

An t igen -b ind ing  a c t i v i t y  o f  Fab ' -perox idase con juga te  may be 

examined by comparing t h e  p r o p o r t i o n s  o f  F ( a b ' ) *  and Fab' -  

pe rox i  dase con juga te  adsorbed t o  antigen-Sepharose 48. The 

p r o p o r t i o n  o f  anti-human IgG Fab' -perox idase con juga te  adsorbed 

t o  a human IgG-Sepharose 48 column was o n l y  s l i g h t l y  s m a l l e r  t han  
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ENZYME-LABELING ANTIBODIES 245 

48.) 

appl  i e d  

f .  Stab 

t h a t  o f  anti-human IgG F ( a b ' ) 2  (Tab le  IV -3 ) .  Normal r a b b i t  

Fabl -perox idase con juga te  was a lmost  comp le te l y  recovered f r o m  a 

human IgG-Sepharose 4B column. These r e s u l t s  i n d i c a t e d  t h a t  

a n t i g e n - b i n d i n g  a c t i v i t y  o f  Fab' was w e l l  r e t a i n e d  i n  t h e  

maleimide method ( I ) .  

Tes t  f o r  a n t i g e n - b i n d i n g  a c t i v i t y  o f  t h e  con juga te  

Apply about 200 ng o f  r a b b i t  anti-human IgG Fab ' -pe rox idase  

con juga te  i n  0.1 m l  o f  sodium phosphate b u f f e r ,  pH 7, 10 mmol/L 

c o n t a i n i n g  100 mmol/L NaCl and 1 g /L  bov ine serum albumin t o  a 

human IgG-Sepharose 48 column (3.5 x 27 mm) a t  a f l o w  r a t e  o f  

1 ml /h  u s i n g  t h e  same b u f f e r ,  and c o l l e c t  t h e  f i r s t  3 m l  e f f l u e n t .  

(10 mg o f  human IgG was coupled t o  1 g o f  CNBr-act ivated Sepharose 

Compare perox idase a c t i v i t y  i n  t h e  e f f l u e n t  w i t h  t h a t  

l i t y  o f  t h e  Cross-L ink i n  t h e  Conjugate 

Rabb i t  f l  uo resce in - l abe led  Fab' -perox idase con juga te  was 

s t o r e d  i n  sodium phosphate b u f f e r ,  pH 6.5, 0.1 mol/L c o n t a i n i n g  

100 mmol/L NaC1, 1 g/L bov ine  serum albumin and 20 mg/L th imerosa l  

a t  4°C and was sub jec ted  t o  ge l  f i l t r a t i o n  w i t h  an U l t r o g e l  AcA 44 

column i n  t h e  same way as i n  t h e  p r e p a r a t i o n  o f  t h e  con juga te .  

L i t t l e  r e l e a s e  o f  f l u o r e s c e i n - l a b e l e d  Fab' was observed f o r  a t  

l e a s t  9 months. 

g. S t a b i l i t y  o f  perox idase a c t i v i t y  i n  t h e  con juga te  

No s i g n i f i c a n t  change i n  perox idase a c t i v i t y  was observed f o r  

a t  l e a s t  a yea r ,  when r a b b i t  Fab ' -perox idase con juga te  was s t o r e d  
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i n  sodium phosphate bu f fe r ,  pH 6.5, 0.1 mol /L  c o n t a i n i n g  100 

mmol/L NaCl, 1 g/L bov ine  serum albumin and 20 mg/L t h i m e r o s a l  a t  

4OC. 

h. C h a r a c t e r i s t i c s  o f  Conjugates w i t h  Fab' f r o m  Var 

Prepared by t h e  Male imide Method ( I )  

ous Anima S 

When perox idase was conjugated w i t h  Fab' f r o m  goat ,  guinea 

p i g ,  sheep and r a t ,  e l u t i o n  p r o f i l e s  o f  con juga tes  f r o m  an 

U l t r o g e l  AcA 44 column were s i m i l a r  t o  t h a t  o f  r a b b i t  Fab'- 

perox idase conjugate,  i n d i c a t i n g  t h a t  t h e  con juga tes  formed were 

mos t l y  monomeric. However, con juga tes  c o n t a i n i n g  more t h a n  one 

molecule o f  perox idase and/or  Fab' were formed i n  a l i m i t e d  

amount, when t h e  c o n j u g a t i o n  was performed u s i n g  100 umol /L  o f  

Fab' f rom goat  and r a t .  

0. F u r t h e r  P u r i f i c a t i o n  o f  Fab'-Peroxidase Conjugate Prepared by 

t h e  Male imide Method ( I )  

a. Removal o f  F ( a b ' ) 2  

Unconjugated F ( a b ' ) 2  can be removed u s i n g  concanaval i n  A- 

Sepharose 48, s i n c e  perox idase,  b u t  n o t  F(ab ' )2 ,  i s  a g l y c o p r o t e i n  

and i s  adsorbed t o  concanava l i n  A-Sepharose 48. Fab'- 

perox idase con juga te  adsorbed can be e l u t e d  by 0.1-0.2 mol/L 

a-methyl -D-mannoside. The column s i z e  o f  concanaval i n  A-Sepha- 

rose 48 (Pharmacia) r e q u i r e d  f o r  1 mg o f  t h e  con juga te  i s  1 x 6 

cm. The e l u t e d  perox idase a c t i v i t y  (73 % o f  t h e  a p p l i e d )  was 

a lmost  comp le te l y  (98 %)  bound t o  an a n t i - r a b b i t  IgG IgG-Sepharose 
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48 column. I t i s  p o s s i b l e  i n  t h i s  way t o  separate t h e  c o n j u -  

gate f rom any unconjugated F ( a b ' I 2 .  

b. P r e p a r a t i o n  of S p e c i f i c  Fab ' -Perox idase Conjugate by A f f i n i t y  

Chromatography 

The Fab' -perox idase con juga te  prepared by t h e  ma1 e i m i  de met hod 

( I )  can be p u r i f i e d  by a f f i n i t y  chromatography. Rabb i t  a n t i -  

human IgG Fab' -perox idase con juga te  (0.04 mg) i n  1.0 m l  o f  sodium 

phosphate b u f f e r ,  pH 6.5, 0.1 mol/L c o n t a i n i n g  1 g/L bov ine  serum 

albumin was a p p l i e d  t o  a human IgG-Sepharose 48 column (0.3 x 1.0 

cm) , and t h e  s p e c i f i c  anti-human IgG Fabl -perox idase con juga te  

adsorbed on t h e  column was e l u t e d  u s i n g  glycine-HC1 b u f f e r ,  

pH 2.8-2.9, 50 mmol/L. The e l u a t e  was n e u t r a l i z e d  w i t h  T r i s -  

HC1 b u f f e r ,  pH 8.0, 0.5 mol/L. The pe rox idase  a c t i v i t y  o f  t h e  

s p e c i f i c  anti-human IgG Fabl -perox idase con juga te  was a lmost  

complete ly  adsorbed t o  b o t h  a human IgG-Sepharose 48 column 

(88-91 %) and a goa t  a n t i - r a b b i t  IgG IgG-Sepharose 48 column 

(100 %) ,  i n d i c a t i n g  t h a t  t h e  c r o s s - l i n k  i s  s t a b l e  a t  pH 2.9 (Tab le  

IV -3 ) .  Goat anti-human a - f e t o p r o t e i n  Fabl -perox idase con juga te  

was a l s o  a f f i n i t y - p u r i f i e d  i n  t h e  same way and t e s t e d  i n  t h e  sand- 

wich enzyme immunoassay f o r  human a - f e t o p r o t e i n  ( F i g .  IV -3 ) .  

The s e n s i t i v i t y  f o r  human a - f e t o p r o t e i n  was enhanced f rom 100 

amol/tube t o  10 amol/tube by a f f  i n i  t y - p u r i f  i c a t i o n .  Horse- 

r a d i s h  perox idase i s  s t a b l e  i n  glycine-HC1 b u f f e r ,  pH 2.7-2.9, 

50 mmol/L f o r  a t  l e a s t  20 min b u t  l oses  i t s  a c t i v i t y  a t  pH 2.9 i n  

the  presence o f  100 mmol/L NaCl o r  a t  pH 2.5 i n  t h e  absence o f  
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LL 

F I G U R E  IV-3. Sandwich enzyme immunoassay o f  human a - f e t o -  
p r o t e i n  w i t h  goat  anti-human a - f e t o p r o t e i n  Fab' which was c o n j u -  
gated w i t h  h o r s e r a d i s h  perox idase and p u r i f i e d  by a f f i n i t y  
chromatography u s i n g  a human a - fe top ro te in -Sepharose  48 column. 
A goat  anti-human a - f e t o p r o t e i n  IgG-coated p o l y s t y r e n e  b a l l  was 
i ncuba ted  success i ve l y  w i t h  human a - f e t o p r o t e i n  a t  37°C f o r  4 h 
and w i t h  goa t  anti-human a - f e t o p r o t e i n  Fab ' -perox idase con juga tes  
( 5  ng/ tube)  a t  37°C f o r  4 h. Peroxidase a c t i v i t y  bound was 
determined by 40 min assay u s i n g  p -hyd roxypheny lace t i c  a c i d .  
Open and c losed  c i r c l e s  i n d i c a t e  t h e  s tandard curves b e f o r e  and 
a f t e r  a f f  i n i  ty-puri f i c a t i o n  . 
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250 ISHIKAWA ET AL. 

NaCl . Elution at pH 2.5 enhances the non-specific binding of 

the conjugate to polystyrene balls. 

E .  Other Methods for Labeling Fab' with Peroxidase 

a. Maleimide Method (11) for Labeling Fab' with Peroxidase 

The maleimide method (11) uses N-succinimidyl m-maleimido- 

benzoate in place of N-succinimidyl 4-(N-maleimidomethyl )cyclo- 

hexane-1-carboxylate used in the maleimide method ( I ) .  Other 

conditions are the same as in the maleimide method ( I )  except for 

pH and temperature used. 

This method provided monomeric Fab'-peroxidase conjugate 

similar to that obtained by the maleimide method ( I ) .  However , 

the yield of conjugate was less (35-49 % )  than that in the 

maleimide method (I). The reason for this appeared to be 

that the introduction of maleimide groups by this method was not 

so efficient as in the maleimide method (I) (Table IV-1). The 

average number of maleimide groups introduced by treatment at 

pH 7.0 at 25°C for 1 h was 0.53-0.65 per peroxidase molecule, 

while it was 1.6-1.7 in the maleimide method ( I ) .  Treatment 

for a longer time than 1 h resulted in a decrease of maleimide 

groups introduced. Treatment at pH 6.5 at 25°C or at pH 7 at 

30°C was less effective. These results appeared to be due to 

the fact that m-maleimidobenzoate was less stable than 4-(N- 

maleimidomethyl )cyclohexane-1-carboxyl ate (Fig. IV-4). This 

was supported by the fact that N-succ in imidy l -male imidoacetate 

was more stable and more effective in the introduction of 
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100 

50 

0 
0 4 8 

Incubation at 30'C and pH 7.0 
( h )  

FIGURE IV-4. Stability of maleimide groups. Various 
maleimide compounds were incubated in sodium phosphate buffer, 
pH 7.0, 0.1 mol/L, at 30°C, and remaining maleimide groups were 
determined. 0 en circles, triangles, and squares indicate 
N - s ucc i n i m i  dy 1 4 - [N -ma 1 e i mi dome t hy 1 ) cyc 1 ohexane- 1 -ca rboxy 1 ate , N- 
succi ninii dyl ma1 eimidoacetate, N-succinimidyl m-ma1 eimidobenzoate, 
respectively. Closed circles, and triangles indicate 
N,N'-o-phenylenedimaleimide, N,N'-oxydimethylenedimaleimide, res- 
pect i vel y . 

maleimide groups into peroxidase than N-succinimidyl m-maleimido- 

benzoate (Table IV-1). 

Introduction of maleimide groups into peroxidase 

1. Dissolve 2 mg (50 nmol) of horseradish peroxidase in 0.3 ml of 

sodium phosphate buffer, pH 7.0, 0.1 mol/L. 
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252 ISHIKAWA ET AL. 

2. D i s s o l v e  1.57 mg (5,000 nmol) o f  N -succ in im idy l  m-maleimido- 

benzoate (m.w. 314.2) i n  0.02 m l  o f  N,N-dimethylformamide. 

3. Add t h e  reagent  s o l u t i o n  t o  t h e  perox idase s o l u t i o n  and i n c u -  

b a t e  t h e  m i x t u r e  a t  25°C f o r  1 h. 

4. C e n t r i f u g e  t h e  r e a c t i o n  m i x t u r e  b r i e f l y  t o  remove excess o f  

p r e c i p i t a t e d  reagent  and app ly  t h e  c l e a r  superna tan t  t o  a 

Sephadex 6-25 column (1.0 x 45 cm) u s i n g  sodium a c e t a t e  b u f f e r ,  

pH 5.0, 50 mmol/L. 

b. Maleimide Method ( 1 1 1 )  f o r  L a b e l i n g  Fab' w i t h  Peroxidase 

The maleimide method ( 1 1 1 )  uses N-succ in im idy l  4-(N- 

ma1 e im i  domethyl ) c y c l  ohexane- 1-ca rboxy l  a t e  t o  i nt roduce  ma 1 e i m i  de 

groups i n t o  perox idase as i n  t h e  male imide method ( I )  b u t  does n o t  

use t h i o l  groups i n  t h e  h inge  o f  Fab' f o r  con juga t ion .  T h i o l  

groups o f  Fab' generated i n  t h e  h inge  by r e d u c t i o n  w i t h  2- 

mercaptoethylamine a r e  b locked  by monoiodoacetate o r  N -e thy l -  

maleimide (111-E), and new t h i o l  groups a r e  i n t r o d u c e d  by t r e a t -  

ment w i t h  S -ace ty lmerca tosucc in i c  anhydr ide.  The maleimide- 

perox idase i s  t hen  a l l owed  t o  r e a c t  w i t h  t h e  mercap tosucc iny la ted  

SH-blocked Fab' ( F i g .  IV-5). The y i e l d  o f  con juga te  i nc reased  

w i t h  i n c r e a s i n g  numbers o f  t h i o l  groups i n t r o d u c e d  pe r  SH-blocked 

Fab' molecule. However, t he  i nc reased  y i e l d  was accompanied 

by an increased f o r m a t i o n  o f  po lymer ized conjugates and by an 

apparent he te rogene i t y  o f  conjugates.  An t igen -b ind ing  a c t i v i t y  

was l e s s  than  w i t h  t h e  con juga te  prepared by t h e  male imide method 

(1). T h i s  method has, t h e r e f o r e ,  no apparent  advantage over  
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@ N H ~  

N -5  ucci n i midy I 

4-(N-maleimidomethyI) 

cyclohexane-1-carboxylate 

n 

0 I 

H N ~ S - R  
SH-blocked Fab' 

0 
II 

CH3-C-S-CH - C;O 
CH2-C=0 I P  

S -acety I 

mercaptosuccin ic 

anhydride 

0 
HS -CH - &HN @S -R 

I 
CH2-COOH I 

F I G U R E  IV-5. P r e p a r a t i o n  o f  Fabl -perox idase con juga te  by t h e  
maleimide method (111) .  HRP = ho rse rad ish  perox idase.  R =  
-CH2COOH 

t h e  male imide method ( I )  and was used o n l y  t o  demonstrate t h a t  t h e  

a n t i g e n - b i n d i n g  a c t i v i t y  was b e t t e r  preserved i n  Fab ' -perox idase 

conjugate prepared by u s i n g  t h i o l  groups i n  t h e  h inge  o f  Fab' t han  

i n  t h e  con juga te  prepared u s i n g  amino groups o f  Fab ' .  

I n t r z d u c t i o n  o f  t h i o l  groups i n t o  t h e  SH-blocked Fab' 

1. Prenare 2.2 mg (48 nmol) o f  t h e  SH-blocked Fab' (111-E) i n  0.44 

m l  o f  sodium phosphate b u f f e r ,  pH 6.5, 0.1 mol/L. 
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2. D i s s o l v e  0.21-0.84 mg (1,200-4,800 nmol) o f  S-acetylmercapto- 

s u c c i n i c  anhydr ide  (m.w. 174.18) i n  0.01 n i l  o f  N,N-dimethyl- 

formamide. 

3. Add t h e  anhydr ide s o l u t i o n  t o  t h e  SH-blocked Fab' s o l u t i o n ,  and 

incuba te  t h e  m i x t u r e  a t  25°C f o r  30 min. 

4. Add 0.1 m l  o f  Tris-HC1 b u f f e r ,  pH 7, 0.1 mol/L, 0.01 m l  o f  0.1 

mol /L  EDTA, pH 7 and 0.1 ml o f  1 mol/L hydroxylamine, pH 7 ,  and 

incuba te  t h e  m i x t u r e  a t  30°C f o r  5 min. 

5. Apply  t h e  r e a c t i o n  m i x t u r e  t o  a Sephadex 6-25 column (1.0 x 45 

cm) e q u i l i b r a t e d  w i t h  sodium phosphate b u f f e r ,  pH 6.0, 0.1 

mol/L c o n t a i n i n g  5 mmol/L EDTA. The average number o f  t h i o l  

groups i n t r o d u c e d  was 0.99-1.8 p e r  molecule (111-D f o r  

measuring t h i o l  groups) ,  

c. P y r i d y l  D i s u l f i d e  Method (I) f o r  L a b e l i n g  Fab' w i t h  Perox idase 

The p y r i d y l  d i s u l f i d e  method (I) uses N-succ in im idy l  3-(2- 

pyridy1dithio)propionate (Pharmacia F i n e  Chemicals AB, Uppsala and 

P ie rce  Chemical Co. , Rockford, I 1 1  , )  i n  p lace  o f  N -succ in im idy l  

4-(N-maleimidomethyl )cyclohexane-1-carboxylate used i n  t h e  

maleimide method (I). I n  t h e  f i r s t  s tep,  ho rse rad ish  p e r o x i -  

dase i s  t r e a t e d  w i t h  t h e  reagent  t o  i n t r o d u c e  p y r i d y l  d i s u l f i d e  

groups. I n  t h e  second step, t h e  p y r i d y l  d i s u l f i d e  groups 

i n t roduced  a r e  a l l owed  t o  r e a c t  w i t h  t h i o l  groups i n  t h e  h inge  o f  

Fab' (F ig .  IV-6) .  Th i s  method p rov ides  monomeric Fab ' -pe rox i -  

dase con juga te  wi th  l i t t l e  l o s s  o f  a c t i v i t y  o f  Fab' and perox idase 

as i n  t h e  maleimide method (I). However, t h e  y i e l d  o f  con ju -  
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0 

o-O-!-CH2-CH2-S-S 0 
0 

N-succi n imidy I 

I 3-( 2-py r idy ldith io)p rop ion ate 

0 
@-NH-6-CH2-CH2-S-S 0 

0 
@-NH-e-CH2-CH2-S-S@ 

FIGURE IV-6. P r e p a r a t i o n  o f  Fab ' -perox idase con juga te  by t h e  
p y r i d y l  d i s u l f i d e  method ( I ) .  HRP = h o r s e r a d i s h  perox idase.  

g a t e  i s  l o w e r  (54-59 % )  than  i n  t h e  male imide method ( I )  (65-75 %) 

(Table IV-4) .  

I n t r o d u c t i o n  o f  p y r i d y l  d i s u l f i d e  groups i n t o  pe rox idase  

1. D i s s o l v e  2 mg (50 nmol) o f  h o r s e r a d i s h  pe rox idase  i n  0.3 m l  of 

sodium phosphate b u f f e r ,  pH 7.5, 0.1 mol /L .  

2. D i s s o l v e  0.78 mg (2,500 nmol) o f  N -succ in im idy l  3 - ( 2 - p y r i d y l -  

d i t h i o )  p rop iona te  (m.w. 312.5) i n  0.06 m l  o f  e thano l .  

3. Add t h e  reagent  s o l u t i o n  t o  t h e  enzyme s o l u t i o n  and i n c u b a t e  

t h e  m i x t u r e  a t  25°C f o r  30 min. 
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TABLE IV-4 

Recovery o f  conjugated perox idase i n  t h e  male imide method ( I )  and 

o f  i n c u b a t i o n  
p y r i d y l  d i s u l f i d e  method ( I )  under v a r i o u s  c o n d i t i o n s  

Re cove ry 

perox idase 
o f  Fab' PH T i  me o f  

( mmol /L ) ("C) ( h )  ( % )  

Temp- 
e r a  t u  r e  

Concen t ra t i on  

and enzyme 

Maleimide method ( I )  

0.05 6 4 5 60 

0.05 6 4 20 65-75 

0.05 6 30 1 67 

Pyridyl d i s u l f i d e  method (I) 

0.05 6 4 20 37 

0.10 6 4 2.5 19 

0.05 6 30 2.5 45, 46 

0.10 6 30 2.5 54 

0.10 6 30 20 59 

0.10 7.5 30 2.5 57 

0.10 7.5 30 20 57 

4. Apply t h e  r e a c t i o n  m i x t u r e  t o  a Sephadex 6-25 column (1.0 x 45 

cm) e q u i l i b r a t e d  w i t h  sodium phosphate b u f f e r ,  pH 6.0, 0.1 

mol /L .  

Measurement o f  p y r i d y l  d i s u l f i d e  groups 

1. Prepare a sample i n  0.5 m l  o f  sodium phosphate b u f f e r ,  pH 6.0, 

0.1 mol/L, w i t h  an absorbance a t  403 nm o f  0.3-0.6. 
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2. Add 0.02 m l  o f  0.1 mol/L (15.4 mg/ml) d i t h i o t h r e i t o l  (m.w. 

154.25). 

3. Incubate t h e  m i x t u r e  a t  30°C f o r  20 min. 

4. Read absorbance a t  343 nm. C a l c u l a t e  t h e  average number o f  

p y r i d y l  d i s u l f i d e  groups i n t r o d u c e d  pe r  pe rox idase  mo lecu le  

f rom absorbance a t  343 nm u s i n g  t h e  mo la r  e x t i n c t i o n  c o e f f i -  

c i e n t  o f  p y r i d i n e - 2 - t h i o n e  which i s  8,080 M- . cm-l (70 ) ,  t h e  

e x t i n c t i o n  c o e f f i c i e n t  a t  403 nm o f  perox idase which i s  2.275 

g .L.cm (69)  and t h e  mo lecu la r  we igh t  o f  pe rox idase  which i s  

40,000 (69).  The average number o f  p y r i d y l  d i s u l f i d e  groups 

i n t r o d u c e d  under t h e  above c o n d i t i o n  was 2.5-2.7 p e r  pe rox idase  

mol ecu l  e . 

1 

-1 -1 

Conjugat ion 

1. Prepare about 1.8 mg (45 nmol) o f  t h e  p y r i d y l  d i s u l f i d e -  

perox idase i n  0.22 m l  o f  sodium phosphate b u f f e r ,  pH 6.0, 0 .1  

mol/L. 

2. Prepare about 2 mg (43 nmol) o f  Fab' i n  0.22 m l  o f  sodium 

phosphate b u f f e r ,  pH 6.0, 0.1 mol/L, c o n t a i n i n g  5 mmol/L EDTA. 

3. Mix t h e  two s o l u t i o n s  above and incuba te  t h e  m i x t u r e  a t  30°C 

f o r  2.5 h. The f i n a l  c o n c e n t r a t i o n s  o f  t h e  p y r i d y l  

d i s u l f i d e - p e r o x i d a s e  and Fab' shou ld  be 100 umo l /L  o r  h i g h e r .  

4. Gel f i l t r a t i o n  and f u r t h e r  processes a r e  t h e  same as i n  

male imide method ( I ) .  

d. P y r i d y l  D i s u l f i d e  Method (11) f o r  Labe l i ng  Fab' w i t h  Perox idase 

The p y r i d y l  d i s u l f i d e  method (11) uses S-acety lmercapto-  

s u c c i n i c  anhydr ide  t o  i n t r o d u c e  t h i o l  groups i n t o  pe rox idase  and 
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H;SI@ 

4,4'-dithiodipyridine 5 -acetylmercapto- 

succinic anhydride I 
W S - S C N  

0 
HS-CH-&HN@ 

I 

I CH2-COOH 

J. 
0 

~ S - S - C H  - E-NH@ 
I 
CH2-COOH 

FIGURE I V - 7 .  Preparat ion o f  Fabl-peroxidase conjugate by the 
p y r i d y l  d i s u l f i d e  method (11). HRP = horseradish peroxidase. 

4 ,4 ' -d i th iod ipyr id ine  t o  in t roduce p y r i d y l  d i s u l f i d e  groups i n t o  

Fab' using t h i o l  groups i n  the  hinge. The mercaptosuccinylated 

peroxidase i s  al lowed t o  reac t  w i t h  the  p y r i d y l  d isu l f ide-Fab '  

(Fig.  I V - 7 ) .  

This method uses on ly  inexpensive reagents, 4 ,4 ' -d i t h io -  

d ipy r id ine  and S-acetylmercaptosuccinic anhydride, p rov id ing  

monomeric Fab'-peroxidase conjugate w i t h  l i t t l e  l oss  o f  a c t i v i t y  

o f  Fab' and peroxidase as i n  the  maleimide method ( I )  and p y r i d y l  

d i s u l f i d e  method ( I ) .  However, the recovery o f  peroxidase and 

Fab' i n  the conjugate i s  r a t h e r  low (40-49 %). 
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I n t r o d u c t i o n  o f  t h i o l  groups i n t o  perox idase 

1. D i s s o l v e  2 mg (50 nmol) o f  h o r s e r a d i s h  perox idase i n  0.25 m l  o f  

sodium phosphate b u f f e r ,  pH 7.5, 0.1 mol/L. 

2. D i s s o l v e  1.74 mg (10,000 nmol) o f  S-acetylmercaptosuccinic 

anhydr ide (m.w. 174.18) i n  0.01 m l  o f  N,N-dimethylformamide. 

3. Add t h e  anhydr ide s o l u t i o n  t o  t h e  pe rox idase  s o l u t i o n ,  and 

incuba te  t h e  m i x t u r e  a t  30°C f o r  30 min w i t h  cont inuous s t i r r -  

i ng .  

4. Add 0.05 m l  o f  Tris-HC1 b u f f e r ,  pH 7, 0.1 mol/L; 0.005 m l  o f  

EDTA, pH 7, 0.1 mol/L, and 0.05 m l  o f  hydroxy lamine,  pH 7, 

1 mol/L. 

5. I ncuba te  t h e  m i x t u r e  a t  30°C f o r  5 min. 

6. Apply t h e  r e a c t i o n  m i x t u r e  t o  a Sephadex 6-25 column (1.0 x 45 

cm) e q u i l i b r a t e d  w i t h  sodium phosphate b u f f e r ,  pH 6, 0.1 mol/L, 

c o n t a i n i n g  5 mmol/L EDTA. The average number o f  t h i o l  

groups i n t roduced  under t h e  above c o n d i t i o n  was 2.2 p e r  pe r -  

ox idase molecule (111-D f o r  measuring t h i o l  groups) .  

I n t r o d u c t i o n  o f  p y r i d y l  d i s u l f i d e  groups i n t o  Fab' 

1. Prepare 2.2 mg (24 nmol) o f  F ( a b ' ) *  i n  0.18 m l  o f  sodium phos- 

phate b u f f e r ,  pH 6.0, 0 .1 mol/L c o n t a i n i n g  1 mmol/L EDTA. 

2. Add 0.02 ml o f  0.1 mol /L  2-mercaptoethylamine-HC1 (m.w. 113.6), 

pH 6 c o n t a i n i n g  5 mmol/L EDTA t o  t h e  F ( a b ' ) 2  s o l u t i o n .  

3. I ncuba te  t h e  m i x t u r e  a t  37°C f o r  1.5 h. 

4. Add 0.25-0.7 m l  o f  sodium phosphate b u f f e r ,  pH 6, 0.1 mol/L and 

0.05-0.10 m l  o f  0.5 mol/L 4 , 4 ' - d i t h i o d i p y r i d i n e  (m.w. 220.32) 

i n  N,N-dimethyl formamide. 
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5. Incubate t h e  m i x t u r e  a t  30°C f o r  10 min. 

6. Apply the  r e a c t i o n  m i x t u r e  t o  a Sephadex 6-25 column (1.0 x 

30-45 cm) e q u i l i b r a t e d  w i t h  sodium phosphate b u f f e r ,  pH 6, 0.1 

mol /L, P y r i d y l  d i s u l f i d e  groups a r e  measured i n  t h e  same 

way as i n  t h e  p y r i d y l  d i s u l f i d e  method (I) excep t  t h a t  c a l c u -  

l a t i o n  i s  made f rom absorbance a t  324 nm u s i n g  an e x t i n c t i o n  

c o e f f i c i e n t  o f  19,800 M-'.cn<' (66) .  The average number o f  

p y r i d y l  d i s u l f i d e  groups i n t r o d u c e d  under t h e  above c o n d i t i o n  

was 0.70-0.84 p e r  Fab' molecule.  

Conjugat ion 

The con juga t ion  and f u r t h e r  processes a r e  t h e  same as i n  t h e  

p y r i d y l  d i s u l f i d e  method ( I )  except  t h a t  t h e  m i x t u r e  f o r  con ju -  

g a t i o n  was t r e a t e d  w i t h  0.01 m l  o f  100 mmol/L N-ethy lmale imide a t  

30°C f o r  10 min b e f o r e  ge l  f i l t r a t i o n .  

e. P y r i d y l  D i s u l f i d e  Method (111) f o r  L a b e l i n g  Fab' w i th  Perox idase 

The p y r i d y l  d i s u l f i d e  method (111) uses N-succ in im idy l  3- (2-  

p y r i d y l d i t h i o )  p rop iona te  i n  p l a c e  o f  N -succ in im idy l  4-(N- 

ma 1 e i m i  dome t hy 1 ) cyc 1 o hexa ne- 1 -ca rboxy 1 a t e  used i n t h e  ma 1 e i m i  de 

method (111) (F ig .  IV-8) .  P y r i d y l  d i s u l f i d e  groups a r e  i n t r o -  

duced i n t o  perox idase as i n  t h e  p y r i d y l  d i s u l f i d e  method ( I )  and 

a1 lowed t o  r e a c t  w i t h  t h e  mercap tosucc iny la ted  SH-blocked Fabl 

prepared as i n  t h e  maleimide method (111). The c h a r a c t e r i s t i c s  

of t h e  conjugate ob ta ined  were s i m i l a r  t o  those prepared by t h e  

maleimide method (111) .  
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SH-blocked Fab' 

N-succinimidyl 

3-(2-pyr idy ldith io) 

propionate 

S-acetyl 

mercaptosuccinic 

anhydride / 

0 0 
@ N H - ~ C H ~ - C H ~ - S - S - C H - & H N @ S - R  

I 
CH2-COOH 

F I G U R E  IV-8. P r e p a r a t i o n  o f  Fabl -perox idase con juga te  by  t h e  
p y r i d y l  d i s u l f i d e  method (111 ) .  HRP = h o r s e r a d i s h  perox idase.  

f . Two-step Glutara ldehyde Method f o r  L a b e l i n g  Fab' w i t h  Perox idase 

(7, 22)  

I n  t h e  f i r s t  s tep,  ho rse rad ish  perox idase i s  t r e a t e d  w i t h  

excess o f  g lu ta ra ldehyde  t o  become r e a c t i v e  w i t h  amino groups. 

I n  t h e  second step,  t h e  g l u t a r a l d e h y d e - t r e a t e d  perox idase a f t e r  

removing d imer  and polymers o f  t h e  enzyme by ge l  f i l t r a t i o n  i s  

a l l owed  t o  r e a c t  w i t h  amino groups o f  t h e  SH-blocked Fab' ( 2 2 ) .  

Treatment o f  perox idase w i t h  g l u t a r a l d e h y d e  

1. D i s s o l v e  10 mg o f  ho rse rad ish  perox idase i n  0.19 m l  o f  sodium 

phosphate b u f f e r ,  pH 6.8, 0.1 mol/L. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
2
7
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1



262 ISHIKAWA ET AL. 

2. Add 0.01 m l  o f  25 % g lu ta ra ldehyde  t o  a f i n a l  c o n c e n t r a t i o n  of 

12.5 g/L, and incuba te  t h e  r e a c t i o n  m i x t u r e  a t  room temperature 

f o r  18 h. 

3. Apply  t h e  r e a c t i o n  m i x t u r e  t o  a U l t r o g e l  AcA 44 column (1 x 45 

cm) u s i n g  150 mmol/L NaCl t o  remove excess o f  g l u t a r a l d e h y d e  

and d imer  and/or  polymers o f  perox idase,  i f  any. 

Conjugat ion 

1. Prepare 1.8 mg (39 nmol) o f  t h e  SH-blocked Fab' i n  0.73 m l  o f  

150 mmol/L NaCl (111-E). 

2. Prepare 8.0 mg (200 nmol) o f  t h e  g l u t a r a l d e h y d e - t r e a t e d  pe r -  

ox idase i n  0.73 m l  o f  150 mmol/L NaC1. 

3. Add 0.1 m l  o f  sodium carbonate b u f f e r ,  pH 9.5, 1 mol/L, t o  t h e  

m i x t u r e  o f  t h e  SH-blocked Fab' and t h e  g l  u t a r a l d e h y d e - t r e a t e d  

p e r o x i  dase . The f i n a l  c o n c e n t r a t i o n s  o f  t h e  SH-blocked Fab' 

and g l u t a r a l d e h y d e - t r e a t e d  perox idase a r e  25 and 120 vmol /L ,  

r e s p e c t i v e l y  . 
4. Incubate t h e  r e a c t i o n  m i x t u r e  a t  4°C f o r  24 h. 

5. Add 0.05 m l  o f  0.2 mol/L L-lysine-HC1 i n  sodium phosphate 

b u f f e r ,  pH 8, 0.25 mol/L, t o  t h e  r e a c t i o n  m i x t u r e ,  and incuba te  

t h e  m i x t u r e  a t  4°C f o r  2 h. 

6. Gel f i l t r a t i o n  and subsequent s teps a r e  t h e  same as i n  t h e  

male imide method ( I ) .  

g. Pe r ioda te  Method f o r  L a b e l i n g  Fab' w i t h  Peroxidase (22, 30) 

Horseradish perox idase i s  o x i d i z e d  by NaI04 f o l l o w e d  by 

a d d i t i o n  o f  e t h y l e n e  g l y c o l  t o  s t o p  t h e  o x i d a t i o n  (22) .  I t  i s  
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ENZYME-LABELING ANTIBODIES 263 

then sub jec ted  t o  ge l  f i l t r a t i o n  u s i n g  sodium a c e t a t e  b u f f e r ,  

pH 4.4, 1 mmol/L. Aldehyde groups generated i n  t h e  enzyme a r e  

a l l owed  t o  r e a c t  w i t h  amino groups o f  t h e  SH-blocked Fab' ,  and t h e  

S c h i f f ' s  bases formed a r e  reduced w i t h  sodium bo rohydr ide .  The 

y i e l d  o f  conjugates increases w i t h  i n c r e a s i n g  o x i d a t i o n  o f  p e r o x i -  

dase and w i t h  i n c r e a s i n g  c o n c e n t r a t i o n s  o f  Fab' and o x i d i z e d  

perox idase.  H i g h l y  po lymer ized conjugates were, however, 

i n e v i t a b l y  produced as y i e l d s  o f  conjugates increased,  and l o s s  

o f  perox idase a c t i v i t y  a l s o  became more severe. 

O x i d a t i o n  o f  perox idase 

1. D i s s o l v e  2 mg o f  ho rse rad ish  perox idase i n  0.5 m l  o f  d e i o n i z e d  

water. 

2. Add 0.1 m l  o f  0.1 mol /L  NaI04 t o  t h e  perox idase s o l u t i o n .  

3. Incubate t h e  m i x t u r e  a t  room temperature f o r  10 min. 

4. Add 0.05 m l  o f  e thy lene  g l y c o l  t o  t h e  r e a c t i o n  m i x t u r e ,  and 

incuba te  t h e  m i x t u r e  a t  room temperature f o r  5 min. 

5. Apply  t h e  r e a c t i o n  m i x t u r e  t o  a Sephadex 6-25 column (1 x 45 

cm) u s i n g  sodium a c e t a t e  b u f f e r ,  pH 4.4, 1 mrnol/L. 

Conjugat ion 

1. Prepare 1.8 rng (39  nmol) o f  t h e  SH-blocked Fab' i n  0.38 m l  o f  

150 mmol/L NaCl (111-E). 

2. Prepare 1.6 mg (40 nmol) o f  t h e  o x i d i z e d  perox idase i n  0.38 m l  

o f  sodium a c e t a t e  b u f f e r ,  pH 4.4, 1 mmol/L. 

3. Add 0.02 m l  o f  sodium carbonate b u f f e r ,  pH 9.5, 1 mol/L, t o  t h e  

m i x t u r e  o f  t h e  SH-blocked Fab' and o x i d i z e d  perox idase.  The 

f i n a l  concen t ra t i ons  o f  t h e  SH-blocked Fab' and o x i d i z e d  per-  

ox idase a r e  about  50 pmol /L .  
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264 ISHIKAWA ET AL. 

4. Incubate t h e  r e a c t i o n  m i x t u r e  a t  25°C f o r  2 h. 

5. Add 0.04 m l  of 4 g/L of sodium bo rohydr ide .  

6. I ncuba te  t h e  r e a c t i o n  m i x t u r e  a t  4°C f o r  2 h. 

7. Gel f i l t r a t i o n  and f u r t h e r  s teps a r e  t h e  same as i n  t h e  

maleimide method (I). 

F.  Comparison o f  Fabl -Perox idase Conjugates Prepared by Var ious 

Met hods 

a. P u r i t y  o f  Conjugates 

The p r o p o r t i o n s  o f  unconjugated perox idase i n  t h e  r a b b i t  

Fabl -perox idase con juga te  f r a c t i o n s  e l u t e d  f rom a U l t r o g e l  AcA 44 

column were es t ima ted  by pass ing th rough  a goa t  ( a n t i - r a b b i t  IgG) 

IgG-Sepharose 48 column ( IV-C). As summarized i n  Table IV-5, 

unconjugated perox idase was p resen t  o n l y  i n  sma l l  p r o p o r t i o n s  (2-5 

%)  and more than  95 % o f  perox idase was assoc ia ted  w i t h  Fab' i n  

the  maleimide (1-111) and p y r i d y l  d i s u l f i d e  (1-111) methods. 

By c o n t r a s t ,  unconjugated perox idase i n  t h e  con juga te  f r a c t i o n s  

prepared by t h e  g lu ta ra ldehyde  and p e r i o d a t e  methods amounted t o  

19-40 % and 6-16 %, r e s p e c t i v e l y .  T h i s  may have been p a r t l y  

due t o  t h e  d i m e r i z a t i o n  o f  perox idase,  a l t hough  dimer and polymers 

were removed by g e l  f i l t r a t i o n  b e f o r e  c o n j u g a t i o n  i n  t h e  g l u t a r -  

aldehyde method ( I V - E ) .  It may a l s o  have been due t o  an 

incomplete separa t i on  of t h e  con juga te  f rom unconjugated p e r o x i -  

dase i n  t h e  g lu ta ra ldehyde  method, s i n c e  more than  90 % o f  

perox idase used remained unconjugated (Table IV-5 and F i g .  IV-9G). 

More than  90 % o f  Fab' i n  t h e  con juga te  f r a c t i o n s  prepared by 

the  maleimide method ( I )  was assoc ia ted  w i t h  perox idase,  and t h e  
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ENZYME-LABELING ANTIBODIES 265 

TABLE I V - 5  

Purity of rabbi t  Fab'-peroxidase conjugate and recovery of 
conjugated peroxidase in various conjugation methods 

Conjugation 
method 

Proporti on  
o f  unconjugatgd 

peroxidase 

Recovery 
of 

peroxi dase 

Maleimide method 
(1) 

Pyri dyl d i  sul f i de 
method ( I )  

G1 utaraldehyde method 

Periodate method 

% % 

2 

3 

5 

19-40 

65-74 

35-49 

52-74 

54-58 

40-49 

58 

4-9 

58-66 

monomeric 6- 16 - 
po 1 ymer i c 1 - 

Rabbit Fab'-peroxidase conjugate was applied t o  a goat ( a n t i -  
rabbi t  IgG) IgG-Sepharose 48 column, a n d  the  enzyme a c t i v i t y  
in the  e f f luen t  was taken as unconjugated enzyme and expressed 
a s  a percentage o f  t h a t  applied. 

a 

unconjugated F ( a b ' ) 2  present was l e s s  than 10 % as described 

above. No information on  o ther  methods i s  ava i lab le  . 
b. Recovery of Peroxidase and Fab' in the  Conjugates 

The recoveries i n  t he  conjugates of peroxidase incubated f o r  

the conjugation were ca lcu la ted  from absorbance a t  403 nm i n  the 

e lu t ion  p ro f i l e s  obtained by gel f i l t r a t i o n  w i t h  Ultrogel AcA 44 
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266 ISHIKAWA ET AL. 

(F ig .  IV-9 A-H) and a r e  summarized i n  Table IV-5. I n  genera l ,  

t h e  recovery increases w i t h  i n c r e a s i n g  c o n c e n t r a t i o n  o f  perox idase 

and o f  Fab' used f o r  con juga t ion .  The recove ry  was: male imide 

( I )  > p y r i d y l  d i s u l f i d e  ( I )  > male imide (11)  = p y r i d y l  d i s u l f i d e  

(11)  > g lu ta ra ldehyde .  The r e c o v e r i e s  i n  t h e  male imide (111) 

and p y r i d y l  d i s u l f i d e  (111) methods inc reased  w i th  i n c r e a s i n g  

number o f  t h i o l  groups i n t r o d u c e d  i n t o  t h e  SH-blocked Fab' .  

The recove ry  i n  t h e  p e r i o d a t e  method inc reased  a f t e r  pro longed 

o x i d a t i o n  o f  perox idase w i t h  p e r i o d a t e .  

The recovery o f  Fab' i n  con juga tes  was s i m i l a r  t o  t h a t  o f  

perox idase,  s i n c e  t h e  mo la r  r a t i o  o f  Fab' t o  perox idase was 

approx imate ly  one i n  b o t h  t h e  r e a c t i o n  m i x t u r e  f o r  c o n j u g a t i o n  and 

i n  t h e  conjugates formed i n  a l l  t h e  methods t e s t e d  excep t  f o r  t h e  

g l  u t a r a l  dehyde method. 

c. Mo lecu la r  S i ze  of Conjugates 

As desc r ibed  above (IV-C), r a b b i t  Fabl -perox idase con juga te  

prepared by t h e  maleimide method ( I )  was l a r g e l y  monomeric. 

E l u t i o n  p r o f i l e s  o f  conjugates prepared by t h e  male imide ( I I ) ,  

p y r i d y l  d i s u l f i d e  ( I )  and (11)  and two-step g l u t a r a l d e h y d e  methods 

i n d i c a t e d  t h a t  these conjugates were a l s o  l a r g e l y  monomeric ( F i g .  

IV-9 A,B,D,E and G ) .  However, t h e  conjugates ob ta ined  by t h e  

maleimide (111) ,  p y r i d y l  d i s u l f i d e  (111) and p e r i o d a t e  methods 

were heterogeneous (F ig .  IV-9 C,F and H ) .  He te rogene i t y  o f  t h e  

conjugates prepared by t h e  maleimide (111) and p y r i d y l  d i s u l f i d e  

(111) methods inc reased  w i t h  i n c r e a s i n g  number o f  t h i o l  groups 
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ENZYME-LABELING ANTIBODIES 267 

i n t roduced  i n t o  t h e  SH-blocked Fab'. I n  t h e  p e r i o d a t e  method, 

t h e  f o r m a t i o n  o f  h i g h l y  po lymer ized con juga tes  i nc reased  a f t e r  

pro longed o x i d a t i o n  o f  perox idase w i t h  p e r i o d a t e .  

d. An t igen -B ind ing  A c t i v i t y  o f  Conjugates 

The p r o p o r t i o n  o f  r a b b i t  anti-human IgG Fab' -perox idase 

conjugate adsorbed t o  a human IgG-Sepharose 48 column was l a r g e r  

i n  t h e  male imide method ( I )  t han  i n  t h e  p e r i o d a t e  method (Tab le  

IV-6) .  T h i s  suggested t h a t  t h e  a n t i g e n  b i n d i n g  a c t i v i t y  o f  

Fab' was f a i r l y  w e l l  preserved when Fab' was con juga ted  th rough  

t h i o l  groups i n  t h e  h inge,  b u t  was s i g n i f i c a n t l y  impa i red  when 

Fab' was conjugated th rough  i t s  amino groups. 

Con juga t ion  o f  Fab' w i t h  an i nc reased  number o f  pe rox idase  

molecules may i m p a i r  a n t i g e n - b i n d i n g  a c t i v i t y  i n  t h e  male imide 

(111) ,  p y r i d y l  d i s u l f i d e  (111) and p e r i o d a t e  methods. 

e. Peroxidase A c t i v i t y  o f  Conjugates 

There was l i t t l e  l o s s  o f  pe rox idase  a c t i v i t y  i n  t h e  male imide 

(I, I 1  and 111) and p y r i d y l  d i s u l f i d e  (I, I 1  and 111) methods. 

I n  c o n t r a s t ,  we observed s i g n i f i c a n t  l osses  o f  perox idase i n  t h e  

g lu ta ra ldehyde  and p e r i o d a t e  methods, When perox idase was 

o x i d i z e d  by p e r i o d a t e  f o r  20 min, 29-64 % o f  perox idase a c t i v i t y  

was i n  t h e  monomeric con juga te  and 62-76 % i n  t h e  h i g h l y  p o l y -  

mer ized conjugates.  However, perox idase a c t i v i t y  was found t o  

be w e l l  preserved, when o x i d a t i o n  l a s t e d  o n l y  f o r  10 min and was 

f o l l o w e d  by e t h y l e n e  g l y c o l .  
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272 ISHIKAWA ET AL. 

TABLE IV-6 

Adsorp t i on  t o  a human IgG-Sepharose 48 column o f  a f f i n i t y -  
p u r i f i e d  r a b b i t  anti-human IgG Fabl -perox idase con juga tes  
prepared by t h e  maleimide method ( I )  and p e r i o d a t e  method 

Adsorp t i on  t o  
Method f o r  

goa t  a n t i -  
human IgG- rabbit I gG-  r a b b i t  IgG- 

con juga t ion  

column column column 

% 

86, 87 4 99 Ma1 e im i  de 
method ( I )  

Pe r ioda te  method 

monomeric 6 1  4 84-94 

h i g h l y  
po l ymer i c  78 4 99 

f. Usefulness o f  Conjugates i n  Sandwich Enzyme Immunoassay 

Rabb i t  anti-human c h o r i o n i c  gonadotrop in (hCG) Fab' -  

perox idase conjugates prepared by v a r i o u s  methods were t e s t e d  i n  

a sandwich enzyme immunoassay f o r  hCG (Table IV-7) .  N o n s p e c i f i c  

b i n d i n g  o f  t h e  conjugates prepared by  t h e  male imide methods ( I )  

and (11)  and p y r i d y l  d i s u l f i d e  methods (I) and (11 )  were t h e  

l owes t  (0.0040-0.0046 % o f  perox idase a c t i v i t y  added) and s p e c i f i c  

b ind ing ,  t h e  h i g h e s t .  Nonspec i f i c  b i n d i n g  o f  o t h e r  con juga tes  

was 4-16 f o l d  h ighe r ,  and s p e c i f i c  b i n d i n g  o f  o t h e r  conjugates,  

33-74 % l ower .  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
2
7
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1



ENZYME-LABELING ANTIBODIES 

TABLE IV-7  

273 

Sandwich enzyme immunoassay o f  hCG w i t h  r a b b i t  anti-hCG 
Fabl -perox idase conjugates prepared by v a r i o u s  methods 

Con juga t ion  
method 

F1 uorescence i n t e n s i t y  f o r  
pe rox idase  a c t i v i t y  bound 

~ ~~ 

hCG added (mU/tube) 
0 0.1 1 10 

Maleimide method 
(1) 6 15 66 156 

P y r i d y l  d i s u l f i d e  
method ( I )  6 14 57 152 

(11) 6 14 52 145 

(111)  24 28 57 94 

Glutara ldehyde method 49 50 64 8 8  

Per ioda te  method 

monomeric 44 47 77 110 

po lymer i c  98 98 132 188 

A r a b b i t  anti-hCG IgG-coated p o l y s t y r e n e  b a l l  was i ncuba ted  
success i ve l y  w i t h  hCG a t  37°C f o r  4 h and w i t h  anti-hCG Fab l -pe r -  
ox idase conjugates (200 ng/ tube)  a t  37°C f o r  6 h. Perox idase 
a c t i v i t y  bound was determined by 20 min assay u s i n g  p-hydroxy- 
p h e n y l a c e t i c  ac id .  

Other  a n t i b o d i e s  t e s t e d  i n c l u d e d  r a b b i t  Fab' a g a i n s t  human 

IgG, human f e r r i t i n  (44, 45 )  and human t h y r o i d - s t i m u l a t i n g  hormone 

( 4 5 ) ,  sheep Fab' a g a i n s t  r a b b i t  f i b r i n o g e n  and goa t  Fab' a g a i n s t  

human a - f e t o p r o t e i n .  These Fabl -perox idase con juga tes  prepared 
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2 74 ISHIKAWA ET AL. 

by t h e  maleimide method ( I )  gave lower  n o n s p e c i f i c  b i n d i n g  and 

h i g h e r  s p e c i f i c  b i n d i n g  than  t h e  p e r i o d a t e  conjugates.  Non- 

s p e c i f i c  b i n d i n g  o f  these conjugates was lower  i n  t h e  i n c u b a t i o n  

a t  20"C, a l t hough  data shown (Table IV-7)  were ob ta ined  a t  37°C. 

Nonspec i f i c  b i n d i n g  o f  conjugates prepared u s i n g  t h i o l  groups i n  

t h e  h inge  were even lower  than  those u s i n g  amino groups. 

These r e s u l t s  i n d i c a t e  t h a t  t h e  s e n s i t i v i t y  o f  sandwich 

enzyme immunoassay can be improved by  i n c u b a t i o n  a t  20°C u s i n g  

conjugates prepared w i t h  t h i o l  groups i n  t h e  h inge.  I n  f a c t ,  

t h e  use o f  Fab ' -perox idase con juga tes  prepared by t h e  maleimide 

method (I) enabled us t o  measure 3 amol o f  human growth hormone 

(57)  and 10 amol o f  human a - f e t o p r o t e i n  ( F i g .  IV -3 )  by t h e  

sandwich technique.  

g. Usefulness o f  Conjugates i n  Immunohistochemical S t a i n i n g  

Fab ' -perox idase con juga tes  prepared u s i n g  t h i o l  groups i n  

t h e  h inge  were a l s o  s u p e r i o r  i n  immunohistochemical s t a i n i n g  t o  

those prepared u s i n g  amino groups o f  Fab' (71) .  

G. Maleimide Methods f o r  L a b e l i n g  IgG, F ( a b ' ) 2  and Fab w i t h  Per- 

ox idase 

IgG, F ( a b ' ) 2  and Fab can be l a b e l e d  w i t h  perox idase i n  t h e  

same way as i n  t h e  male imide method (111) f o r  l a b e l i n g  Fab'. 

Maleimide groups a re  i n t r o d u c e d  i n t o  perox idase u s i n g  N-succ in i -  

m idy l  4-(N-aaleimidomethyl )cyclohexane-1-carboxylate as i n  t h e  

maleimide method ( I )  and t h i o l  groups a r e  i n t r o d u c e d  i n t o  IgG, 
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ENZYME-LABELING ANTIBODIES 275 

F ( a b ' ) 2  o r  Fab u s i n g  S-acetylmercaptosuccinic anhydr ide  as i n  t h e  

maleimide method (111). The male imide-perox idase i s  t hen  

a l l owed  t o  r e a c t  w i t h  t h e  mercap tosucc iny la ted  IgG, F ( a b ' ) 2  o r  

Fab. I n  o r d e r  t o  comp le te l y  con juga te  t h e  mercaptosucc iny-  

l a t e d  IgG and F ( a b ' ) 2 ,  t h e  average number o f  t h i o l  groups 

i n t roduced  p e r  IgG molecule should be more than  4, and an excess 

o f  t h e  male imide-perox idase should be added, s i n c e  i t  i s  d i f f i c u l t  

t o  separate IgG- o r  F (ab ' )2 -pe rox idase  conjugates f rom unconju-  

gated IgG or F ( a b ' ) 2  by ge l  f i l t r a t i o n .  Male imide-perox idase 

can a l s o  be conjugated w i th  reduced IgG ( t h e  male imide method 

( I V ) ) .  I t  i s ,  however, d i f f i c u l t  t o  comp le te l y  c o n v e r t  reduced 

IgG t o  conjugates,  s ince  t h e  number o f  t h i o l  groups o f  reduced IgG 

i s  o n l y  2 p e r  molecule.  

t l a le im ide  method (111) f o r  l a b e l i n g  IgG w i t h  Perox idase 

I n t r o d u c t i o n  o f  maleimide groups i n t o  perox idase 

The i n t r o d u c t i o n  o f  male imide groups i n t o  pe rox idase  i s  p e r -  

formed i n  t h e  same way as i n  t h e  male imide method ( I )  f o r  l a b e l i n g  

Fab' ( IV-B) .  

I n t r o d u c t i o n  o f  t h i o l  groups i n t o  IgG 

1. Prepare 5 mg (33 nmol) o f  IgG i n  0.5 ml o f  sodium phos- 

phate b u f f e r ,  pH 6.5, 0 .1  mol/L. 

2. D i s s o l v e  0.6 mg (3,400 nmol) o f  S -ace ty lmercap tosucc in i c  anhyd- 

r i d e  (m.w. 174.18) i n  0.01 m l  o f  N,N-dimethylformamide. 

3. Add t h e  anhydr ide s o l u t i o n  t o  t h e  IgG s o l u t i o n ,  and i n c u b a t e  

t h e  m i x t u r e  a t  room temperature f o r  30 min w i t h  con t inuous  

s t i r r i n g .  
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276 ISHIKAWA ET AL. 

4. Add 0.02 ml of 100 mol/L EDTA, 0.1 ml of Tris-HC1 buffer, 

pH 7.0, 0.1 mol/L, and 0.1 ml of hydroxylamine-HC1, pH 7.0, 

1 mol/L. 

5. Incubate the reaction mixture at 30°C for 4 min. 

6. Apply the reaction mixture to a Sephadex 6-25 column (1.0 x 45 

cm) using sodium phosphate buffer, pH 6.0, 0.1 mol/L, contain- 

ing 5 mmol/L EDTA. Adjust the flow rate to 0.6 ml/min and 

the fraction volume to 0.6 ml. 

7 .  Pool and concentrate fractions containing the mercaptosucciny- 

lated IgG. When 50 and 100 molar excess of S-acetyl- 

mercaptosuccinic anhydride were used, the average numbers of 

thiol groups introduced were 2.3 and 4.3-7.3 per IgG molecule, 

respectively (I I I-D for measuring thiol groups). 

Con jugat i on 

1. Prepare 3.0 mg (75 nnol) of the maleimide-peroxidase in 0.25 ml 

of sodium phosphate buffer, pH 6.0, 0.1 mol/L. 

2.  Prepare 2.3 mg (15 nntol) of the mercaptosuccinylated IgG in 

0.25 ml of sodium phosphate buffer, pH 6.0, 0.1 mol/L, contain- 

ing 5 mmol/L EDTA. 

3. Mix the maleimide-peroxidase and mercaptosuccinylated IgG solu- 

tions above, and incubate the reaction mixture at 4°C for 20 h. 

The final concentrations of IgG and peroxidase are 30 and 150 

umol /L  , respectively . 
4. Apply the reaction mixture to a column (1.5 x 45 cm) of Ultro- 

gel AcA 34 using sodium phosphate buffer, pH 6.5, 0.1 mol/L. 
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ENZYME-LABELING ANTIBODIES 277 

H. C h a r a c t e r i s t i c s  o f  IgG-, F (ab ' )2 -  and Fab-Peroxidase Conjugates 

a. P u r i t y  o f  Conjugates 

IgG- and F(ab '  )p-peroxidase con juga tes  a r e  c l e a r l y  separated 

from unconjugated perox idase b u t  a r e  n o t  comp le te l y  separated f r o m  

unconjugated IgG (F igs .  IV-10 and 11)  and F ( a b ' ) p  by ge l  f i l t r a -  

t i o n ,  s ince  t h e  mo lecu la r  weights  o f  these con juga tes  a r e  n o t  

s u f f i c i e n t l y  d i f f e r e n t  f r o m  IgG and F (ab ' )2 .  The amount o f  

unconjugated IgG o r  F ( a b ' ) 2  can be min imized by i n c r e a s i n g  t h e  

number o f  t h i o l  groups i n t r o d u c e d  p e r  IgG o r  F ( a b ' ) 2  mo lecu le  and 

i n c r e a s i n g  t h e  molar  r a t i o  o f  t h e  male imide-perox idase t o  t h e  

mercap tosucc iny la ted  IgG and F ( a b ' ) 2  i n  t h e  r e a c t i o n  m i x t u r e  f o r  

con juga t ion .  However, t h i s  i s  accompanied by an i nc rease  i n  

t h e  number o f  perox idase molecules conjugated p e r  IgG molecule,  

which may cause l o s s  o f  a n t i g e n - b i n d i n g  a c t i v i t y .  

Fab-peroxidase con juga te  can be a lmost  comp le te l y  separated 

f rom unconjugated Fab and perox idase w i t h  t h e  Fab ' -perox idase 

con juga te  prepared by t h e  maleimide method (111). 

b. Mo lecu la r  S i ze  o f  Conjugates 

The numbers o f  perox idase molecules con juga ted  p e r  IgG, 

F ( a b ' ) 2  o r  Fab molecule i nc rease  w i t h  i n c r e a s i n g  number o f  t h i o l  

groups i n t r o d u c e d  pe r  IgG, F ( a b ' ) 2  o r  Fab molecule, and these  

conjugates a r e  heterogeneous t o  a v a r i o u s  e x t e n t  as w i t h  t h e  

Fab ' -perox idase con juga te  prepared by  t h e  male imide method (111)  

(F igs .  IV-gC, IV-10 and 11). When 33 pmo l /L  o f  t h e  mercapto- 
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A : rabbit IgG-peroxidase conjugate 
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FIGURE IV-10. E l u t i o n  p r o f i l e  from a column of U l t r o g e l  AcA 34 
o f  r a b b i t  IgG-peroxidase con juga te  prepared by  t h e  maleimide 
method (111). The average numbers o f  male imide groups i n t r o -  
duced i n t o  perox idase molecule were 1.4 ( A ) ,  0.91 ( B ) ,  1.1 (C). 
The average numbers of t h i o l  groups i n t r o d u c e d  pe r  IgG molecule 
were 1.7 (A), 4.3 ( B )  and 7.3 (C). The c o n c e n t r a t i o n s  o f  
perox idase incuba ted  f o r  t h e  c o n j u g a t i o n  were 0.100 (A) ,  0.165 
( B ) ,  0.174 (C) mmol/L. The c o n c e n t r a t i o n s  o f  t h e  
mercap tosucc iny la ted  IgG f o r  t h e  c o n j u g a t i o n  were 0.020 ( A ) ,  0.033 
(B) and 0.035 (C) mnol/L. The i n c u b a t i o n  f o r  c o n j u g a t i o n  was 
performed a t  4°C f o r  20 h. The column s i z e  used was 
1.5 x 45 cm, and t h e  f r a c t i o n  volume was 0.98-1.0 m l .  The 
recovery o f  perox idase i n  t h e  con juga te  was c a l c u l a t e d  f rom 
absorbance a t  403 nm t o  be 12.7 % ( A ) ,  24.0 % (B)  and 62 % ( C ) .  
The average numbers of perox idase molecules conjugated p e r  IgG 
molecule was c a l c u l a t e d  t o  be 1.2 ( B )  and 3.1 ( C ) .  
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FIG. IV-10 (continued) 
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- Reduced rabbit IgG-peroxidase conjugate 
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FIGURE IV-11. E l u t i o n  p r o f i l e  f rom a column o f  U l t r o g e l  AcA 44 
o f  r a b b i t  IgG-peroxidase con juga te  prepared by t h e  male imide 
method ( I V ) .  The average numbers o f  male imide groups i n t r o -  
duced i n t o  perox idase molecule and t h i o l  groups generated p e r  IgG 
molecule were b o t h  1.3. The male imide-perox idase (0.174 
mmol/L) and t h e  mercap tosucc iny la ted  IgG (0.035 mmol/L) were 
incubated a t  4°C f o r  20 h. The column s i z e  used was 
1.5 x 45 cm, and t h e  f r a c t i o n  volume was 1.0 m l .  The recove ry  
o f  perox idase i n  t h e  con juga te  was c a l c u l a t e d  f rom absorbance a t  
403 nm t o  be 11.7 %. 

s u c c i n y l a t e d  IgG w i t h  an average number o f  t h i o l  groups o f  4.3 pe r  

molecule was incuba ted  w i t h  165 pmo l /L  o f  male imide-perox idase,  

t h e  number o f  perox idase molecules con juga ted  pe r  IgG molecule 

ranged f rom 1 t o  4 as c a l c u l a t e d  f rom t h e  r a t i o  o f  absorbances a t  

403 and 280 nm ( F i g .  IV-10s) .  When 35 umol /L  o f  t h e  mercapto- 

s u c c i n y l a t e d  IgG w i t h  an average number o f  t h i o l  groups o f  7.3 was 
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ENZYME-LABELING ANTIBODIES 281 

i ncuba ted  w i t h  174 umol /L  o f  male imide-perox idase,  t h e  number o f  

p e r o x i  dase mol ecu l  es con juga ted  p e r  IgG molecule ranged f rom 2 t o  

5 ( F i g .  IV-1OC). (When 1, 2, 3 and 4 molecules o f  pe rox idase  

a r e  con juga ted  w i t h  s i n g l e  molecules o f  IgG, t h e  r a t i o s  o f  absor-  

bance a t  403 nm t o  t h a t  a t  280 nm a r e  0.36, 0.64, 0.87 and 1.06, 

r e s p e c t i v e l y .  ) 

c. Y i e l d  o f  Conjugates 

The y i e l d s  o f  IgG-, F ( a b ' ) 2 -  and Fab-peroxidase con juga tes  

i nc rease  w i t h  t h e  number o f  t h i o l  groups i n t roduced .  When 

33-35 pmol /L  o f  t h e  mercap tosucc iny la ted  IgG w i t h  an average 

number o f  t h i o l  groups o f  4.3 and 7.3 was incuba ted  w i t h  165-175 

pmol/L o f  maleimide-peroxidase, t h e  recove ry  o f  perox idase i n  t h e  

con juga te  was 24 and 62 %, r e s p e c t i v e l y  and t h e  mercaptosucc iny-  

l a t e d  IgG appeared t o  be a l l  conve r ted  t o  con juga tes  ( F i g .  IV-1OB 

and C ) .  

d. N o n s p e c i f i c  and S p e c i f i c  B ind ings  o f  Conjugates 

N o n s p e c i f i c  b i n d i n g  o f  IgG- and F (ab ' )2 -pe rox idase  c o n j u -  

gates were h i g h e r  than  those o f  Fab ' -perox idase con juga tes  w i t h  

t h i o l  groups i n  t h e  h inge,  a l t hough  s p e c i f i c  b i n d i n g  was s i m i l a r  

(Table IV -8 ) .  S e n s i t i v i t y  o f  sandwich enzyme immunoassay can, 

t h e r e r f o r e ,  be improved more e a s i l y  u s i n g  Fab ' -perox idase con ju -  

gates. 

e. A p p l i c a t i o n  

As desc r ibed  above, IgG-, F ( a b ' ) * -  and Fab-peroxidase con ju -  

gates a r e  heterogeneous and have h i g h e r  n o n s p e c i f i c  b i n d i n g  i n  
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TABLE IV-8 

Nonspec i f i c  and S p e c i f i c  B i n d i n g s  o f  A n t i - F e r r i t i n -  
Peroxidase Conjugates 

B i n d i n g  o f  a n t i - f e r r i t i n -  
Molar  pe rox idase  con juga te  
r a t i o  (mean A SD, n = 4 )  R a t i o  

'On jug ate p e r o x i  d a s e l  B/A 
a n t i  body N o n s p e c i f i c  Speci f i c 4 

( A )  ( 9 )  (B)  ( % I  4 

~~~~~~ ~ ~~ 

Maleimide Conjugate 

Fab' ( I)a 1.1 0.013 L 0.002 1.55 L 0.07 119 

F ( a b ' ) 2  ( I I I ) a  1.6 0.045 0.007 0.99 2 0.04 22 

IgG (III)a 1.8 0.061 5 0.005 1.47 5 0.10 24 

Per ioda te  con juga te  

IgG, 
po l ymer i c  1.9 0.57 L 0.005 3.84 2 0.23 6.7 

monomer i c 1.9 0.20 L 0 . 0 2  1.62 L 0 . 0 4  8.1 

Peroxidase a c t i v i t y  n o n s p e c i f i c a l l y  and s p e c i f i c a l l y  bound was 
examined by  sandwich enzyme immunoassay i n  t h e  absence and 
presence o f  0.45 ng (1 f m o l )  o f  f e r r i t i n  pe r  tube  and expressed 
i n  percentage of t h e  a c t i v i t y  added p e r  tube. 
The amounts o f  pe rox idase  i n  conjugates used p e r  t q e  were 9.4 ng 
on t h e  b a s i s  o f  absorbance a t  403 nm t h r o u  hou t .  ( I )  and (111) 
i n d i c a t e  t h e  maleimide method ( I )  and (1117, r e s p e c t i v e l y  ( I V - B  
and G ) .  

sandwich enzyme immunoassays f o r  macromolecular an t i gens  than  

Fab' -perox idase con juga tes  w i t h  t h i o l  groups i n  t h e  h inge.  

IgG- and p robab ly  F(ab '  )2-perox idase con juga tes  p e n e t r a t e  w i t h  

d i f f i c u l t y  i n t o  t i s s u e  s e c t i o n s ,  and these con juga tes  may g i v e  

h i g h e r  background s t a i n i n g .  There i s ,  t h e r e f o r e ,  no reason t o  
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ENZYME-LABELING ANTIBODIES 283 

use IgG conjugates,  un less  s e n s i t i v i t y  i s  n o t  a t  i s s u e  o r  t h e  

a n t i g e n - b i n d i n g  a c t i v i t y  o f  IgG i s  l o s t  by peps in  d i g e s t i o n  when 

p r e p a r i n g  F ( a b ' ) 2 .  

V .  LABELING WITH 0-D-GALACTOSIDASE 

A. Assay o f  B-D-Galactosidase 

The usual  subs t ra tes  f o r  f l  u o r i m e t r i c  and c o l o r i m e t r i c  assays 

f o r  0-D-galactos idase a c t i v i t y  a r e  4-methylumbell  i f e r y l  6-D- 

g a l a c t o s i d e  and o -n i t ropheny l  6-D-galactos ide,  r e s p e c t i v e l y .  

The s e n s i t i v i t i e s  o f  10 and 100 min assays w i t h  4 -me thy lumbe l l i -  

f e r y l  6-D-galactos ide under t h e  c o n d i t i o n  desc r ibed  below a r e  100 

and 10 f g  (0.2 and 0.02 amol) o f  t h e  enzyme, r e s p e c t i v e l y .  The 

s e n s i t i v i t i e s  o f  10 and 100 min assays w i t h  o - n i t r o p h e n y l  6-D- 

g a l a c t o s i d e  a r e  530 and 53 pg (1 and 0.1 fmo l ) ,  r e s p e c t i v e l y .  

F l u o r i m e t r i c  Assay 

1. Prepare enzyme samples i n  a t o t a l  volume o f  0 .1 m l  o f  sodium 

phosphate b u f f e r ,  pH 7.0, 10 mmol/L, c o n t a i n i n g  100 mmol/L 

NaC1, 1 mmol/L MgC12, 50-1000 mg/L bov ine serum albumin and 

1 g/L NaN3 ( b u f f e r  A, pH 7.0). I n  t h i s  b u f f e r ,  4-methylum- 

be1 l i f e r y l  0-D-galc tos ide i s  s l o w l y  hydro lysed,  i n c r e a s i n g  t h e  

background o f  t h e  assay. The c o n c e n t r a t i o n  o f  bov ine  serum 

albumin shou ld  be reduced t o  50-100 mg/L t o  reduce h y d r o l y s i s ,  

when t h e  assay i s  performed w i t h  l o n g  i n c u b a t i o n  pe r iods .  

2. D i s s o l v e  10 mg (0.03 mmol) o f  4 - m e t h y l u m b e l l i f e r y l  B-D-galacto- 

s i d e  (m.w. 338.3) i n  2.0 m l  o f  N,N-dimethylformamide by shaking 
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a t  37OC f o r  4-5 h and add 98 m l  o f  d e i o n i z e d  wa te r  t o  g i v e  300 

vmol /L. 

3. Incubate t h e  sample s o l u t i o n  a t  30°C f o r  5 min, and then  s t a r t  

t h e  enzyme r e a c t i o n  by adding 0.05 m l  o f  t h e  s u b s t r a t e  

s o l u t i o n .  

4. Continue t h e  i n c u b a t i o n  a t  30°C f o r  10-60 min i n  most assays. 

5. Stop t h e  enzyme r e a c t i o n  by adding 2.5 m l  o f  glycine-NaOH 

b u f f e r ,  pH 10.3, 100 mmol/L. 

6. Measure f l uo rescence  i n t e n s i t y  u s i n g  10-1000 nmol/L 4-methyl- 

u m b e l l i f e r o n e  (m.w. 176.2) i n  glycine-NaOH b u f f e r ,  pH 10.3, 0.1 

mol/L as s tandard.  Use 360 nm f o r  e x c i t a t i o n  and 450 nm f o r  

emiss ion a n a l y s i s .  

B. Dimaleimide Methods f o r  L a b e l i n g  Fab' w i t h  B-D-Galactosidase 

Two methods a r e  descr ibed.  I n  t h e  d ima le im ide  method ( I ) ,  

Fab', which con ta ins  approx ima te l y  one t h i o l  group i n  t h e  h inge,  

i s  t r e a t e d  w i t h  excess o f  N,N'-o-phenylenedimaleimide t o  i n t r o d u c e  

maleimide groups, and t h e  maleimide-Fab' ob ta ined  i s  a l l owed  t o  

r e a c t  w i t h  t h i o l  groups i n  t h e  n a t i v e  fo rm o f  6-0-galactos idase 

f rom Escher i ch ia  coli ( F i g .  V-1). I n  d ima le im ide  method (11 ) ,  

6-D-galactosidase i s  t r e a t e d  w i t h  excess o f  N,N'-o-phenylene 

d imale imide t o  i n t r o d u c e  rnaleirnide groups, and t h e  maleimide- 

enzyme ob ta ined  i s  a l l owed  t o  r e a c t  w i t h  t h i o l  groups i n  t h e  h inge  

o f  Fab' (F ig .  V-2). 

The d imale imide method (11)  i s  more u s e f u l  e s p e c i a l l y  f o r  

e f f i c i e n t  l a b e l i n g  o f  Fab' i n  a case where 0.1 mg o r  l e s s  of 
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Fabl-SH 

1 N, N ' -0-P heny lenedi male i mide 

HS- 8-D-Galactosidase 

o f i  S-Fab' 

ou S - B- D - Ga I actos i da se 

FIGURE V - 1 .  
t h e  dimaleirnide method ( I ) .  

P r e p a r a t i o n  o f  Fab ' -B-D-galactos idase con juga te  by  
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286 ISHIKAWA ET AL. 

HS -13 -D-Galactosidase 

1 N, N'-o-Phenylenedimaleimide 

- 13 - D -G a I actos idase 

Fabl-SH 1 
0-S - 6-D-Galactosidase 

FIGURE "-2. 
the dimaleimide method (11). 

Preparation o f  Fab'-8-D-galactosidase conjugate by 
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affini ty-purified F( ab' )2 

reported method, F(ab')2 

287 

is available. In the previously 

is subjected twice to gel filtration 

after reduction with 2-mercaptoethyl amine and treatment with the 

dimaleimide (35, 36, 52) .  In the dimaleimide method (I) des- 

cribed here, gel filtration is required only once but F(ab')2 has 

to be concentrated to 0.1 mg/0.18 ml to minimize the amounts of 

2-mercaptoethylamine and N ,N' -0-phenylenedimal eimide used , since 
the solubility of the dimaleimide in buffers is limited. 

Concentration to such a small volume is accompanied by a large 

loss of F(ab')2. The difficulties are minimized in the 

dimaleimide method (11). 

A method in which maleimide groups are introduced into Fab' 

or Fab using crosslinking reagents such as N-succinimidyl 4-(N- 

ma1 eimi domethyl )cycl ohexane- 1-carboxyl ate and N-succi nimi dyl m- 

maleimidobenzoate is not recommended. There are three reasons 

for this. First, it is not easy to control the number of 

maleimide groups introduced into Fab' or Fab using these reagents, 

and the conjugates are formed in low yields with few maleimide 

groups and with polymerization. Secondly, the antigen-binding 

activity of Fab' or Fab is not retained when conjugation involves 

amino groups of these fragments, as shown in the maleimide methods 

for labeling Fab' with horseradish peroxidase (IV-F). Thirdly, 

it is not possible to monitor conjugation efficiency using 

fluorescein-labeled fragments when amino groups are used for 

conjugation. 

These dimaleimide methods are reproducible with due caution. 

The content of thiol groups in 6-D-galactosidase should be defined 
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b e f o r e  use, s i n c e  i t  i s  n o t  s u f f  

a v a i l a b l e  p r e p a r a t i o n s  (35, 36, 5 2  

c i e n t  i n  some commerc ia l ly  

The male imide groups 

i n t roduced  i n t o  Fab' and D-D-galactosidase shou ld  a1 so be e s t i -  

mated. Maleimide-Fab' and B-D-galactos idase shou ld  be k e p t  a t  

low pH and temperature t o  ensure s t a b i l i t y  (35-37, 57 ) .  Fab ' -  

D-D-galactosidase con juga te  cannot  be separated f rom f r e e  enzyme 

by  g e l  f i l t r a t i o n ,  s i n c e  t h e  mo lecu la r  we igh t  o f  8 -0 -ga lac tos idase  

i s  much l a r g e r  (540,000) than t h a t  o f  Fab' (46,000). There- 

f o r e ,  excess o f  maleimide-Fab' o r  Fab' shou ld  be used t o  complete- 

l y  conver t  t h e  enzyme t o  t h e  conjugate.  I t  i s  h e l p f u l  t o  

m o n i t o r  c o n j u g a t i o n  e f f i c i e n c y  by adding t o  t h e  F ( a b ' ) 2  a smal l  

amount o f  f l  uo resce in - l abe l  ed F (  ab '  )2. 

a. Dimaleimide Method ( I )  f o r  L a b e l i n g  Fab' w i t h  O-D-Galactosidase 

I n t r o d u c t i o n  o f  male imide groups i n t o  Fab' 

1. Prepare 0.1-1.4 mg (1.1-15 nmol) o f  F ( a b ' ) 2  p l u s  2.5-35 p g  o f  

f l u o r e s c e i n - l a b e l e d  normal F ( a b ' ) 2  i n  0.18 m l  o f  sodium phos- 

phate b u f f e r ,  pH 6.0, 0 .1 mol/L (111-C). 

2. Add t o  t h e  F ( a b ' ) 2  s o l u t i o n  0.02 m l  o f  0 .1 mol/L 2-mercapto- 

e thy lamine i n  sodium phosphate b u f f e r ,  pH 6.0, 0.1 mol/L, 

c o n t a i n i n g  5 mmol/L EDTA, which shou ld  be f r e s h l y  prepared 

b e f o r e  use. 

3. I ncuba te  t h e  m i x t u r e  a t  37°C f o r  90 min. 

4. Add t o  t h e  r e a c t i o n  m i x t u r e  0.25-0.7 m l  o f  sodium a c e t a t e  

b u f f e r ,  pH 5.0, 0.1 mol /L ,  and then  50-100 p1 o f  0.4 mol/L 

(107 g/L)  N,N'-o-phenylenedimaleimide (m.w. 268) i n  N,N- 

dimethylformamide. 
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5. I ncuba te  t h e  m i x t u r e  a t  30°C f o r  20 min, and t h e n  c e n t r i f u g e  a t  

3,000 rpm f o r  10 min t o  remove excess of p r e c i p i t a t e d  reagent .  

6. Apply  t h e  r e a c t i o n  m i x t u r e  t o  a Sephadex 6-25 column 

(1.0 x 30-45 cm) u s i n g  sodium a c e t a t e  b u f f e r ,  pH 5.0, 20 

mmol/L. 

7. For measuring male imide groups i n t roduced ,  p repare  the 

maleimide-Fab' i n  0.45 m l  o f  sodium a c e t a t e  b u f f e r ,  pH 5.0, 20 

mmol/L, w i t h  an absorbance a t  280 nm o f  0.7-1.0, and perform 

f u r t h e r  s teps  i n  t h e  same way as i n  l a b e l i n g  wi th  pe rox idase  

(111-D and I V - B ) .  The average number o f  male imide groups 

i n t r o d u c e d  pe r  Fab' molecule under t h e  above c o n d i t i o n  was 

0.83-0.87. Do n o t  use NaN3 as a p r e s e r v a t i v e ,  s i n c e  

male imide groups decompose v e r y  r a p i d l y  i n  i t s  presence. 

P r e p a r a t i o n  of 8-D-gal ac tos idase  

Prepare 0.11-1.6 mg (0.2-3.0 nmol) o f  8 -0 -ga lac tos idase  from 

Escher i ch ia  coli by c e n t r i f u g a t i o n  when commercial enzyme suspen- 

s ions  i n  3.2 mol/L (NH4)2S04 a r e  used. The enzyme p r e p a r a t i o n  

shou ld  be shown t o  c o n t a i n  more than  10 t h i o l  groups p e r  enzyme 

molecule (111-D f o r  measuring t h i o l  groups). 8-0-Galactos idase 

suspensions f rom Boehr inger  u s u a l l y  c o n t a i n s  11-16 t h i o l  groups 

p e r  enzyme molecule,  a l t hough  they  may sometimes c o n t a i n  l e s s  t h a n  

10 (35, 36, 52). L y o p h i l i z e d  p r e p a r a t i o n s  o f  R-D-galactos idase 

f rom Boehr inger  u s u a l l y  c o n t a i n  20-24 t h i o l  groups p e r  enzyme 

mol ecu l  e. C a l c u l a t e  t h e  amount o f  D-D-galactosidase from i t s  

absorbance a t  280 nm by t a k i n g  t h e  e x t i n c t i o n  c o e f f i c i e n t  a t  280 

-1 nm and t h e  mo lecu la r  w e i g h t  o f  t h e  enzyme t o  be 2.09 9 - l . L . m  

and 540,000, r e s p e c t i v e l y  (72 ) .  The amount o f  enzyme i n  
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commerc ia l ly  a v a i l a b l e  suspensions shou ld  be measured f rom absor- 

bance a t  280 nm a f t e r  removing bov ine serum albumin which remains 

i n  t h e  supernatant  (35, 36, 52) .  

Conjugat ion 

1. Mix t h e  maleimide-Fab' and 0-D-galactos idase i n  sodium phos- 

phate b u f f e r ,  pH 6.0-6.5, 20-100 mmol/L. The ma1 e i m i  de-Fab ' 

s o l u t i o n  shou ld  be concen t ra ted  e i t h e r  b e f o r e  o r  a f t e r  m i x i n g  

w i t h  O-D-galactosidase, and t h e  pH o f  t h e  maleimide-Fab' s o l u -  

t i o n  shou ld  be a d j u s t e d  t o  6.0-6.5 b e f o r e  m i x i n g  w i t h  R-D- 

ga lac tos idase .  The f i n a l  c o n c e n t r a t i o n  o f  O-D-galactosidase 

i n  t h e  r e a c t i o n  m i x t u r e  should be 1-10 umol/L, and t h e  mo la r  

r a t i o  (Fab'/enzyme) i n  t h e  r e a c t i o n  m i x t u r e  f o r  c o n j u g a t i o n  

should be 3-10. 

2. I ncuba te  t h e  m i x t u r e  a t  4°C f o r  20 h. 

3. Apply t h e  r e a c t i o n  m i x t u r e  t o  a Sepharose 68 column 

(1.5 x 45 cm) u s i n g  sodium phosphate b u f f e r ,  pH 6.5, 10 mmol/L, 

c o n t a i n i n g  0.1 mol/L NaC1, 1 mmol/L MgC12, 1 g/L NaN3 and 

1 g/L bov ine serum albumin ( b u f f e r  A ,  pH 6.5). 

4. 1) Assay R-D-galactosidase a c t i v i t y  i n  each f r a c t i o n .  2 )  

Determine f l uo rescence  i n t e n s i t y  o f  f l  uo resce in - l abe l  ed Fab' i n  

each f r a c t i o n  u s i n g  1 nmol/L f l u o r e s c e i n  as a s tandard  t o  

mon i to r  l a b e l i n g  e f f i c i e n c y ,  u s i n g  490 nm f o r  e x c i t a t i o n  and 

510 nm f o r  emission. 3 )  S t o r e  t h e  con juga te  i n  b u f f e r  A a t  

4"C, s i n c e  R-D-galactosidase a c t i v i t y  i s  l o s t  a t  4°C i n  t h e  

absence o f  p r o t e i n s  such as serum albumin and a l s o  by f r e e z i n g -  

thawing even i n  t h e  presence o f  bov ine  serum albumin. HOW- 
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ever ,  i t  was r e p o r t e d  t h a t  t h e  con juga te  c o u l d  be l y o p h i l i z e d  

i n  t h e  presence o f  2.5 g/L o f  bov ine  serum albumin, and t h a t  

t h e  l y o p h i l i z e d  con juga te  was s t a b l e  a t  -20 and 4°C f o r  a t  

l e a s t  2 months (39 ) .  

b. Dimaleimide Method (11) f o r  L a b e l i n g  Fab' w i t h  0-D-Galactos i -  

dase 

I n t r o d u c t i o n  o f  maleimide groups i n t o  R-D-galactosidase 

1. Prepare 0.11-1.6 mg (0.2-3.0 nmol) o f  R-D-galactosidase i n  

0.2 m l  o f  sodium phosphate b u f f e r ,  pH 6.0, 0.1 mol /L  (V-B-a). 

2. Add 1-6 p1 (200-1,200 nmol) o f  0.2 mol/L (53.6 g/L) N,N'- 

o-phenylenedimaleimide i n  N,N-dimethylformamide. 

3. I ncuba te  t h e  m i x t u r e  a t  30°C f o r  20 min. 

4. Apply  t h e  r e a c t i o n  m i x t u r e  t o  a Sephadex 6-25 column 

(1.0 x 30-45 cm) u s i n g  t h e  same b u f f e r  c o n t a i n i n g  0.1-1 g/L 

SH-blocked bov ine serum albumin, which i s  prepared by incuba-  

t i o n  w i t h  0.1 mol/L N-ethy lmale imide a t  30°C f o r  60 min 

f o l l o w e d  by ge l  f i l t r a t i o n  (35, 36, 52) .  The average number 

o f  maleimide groups i n t r o d u c e d  i n t o  0-D-galactos idase i s  12 p e r  

mol ecu l  e. 

P repara t i on  o f  Fab' 

Prepare Fab' f rom 0.1-1.4 mg (1.1-15 nmol) o f  F ( a b ' ) 2  p l u s  

2.5-35 ug  o f  f l u o r e s c e i n - l a b e l e d  normal F ( a b ' ) 2  as desc r ibed  i n  

t h e  s e c t i o n  o f  111-0. 

Conjugat ion 

1. Incuba te  t h e  maleimide-0-D-galactosidase and Fab' i n  sodium 

phosphate b u f f e r ,  pH 6.0, 0.1 mol/L, c o n t a i n i n g  1 mmol/L EDTA 
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i n  t h e  same way as i n  t h e  d ima le im ide  method (I) descr ibed  

above . 
2. Add 1/100 volume o f  100 g/L NaN3 t o  t h e  r e a c t i o n  m i x t u r e  t o  

d e s t r o y  excess o f  male imide groups. B l o c k i n g  o f  male imide 

groups by i n c u b a t i o n  w i t h  1 mmol/L 2-mercaptoethanol, 

2-mercaptoethylamine o r  N-acety l  L - c y s t e i n e  g i ves  con juga tes  

which a r e  e q u a l l y  u s e f u l  i n  sandwich enzyme immunoassay. 

3. Per form f u r t h e r  s teps i n  t h e  same way as i n  t h e  d ima le im ide  

method (I) descr ibed  above. 

C.  P y r i d y l  D i s u l f i d e  Method (11) f o r  L a b e l i n g  Fab' w i t h  8-D- 

Gal ac tos idase  

The p r i n c i p l e  o f  t h i s  method i s  t h e  same as t h a t  o f  t h e  

p y r i d y l  d i s u l f i d e  method (11) f o r  l a b e l i n g  Fab' w i t h  ho rse rad ish  

perox idase ( IV-E-d). P y r i d y l  d i s u l f i d e  groups a r e  i n t r o d u c e d  

i n t o  t h e  h inge  o f  Fab' u s i n g  4 , 4 ' - d i t h i o d i p y r i d i n e  and then  

a l l owed  t o  r e a c t  w i t h  t h i o l  groups i n  t h e  n a t i v e  f o r m  of 8-D- 

ga lac tos idse .  The use o f  2 , 2 ' - d i t h i o d i p y r i d i n e  r e s u l t s  i n  a 

l ower  con juga te  y i e l d .  

I n t r o d u c t i o n  o f  p y r i d y l  d i s u l f i d e  groups i n t o  Fab' 

Prepare t h e  p y r i d y l  d i s u l f i d e - F a b '  f rom 0.5-1.4 mg (5.4-15 

nmol) o f  F ( a b ' ) 2  p l u s  12.5-25 u g  o f  f l u o r e s c e i n - l a b e l e d  normal 

F (ab ' )2  i n  t h e  same way as i n  t h e  p y r i d y l  d i s u l f i d e  method (11)  

f o r  l a b e l i n g  Fab' w i t h  h o r s e r a d i s h  perox idase (IV-E-d). 

Conjugat ion 

Incubate t h e  p y r i d y l  d i s u l f i d e - F a b '  (0.45-1.2 mg, 10-26 nmol) 

and 6-D-galactosidase (0.5-2.1 mg, 1-4 nmol) i n  sodium phosphate 
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ENZYME-LABELING ANTIBODIES 

b u f f e r ,  pH 6.5-7.5, 0.1 mo 

Add 0.1 M N-ethy lmale imide 

b l o c k  rema in ing  t h i o l  

293 

/L, a t  30°C f o r  2 h o r  a t  4°C f o r  20 h. 

t o  a f i n a l  c o n c e n t r a t i o n  o f  4 mmol/L t o  

jroups. Concentrate t h e  p y r i d y l  

d i s u l f i d e - F a b '  s o l u t i o n  e i t h e r  b e f o r e  o r  a f t e r  m i x i n g  w i t h  i3-D- 

ga lac tos idase .  The f i n a l  c o n c e n t r a t i o n s  o f  t h e  p y r i d y l  d i s u l -  

f i de -Fab '  and 0-D-galactos idase f o r  c o n j u g a t i o n  shou ld  be 5-10 and 

50 pmol/L, r e s p e c t i v e l y .  

D. C h a r a c t e r i z a t i o n  o f  Fab'-B-D-Galactosidase Conjugate 

a. P u r i t y  o f  t h e  Conjugates 

Fab ' -8-D-galactos idase con juga tes  c o u l d  be comp le te l y  

separated f r o m  unconjugated Fab' by ge l  f i l t r a t i o n ,  s i n c e  t h e  

mo lecu la r  we igh ts  o f  t h e  enzyme and Fab' a r e  540,000 ( 7 2 )  and 

46,000 (64, 65) ,  r e s p e c t i v e l y  ( F i g .  V-3). There was no s i g n i -  

f i c a n t  f o r m a t i o n  o f  d imer  o r  polymer o f  Fab' d u r i n g  t h e  con ju -  

g a t i o n  r e a c t i o n .  

I n  t h e  d imale imide methods desc r ibed  above, excess o f  Fab' i s  

incubated w i t h  B-D-galactos idase t o  comp le te l y  c o n v e r t  t h e  enzyme 

t o  Fab'-enzyme conjugate,  s i n c e  t h i s  cannot  be separated f rom 

unconjugated enzyme by ge l  f i l t r a t i o n .  I n  o r d e r  t o  t e s t  f o r  

t h e  presence o f  f r e e  enzyme i n  t h e  p r e p a r a t i o n  o f  r a b b i t  FabI-B-D- 

ga lac tos idase  con juga te  ob ta ined  by t h e  d ima le im ide  method ( I ) ,  

10 m i l l i u n i t s  o f  t h e  con juga te  i n  0.1 m l  o f  b u f f e r  A,  pH 7.0 (V-A) 

was a p p l i e d  t o  a goa t  ( a n t i - r a b b i t  IgG) IgG-Sepharose 48 column 

( 3  x 30 mm) u s i n g  b u f f e r  A ,  pH 7.0. More than  99 % o f  O-D- 

ga lac tos idase  a c t i v i t y  was adsorbed t o  t h e  column, and t h e  c o n j u -  

ga te  was recovered 93-99 % f rom a normal goa t  IgG-Sepharose 48 
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294 ISHIKAWA ET AL. 

100 
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FIGURE V-3. E l u t i o n  p r o f i l e  f rom a Sepharose 68 column o f  
r a b b i t  Fab' -0-0-galactos idase con juga te  prepared by t h e  d i m a l e i -  
mide method ( I ) .  The amounts o f  B-D-galactos idase and t h e  
maleimide-Fab' used f o r  c o n j u g a t i o n  were 1.35 and 0.46 mg (2.5 and 
10 nmol), r e s p e c t i v e l y .  The c o n c e n t r a t i o n s  o f  O-D-galactos i -  
dase and t h e  maleimide-Fab' i ncuba ted  f o r  c o n j u g a t i o n  were 5 and 
20 pmol /L ,  r e s p e c t i v e l y .  The column s i z e  was 1.5 x 45 cm, and 
the  f r a c t i o n  volume was 0.96 m l .  F luorescence i n t e n s i t y  o f  
f l u o r e s c e i n - l a b e l e d  Fab' was measured by a d j u s t i n g  t h a t  o f  
1 nmol/L f l u o r e s c e i n  t o  a s c a l e  o f  100. 0-0-Galactos idase 
a c t i v i t y  was assay u s i n g  4-methylumbell  iferyl-l3-0-galactoside. 
The p r o p o r t i o n  o f  Fab' i ncuba ted  f o r  c o n j u g a t i o n  was c a l c u l a t e d  
f rom f l uo rescence  i n t e n s i t y  o f  f l u o r e s c e i n - l a b e l e d  Fab' t o  be 41 % 
and t h e  average number o f  Fab' molecules con juga ted  p e r  R-D- 
ga lac tos idase  molecule was 1.7. 
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ENZYME-MELING ANTIBODIES 295 

column (IV-C) (35, 36, 52) .  This indicated t h a t  more than 

99 % of the enzyme molecules in the conjugate was associated w i t h  

a t  l e a s t  one molecule of r abb i t  Fab' and t h a t  l i t t l e  f r e e  6-D- 

galactosidase was present i n  the  conjugate preparation. 

b. Recovery of 6-D-Galactosidase and Fab' 

As described above, more than 99 % of 6-D-galactosidase 

a c t i v i t y  in rabbi t  Fab'-6-D-galactosidase conjugate was adsorbed 

t o  a goat ( an t i - r abb i t  IgG) IgG-Sepharose 48 column, ind ica t ing  

tha t  the  recovery of t he  enzyme in the conjugate was more than 

99 %. 

The recovery of Fab' i n  the conjugate was ca lcu la ted  from the  

fluorescence in t ens i ty  of fluorescein-labeled Fab' in t he  e lu t ion  

p ro f i l e  ( F i g .  V-3). I t  increased w i t h  the concentrations of 

6-D-galactosidase and Fab' and increased as the molar r a t i o  of 

Fab' t o  D-D-galactosidase was reduced i n  the  reaction mixture. 

In the  dimaleimide methods, the  recovery of Fab' in t he  conjugate 

was approximately 40 %, when more than 1.0 mg of Fab' were 

used and t h e  concentration of the enzyme f o r  conjugation was 5-10 

pmol/L with a molar r a t i o  of Fab' t o  enzyme of 3-5. I n  the 

pyridyl d i su l  f i d e  method with 4,4 '-di  th iodipyr id ine ,  the  recovery 

of Fab' in the  conjugate was 15-25 %. 

c. Molecular Size of the Conjugate 

The average number of Fab' moletules conjugated per enzyme 

molecule was calculated from the  amounts of Fab' and 6-D-galacto- 
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296 ISHIKAWA ET AL. 

s idase  conjugated. The amount o f  Fab' conjugated was c a l c u -  

l a t e d  f rom t h e  amount o f  Fab' i ncuba ted  f o r  c o n j u g a t i o n  and 

f l uo rescence  i n t e n s i t y  o f  f l u o r e s c e i n - l a b e l e d  Fab' i n  t h e  e l u t i o n  

p r o f i l e  ( F i g .  V-3), and t h e  amount o f  enzyme con juga ted  was taken  

t o  be equal t o  t h a t  incubated f o r  con juga t ion ,  s i n c e  t h e  enzyme 

and Fab' were a lmost  comp le te l y  recovered f r o m  a Sepharose 68 

column and t h e  enzyme was a lmost  comp le te l y  conver ted  t o  t h e  

conjugate (35, 36, 52).  

Fab'-R-D-galactosidase con juga te  i n  t h e  major  peak e l u t e d  

f rom a Sepharose 6B column c o n s i s t e d  of one enzyme mo lecu le  and 

1-4.5 Fab' molecules,  when t h e  c o n c e n t r a t i o n  o f  R-D-galactosidase 

f o r  t h e  c o n j u g a t i o n  was 1-10 pmol/L, and t h e  mo la r  r a t i o  o f  Fab' 

t o  enzyme was 3-10. The number o f  Fab' molecules conjugated 

p e r  enzyme molecule i nc reased  w i t h  t h e  molar  r a t i o .  A m ino r  

component o f  t he  con juga te  was e l u t e d  b e f o r e  t h e  main peak and 

probably  con ta ined  more than one enzyme molecule p e r  con juga te  

molecule, due t o  t h e  presence o f  d imer i zed  o r  po lymer ized enzyme 

molecules i n  t h e  o r i g i n a l  enzyme p repara t i on .  There was no 

s i g n i f i c a n t  d i m e r i z a t i o n  o r  p o l y m e r i z a t i o n  o f  O-0-galactos idase 

when t h e  c o n c e n t r a t i o n  o f  O-D-galactosidase used f o r  c o n j u g a t i o n  

was 1-10 pmol/L, b u t  more con juga te  was polymer ized when h i g h e r  

concen t ra t i ons  were used. 

d. 0-D-Galactosidase A c t i v i t y  i n  t h e  Conjugates 

There was no l o s s  o f  O-D-galactosidase a c t i v i t y  i n  t h e  

d imale imide and p y r i d y l  d i s u l f i d e  c o n j u g a t i o n  methods. 
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ENZYME-LABELING ANTIBODIES 297 

e. An t igen -B ind ing  A c t i v i t y  o f  t h e  Conjugate 

About 10 m i l l i u n i t s  o f  r a b b i t  (anti-human IgG) Fabl-D-D- 

ga lac tos idase  conjugate i n  0.1 m l  o f  b u f f e r  A, pH 7.0 f r o m  t h e  

main peak f r a c t i o n s  40-50 ( F i g .  V-3) was a p p l i e d  t o  a column 

(0.3 x 1.5 cm) o f  human IgG-Sepharose 48 u s i n g  b u f f e r  A, pH 7.0 

( V - A ) ,  and t h e  enzyme a c t i v i t y  i n  t h e  e f f u l e n t  was compared w i t h  

t h a t  b e f o r e  t h e  a p p l i c a t i o n .  As a c o n t r o l ,  normal r a b b i t  F a b ' -  

8-D-galactos idase con juga te  was passed through t h e  same column. 

The percentage o f  8-D-galactos idase a c t i v i t y  adsorbed t p  t h e  

column was 65-69 %, w h i l e  t h e  enzyme a c t i v i t y  i n  normal Fab'-D-D- 

ga lac tos idase  con juga te  was f u l l y  recovered i n  t h e  e f f l u e n t .  

The average number o f  Fab' molecules con juga ted  p e r  D-D-galactos i -  

dase n io lecule was 4.0-4.3, and t h e  c o n t e n t  o f  anti-human IgG 

an t ibody  ( IgG)  molecules i n  t h e  IgG f r a c t i o n  used f o r  t h e  con ju -  

ga te  p r e p a r a t i o n  was 22 %. From these va lues,  s t a t i s t i c a l l y  

expected percentages o f  t h e  a d s o r p t i o n  o f  t h e  enzyme a c t i v i t y  on 

t h e  column were c a l c u l a t e d  as f o l l o w s  : 

(1-0.78n) x 100 

where n = t h e  number o f  Fab' molecules con juga ted  pe r  enzyme 

molecule and 78 % = t h e  c o n t e n t  o f  n o n - s p e c i f i c  IgG i n  (anti-human 

IgG) IgG f r a c t i o n  used. It may t h e r e f o r e  be p r e d i c t e d  t h a t  

63-66 X o f  these con juga te  molecules would be assoc ia ted  w i t h  a t  

l e a s t  one anti-human IgG an t ibody  ( F a b ' )  molecule, i n d i c a t i n g  t h a t  

t h e  a b i l i t y  o f  anti-human IgG ( F a b ' )  an t i body  t o  b i n d  t o  human IgG 

was w e l l  preserved i n  t h e  conjugates.  
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298 ISHIKAWA ET AL. 

The average number o f  Fab' molecules con juga ted  p e r  enzyme 

molecule i n  f r a c t i o n s  27-34 were 5.0-5.7, w i t h  a p r e d i c t e d  71-76 % 

o f  t h e  enzyme a c t i v i t y  i n  these f r a c t i o n s  adsorbed t o  a human 

IgG-Sepharose 48 column. However, these f r a c t i o n s  con ta ined  

polymer enzyme con juga te  and t h e  Fab' molecules assoc ia ted  w i t h  

each polymer con juga te  molecule must have been a t  l e a s t  t w i c e  as 

many as those conjugated p e r  enzyme molecule.  There fo re  , t h e  

enzyme a c t i v i t y  i n  these f r a c t i o n s  would have t o  have been 

adsorbed a t  l e a s t  94 %, compared w i t h  t h e  observed 86-88 %. 

T h i s  i n d i c a t e s  t h a t  t h e  a c t i v i t y  o f  anti-human IgG i n  po lymer ized 

enzyme conjugates was p a r t l y  l o s t ,  

f. S t a b i l i t y  o f  t h e  Cross-Link 

Al though t h i o e t h e r  bonds formed by t h e  r e a c t i o n  o f  t h i o l  and 

maleimide groups a r e  r e s i s t a n t  t o  a c i d  and a l k a l i n e  h y d r o l y s i s ,  

succ in imides formed by t h e  r e a c t i o n  o f  male imide groups w i t h  t h i o l  

groups a r e  n o t  v e r y  s t a b l e .  A c a r e f u l  examinat ion by ge l  f i l t -  

r a t i o n  o f  f 1 uo resce i  n-1 abeled Fab' -R-D-gal ac tos idase  con juga te  

has, however, shown t h a t  l i t t l e  Fab' i s  re leased  f r o m  t h e  con ju -  

g a t e  when s t o r e d  a t  pH 6-7 a t  4°C f o r  a t  l e a s t  1 year .  T h i s  

has been con f i rmed  i n  ano the r  l a b o r a t o r y  (39 ) .  R-D-Galactosi- 

dase con juga te  o f  Fab' an t i body  t o  o r n i t h i n e  amino t rans fe rase  f rom 

r a t  l i v e r  was s t o r e d  under t h e  above c o n d i t i o n s  f o r  4 y e a r s  and 

gave unchanged s e n s i t i v i t y  i n  a sandwich enzyme immunoassay. 

The cross1 inkages formed between human IgG and 8-D-galactos idase 

by t h e  d imale imide method were n o t  s p l i t  by i n c u b a t i o n  w i t h  

u n d i l u t e d  serum a t  room temperature o v e r n i g h t  (73 ) .  
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g. Usefu lness o f  t h e  Conjugate 

The use o f  Fabl-B-D-galactosidase conjugates enabled us t o  

measure 0.05 amol o f  human f e r r i t i n  ( l ) ,  2 amol o f  human IgE ( 5 5 )  

and 2 amol o f  human t h y r o i d - s t i m u l a t i n g  hormone (56) .  

E. Male imide Methods f o r  L a b e l i n g  IgG w i t h  R-D-Galactosidase 

Three methods a re  a v a i l a b l e .  The d ima le im ide  method (I) 

uses N,N'-o-phenylenedimaleimide as a c r o s s l i n k i n g  reagen t .  

IgG i s  reduced t o  generate t h i o l  groups i n  t h e  h inge  p o r t i o n  and 

t r e a t e d  w i t h  excess o f  t h e  d ima le im ide  t o  i n t r o d u c e  male imide 

groups. The maleimide-IgG ob ta ined  i s  a l l owed  t o  r e a c t  w i t h  

t h i o l  groups i n  t h e  n a t i v e  fo rm o f  R-D-galactosidase f r o m  

Escher i ch ia  s. I n  t h e  d ima le im ide  method (11), B-D-galacto- 

s idase  i s  t r e a t e d  w i t h  excess o f  N,N'-o-phenylenedimaleimide t o  

i n t r o d u c e  male imide groups, and t h e  maleimide-enzyme i s  a l l o w e d  t o  

r e a c t  w i t h  t h i o l  groups generated i n  t h e  h i n g e  o f  IgG by  

r e d u c t i o n .  I n  t h e  male imide method (111), IgG i s  t r e a t e d  w i t h  

N - s u c c i n i in i dy 1 4 - ( N -ma 1 e i m i  dome t hy 1 ) c y  c 1 o he x a n e - 1 - ca rboxy 1 a t e  t o  

i n t r o d u c e  maleimide groups, and t h e  maleimide-IgG ob ta ined  i s  

a l l owed  t o  r e a c t  w i t h  t h i o l  groups i n  t h e  n a t i v e  fo rm o f  R-D- 

ga lac tos idase  

The dima e imide method (11)  i s  more u s e f u l  t h a n  t h e  d i m a l e i -  

mide method ( ) when t h e  IgG t o  be l a b e l e d  i s  a v a i l a b l e  o n l y  i n  a 

smal l  q u a n t i t y  ( V - B ) .  The male imide method (111) i s  n o t  

recommended f o r  l a b e l i n g  IgG ( V - B ) .  Polymer ized con juga tes  

a r e  formed w i t h  i n c r e a s i n g  c o n c e n t r a t i o n s  o f  IgG and R-D-galacto- 

s idase,  e s p e c i a l l y  i n  t h e  male imide method (111). 
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a. Dimaleimide Method (I) for Labeling IgG with 0-D-Galactosidase 

Introduction of maleimide groups into IgG 

Prepare the maleimide-IgG from 0.15-1.5 mg (1-10 nmol) IgG 

plus 4-40 pg fluorescein-labeled normal IgG in the same way as the 

maleimide-Fab' from F(ab')2 in the dimaleimide method (I) for 

labeling Fab' (V-B-a). The average number of maleimide groups 

introduced into IgG was 2.6 per molecule. 

Conjugation 

Incubate 0.13-1.3 mg (0.87-8.7 nmol) of the maleimide-IgG and 

86-860 pg (0.16-1.6 nmol) of 0-D-galactosidase in the same way 

as in the dimaleimide method (I) for labeling Fab' (V-B-a). 

The concentrations o f  the maleimide-IgG and 0-D-galactosidase in 

the mixture for conjugation should be about 25 and 5 pmol/L, 

respectively. Add 10 ~1 of 0.1 mol/L 2-mercaptoethylamine to 

the reaction mixture to block remaining maleimide groups, and 

perform gel filtration and further steps in the same way as in the 

dimaleimide method (I) for labeling Fab' (V-B-a). 

b. Dimaleimide Method (11) for Labeling IgG 

Preparation of the reduced IgG 

Prepare the reduced normal IgG from 0.9 mg IgG plus 30 pg 

fluorescein-labeled IgG in the same way as described in 111-B. 

Preparation of the maleimide-0-D-gal actosidase 

Prepare the maleimide-B-0-galactosidase from 1.0 mg (1.9 

nmol) of 0-D-galactosidase as described in the section of V-B-b. 
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Conjugation 

Incubate 86-860 pg (0.16-1.6 nmol) of maleimide-D-D-galacto- 

sidase and 0.13-1.3 mg (0.86-8.6 nmol) of the reduced IgG and 

perform further steps in the same way as in the dimaleimide method 

(11) for labeling Fab' (V-B-b). The remaining maleimide groups 

are blocked by adding 10 p1 of 0.1 mol/L 2-mercaptoethylamine. 

c. Maleimide Method (111) for Labeling IgG 

Introduction of maleimide groups into IgG 

1. Prepare 1.4 mg (9.3 nmol) of IgG in 0.5 ml of sodium phosphate 

buffer, pH 7.0, 0.1 mol/L. 

2 .  Add to the IgG solution 50 p1 (135 nmol) of 0.9 g/L N-succini- 

midyl 4-( N-ma1 eimidomethyl )cycl ohexane-1-carboxyl ate in N ,N- 

dimethylformamide. 

3. Incubate the mixture at 30°C for 30 min. 

4. Apply the reaction mixture to a Sephadex 6-25 (1.0 x 45 cm) 

using sodium phosphate buffer, pH 6.5, 0.1 mol/L. The 

average number of maleimide groups introduced is 3.2 per rnole- 

cule. 

Con juga t i on 

1. Dissolve 1.5 mg (2.8 nmol) of R-D-galactosidase lyophilized or 

in a pellet (V-B-a) in 1.4 ml of sodium phosphate buffer, 

pH 6.5, 0.1 mol/L, containing 1.25 mg (8.3 nmol) of the 

maleimide-IgG so that the final concentrations of the enzyme 

and IgG are 2 and 6 pmol/L, respectively. 
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2. Per form f u r t h e r  processes i n  t h e  same way as i n  t h e  d ima le im ide  

method (I) f o r  l a b e l i n g  Fab'. 

F. C h a r a c t e r i z a t i o n  o f  IgG-0-D-Galactosidase Conjugate (35,521 

O-D-Galactosidase used f o r  c o n j u g a t i o n  was a lmos t  comp le te l y  

conver ted t o  t h e  conjugate,  when excess o f  IgG was used f o r  con ju -  

ga t i on ,  and t h e r e  was l i t t l e  f r e e  enzyme i n  t h e  con juga te  prepa- 

r a t i o n .  T h i s  was shown by an a lmost  complete a d s o r p t i o n  o f  t h e  

conjugate t o  a n t i - I g G  Sepharose 48. Caut ion  i s  r e q u i r e d  t o  

min imize t h e  p r o p o r t i o n  o f  unconjugated IgG e l u t e d  i n  t h e  con ju -  

ga te  f r a c t i o n s ,  s i n c e  t h e  mo lecu la r  we igh t  o f  IgG (150,000) i s  

c l o s e r  t o  t h a t  o f  t h e  enzyme than  t h a t  o f  Fab'. The average 

number o f  IgG molecules con juga ted  p e r  6-D-galactos idase molecule 

was 1-2, and t h e  recove ry  o f  IgG i n  t h e  con juga te  was 23-29 %. 

Although s p e c i f i c  b i n d i n g  o f  IgG- and o f  Fabl -6-D-galactos idase 

conjugates were s i m i l a r ,  n o n s p e c i f i c  b i n d i n g  o f  IgG con juga tes  was 

h ighe r .  Ther fore,  t h e r e  i s  no reason t o  use IgG con jug tes  

un less  s e n s i t i v i t y  i s  n o t  a t  i s s u e  o r  t h e  a n t i g e n - b i n d i n g  a c t i v i t y  

i s  l o s t  by peps in  d i g e s t i o n .  

V I .  LABELING WITH GLUCOSE OXIDASE 

A. Assay o f  Glucose Oxidase 

The assay o f  g lucose ox idase i s  u s u a l l y  per formed by measur- 

i n g  H202 which i s  produced by t h e  c a t a l y t i c  a c t i o n  o f  g lucose 

ox idase i n  t h e  presence o f  glucose. A l though a v a r i e t y  o f  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
2
7
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1
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methods a re  a v a i l a b l e  f o r  measuring H202, pe rox idase  has been 

most w i d e l y  used f o r  t h i s  purpose. The method desc r ibed  be1 ow 

uses p-hydroxyphenylacet ic  a c i d  as s u b s t r a t e  f o r  perox idase.  

The s e n s i t i v i t i e s  o f  10 and 100 min assays u s i n g  g lucose ox idase  

f rom A s p e r g i l l u s  n i g e r  under  t h e  c o n d i t i o n  desc r ibed  below a r e  7.7 

and 0.77 pg (50 and 5 amol), r e s p e c t i v e l y .  The assay w i t h  

p-hydroxyphenylpropionic a c i d  i s  s l i g h t l y  l e s s  s e n s i t i v e .  

F l u o r i m e t r i c  assay w i t h  p -hyd roxypheny lace t i c  a c i d  

1. D i s s o l v e  50 mg p-hydroxyphenylacet ic  a c i d  i n  50 m l  o f  sodium 

a c e t a t e  b u f f e r ,  pH 5.0, 50 mmol/L, t o  g i v e  a c o n c e n t r a t i o n  o f  

1 g/L, and a d j u s t  t h e  pH 5.0 w i t h  10 mol/L NaOH. 

2. D i s s o l v e  1 mg o f  h o r s e r a d i s h  perox idase (grade I ,  Boehr inger  

Mannheim) i n  50 m l  o f  t h e  s u b s t r a t e  s o l u t i o n ,  pH 5.0. 

3. Add 10 p l  o f  enzyme i n  sodium phosphate b u f f e r ,  pH 7.0, 10 

mmol/L, c o n t a i n i n g  100 mmol/L NaCl and 1 g /L  bov ine  serum 

albumin t o  0.25 m l  o f  t h e  subs t ra te -pe rox idase  s o l u t i o n ,  and 

incuba te  t h e  m i x t u r e  a t  30°C f o r  5 min. 

4. S t a r t  t h e  enzyme r e a c t i o n  by add ing  50 p 1  o f  100 g/L g lucose  

and c o n t i n u e  t h e  i n c u b a t i o n  a t  30°C f o r  10-60 min i n  most 

experiments. 

5. Stop t h e  enzyme r e a c t i o n  by add ing  2.5 m l  o f  glycine-NaOH 

b u f f e r ,  pH 10.3, 0.1 mol/L. 

6.  Measure f l uo rescence  i n t e n s i t y  u s i n g  320 nm f o r  e x c i t a t i o n  and 

405 nm f o r  emission. A d j u s t  t h e  f luorescence i n t e n s i t y  o f  

1 mg/L o f  q u i n i n e  i n  0.1 N H2S04 t o  a s c a l e  o f  100. 
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304 ISHIKAWA ET AL. 

B. Maleimide Methods f o r  L a b e l i n g  Fab' and IgG w i t h  Glucose 

Oxidase (42, 53) 

a. Maleimide Method ( I )  f o r  L a b e l i n g  Fab' w i t h  Glucose Oxidase 

The p r i n c i p l e  f o r  l a b e l i n g  Fab' w i t h  g lucose ox idase  i s  

e s s e n t i a l l y  t h e  same as t h a t  w i t h  ho rse rad ish  perox idase.  I n  

the  f i r s t  step, g lucose ox idase i s  t r e a t e d  w i t h  N-succ in im idy l  

4 - ( N -ma 1 e i m i  dome t hy 1 ) cyc 1 o hexa ne - 1 -ca r boxy 1 a t e  t o  i n t rodu ce ma 1 e i - 
mide groups. I n  t h e  second step,  male imide groups i n t r o d u c e d  

i n t o  g lucose ox idase a r e  a l l owed  t o  r e a c t  w i t h  t h i o l  groups o f  

Fab'.  

Glucose ox idase has many amino groups which a r e  r e a c t i v e  w i t h  

N-hydroxysuccinimide e s t e r ,  a l t hough  ho rse rad ish  perox idase has 

o n l y  2-3 amino groups. Therefore,  t h e  number o f  male imide 

groups i n t r o d u c e d  i n t o  g lucose ox idase cannot  be e a s i l y  c o n t r o l e d ,  

i n  c o n t r a s t  t o  t h e  l e s s  than  2 groups p e r  mo lecu le  o f  h o r s e r a d i s h  

perox idase even w i t h  excess reagent .  As a r e s u l t ,  t h e  Fab ' -  

g lucose ox idase con juga te  prepared by t h e  male imide method (I) i s  

heterogeneous, c o n s i s t i n g  o f  con juga te  molecules assoc ia ted  w i t h  

v a r i o u s  numbers o f  Fab' molecules,  w h i l e  t h e  Fab ' -perox idase 

con juga te  prepared by t h e  maleimide method ( I )  i s  l a r g e l y  mono- 

mer i c  ( IV-C)  . I n  a d d i t i o n ,  conjugates a s s o c i a t e d  w i t h  d i f f e -  

r e n t  numbers o f  Fab' molecules and unconjugated g lucose ox idase 

can b a r e l y  be separated f rom each o t h e r  by g e l  f i l t r a t i o n ,  s i n c e  

t h e  mo lecu la r  we igh ts  o f  Fab' and g lucose ox idase a r e  46,000 

(64, 6 5 )  and 153,000 (74), r e s p e c t i v e l y .  The re fo re  , an excess 

o f  Fab' should be used t o  comp le te l y  c o n v e r t  t h e  male imide-  
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ENZYME-LABELING ANTIBODIES 305 

glucose ox idase t o  conjugates.  Losses o f  enzyme a c t i v i t y  by  

con juga t ion  w i t h  Fab' and IgG were 15 and 26 %, r e s p e c t i v e l y .  

I n t r o d u c t i o n  o f  maleimide groups i n t o  g lucose ox idase  

1. D i s s o l v e  6 mg (39 nmol) o f  g lucose ox idase i n  0.6 m l  o f  sodium 

phosphate b u f f e r ,  pH 7.0, 0 .1  mol/L. Grade I p r e p a r a t i o n s  

f rom Boehr inger  Mannheim a r e  h i g h l y  p u r i f i e d ,  w h i l e  grade I 1  

p r e p a r a t i o n s  c o n t a i n  o t h e r  p r o t e i n s  i n  s i g n i f i c a n t  p r o p o r t i o n s  

and have t o  be p u r i f i e d  by ge l  f i l t r a t i o n  w i t h  U l t r o g e l  AcA 34 

b e f o r e  use. The r a t i o  o f  absorbance a t  280 nm t o  t h a t  a t  

450 nm f o r  t h e  p u r i f i e d  g lucose ox idase was 11, which i s  an 

i n d i c a t o r  o f  p u r i t y .  C a l c u l a t e  t h e  amount o f  g lucose  

ox idase f r o m  A s p e r g i l l u s  n i g e r  by t a k i n g  t h e  e x t i n c t i o n  c o e f f i -  

c i e n t  a t  280 nm and t h e  mo lecu la r  we igh t  o f  t h e  enzyme t o  be 

1.67 9-l .L.cm-l o f  (75 )  and 153,000 (74) ,  r e s p e c t i v e l y .  

2. D i s s o l v e  0.64 mg (1,950 nmol) o f  N -succ in im idy l  4-(N-maleimido- 

methyl ) c y c l  ohexane-1-carboxyl a t e  (m.w. 334.33) (Z ieben Chemical 

Co., Tokyo o r  P ie rce  Chemical Co. Rockford, Ill.) i n  20 p1  o f  

N,N-dimethylformamide. 

3. Add 20 1.11 o f  maleimide reagent  s o l u t i o n  ( 5 0 - f o l d  mo la r  excess) 

t o  0.6 m l  o f  g lucose ox idase s o l u t i o n .  

4. I ncuba te  t h e  m i x t u r e  a t  30°C f o r  30-120 min w i t h  con t inuous  

s t i r r i n g .  

5. Apply  t h e  r e a c t i o n  m i x t u r e  t o  a Sephadex 6-25 column (1.0 x 45 

cm) u s i n g  sodium phosphate b u f f e r ,  pH 6.0, 0.1 mol/L. 

6. Fo r  measuring maleimide groups, prepare t h e  male imide-g lucose 

ox idase i n  0.45 m l  o f  sodium phosphate b u f f e r ,  pH 6.0, 0.1 
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306 ISHIKAWA ET AL. 

mol/L, w i t h  an absorbance a t  280 nm o f  0.7-1.0, and pe r fo rm 

f u r t h e r  s teps i n  t h e  same way as i n  l a b e l i n g  Fab' w i t h  horse-  

r a d i s h  perox idase ( I V - B ) .  The average number o f  maleimide 

groups i n t roduced  under t h e  above c o n d i t i o n  was 3.3-6.4 p e r  

enzyme molecule. 

Con j u g a t  i on 

1. Prepare 3.0-3.8 mg (20-25 nmol) o f  t h e  male imide-g lucose 

ox idase i n  0.2 m l  o f  sodium phosphate b u f f e r ,  pH 6.0, 0.1 

mol /L, 

2. Prepare 3.7-4.6 mg (80-100 nmol) o f  Fab' p l u s  0.12 mg o f  

f l u o r e s c e i n - l a b e l e d  normal Fab' i n  0.3 m l  o f  sodium phosphate 

b u f f e r ,  pH 6.0, 0 .1 mol/L, c o n t a i n i n g  5 mmol/L EDTA (111-D). 

F luo resce in - l abe led  Fab' i s  added t o  m o n i t o r  e f f i c i e n c y  o f  t h e  

con juga t ion .  

3. Mix t h e  maleimide-glucose ox idase and Fab' s o l u t i o n s .  The 

f i n a l  concen t ra t i ons  o f  t h e  male imide-g lucose ox idase and Fab' 

incubated f o r  c o n j u g a t i o n  a r e  40-50 and 160-200 pmo l /L ,  

r e s p e c t i v e l y .  

4. Incubate t h e  m i x t u r e  a t  4°C f o r  20 h. 

5. Add t o  t h e  r e a c t i o n  m i x t u r e  0.4 m l  o f  sodium phosphate b u f f e r ,  

pH 6.0, 0 .1 mol/L, and 10 p 1  o f  100 mmol/L 2-mercaptoethy l -  

amine, and incuba te  t h e  r e a c t i o n  m i x t u r e  a t  room temperature 

f o r  20 min t o  b l o c k  rema in ing  male imide groups. 

6. Apply t h e  r e a c t i o n  m i x t u r e  t o  a column (1.5 x 45 cm) o f  

U l t r o g e l  AcA 34 u s i n g  sodium phosphate b u f f e r ,  pti 6.5, 0.1 

mol /L. 
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7. 1) Read absorbance a t  280 and 450 nm. 2 )  Measure f l u o -  

rescence i n t e n s i t y  o f  each f r a c t i o n  u s i n g  10 nmol/L f l u o r e s c e i n  

as a s tandard  t o  m o n i t o r  e f f i c i e n c y  o f  t h e  con juga t ion .  Use 

490 nn  f o r  e x c i t a t i o n  and 510 nm f o r  emiss ion.  3 )  Determine 

g lucose ox idase a c t i v i t y  o f  each f r a c t i o n .  

8. S to re  t h e  Fabl -g lucose ox idase con juga te  a t  4°C a f t e r  add ing  

NaN3 t o  g i v e  a f i n a l  c o n c e n t r a t i o n  o f  0.5 g/L and bov ine  serum 

albumin t o  g i v e  a f i n a l  c o n c e n t r a t i o n  of 1 g/L. Under these  

c o n d i t i o n s ,  t h e  c r o s s - l i n k  formed i n  t h e  con juga te  mo lecu le  i s  

s t a b l e  f o r  a t  l e a s t  1 y e a r  as shown by m o n i t o r i n g  t h e  r e l e a s e  

o f  f l u o r e s c e i n - l a b e l e d  Fab' f r o m  f l u o r e s c e i n - l a b e l e d  Fab ' -  

g lucose ox idase con juga te  (42, 53) ( I V - C )  ( F i g .  VI -1) .  

b. Male imide Method (111) and ( I V )  f o r  L a b e l i n g  IgG w i t h  Glucose 

Oxidase 

I n t r o d u c t i o n  o f  male imide groups i n t o  g lucose ox idase  

Male imide groups a r e  i n t r o d u c e d  i n t o  g lucose ox idase u s i n g  

N- s uc c i n i m i  dy 1 4- ( N -ma 1 e i m i  dome t hy 1 ) cyc 1 o hexa ne- 1 -ca rboxy 1 a t e  i n 

t h e  same way as i n  t h e  male imide method (I) f o r  l a b e l i n g  Fab' w i t h  

g lucose oxidase. T h i o l  groups a r e  i n t r o d u c e d  i n t o  IgG u s i n g  

S-acetylmercaptosuccinic anhydr ide i n  t h e  same way as i n  t h e  

maleimide method (111) f o r  l a b e l i n g  IgG w i t h  ho rse rad ish  pe r -  

ox idase (IV-G) o r  a r e  generated by r e d u c t i o n  o f  IgG w i t h  2-mer- 

captoethy lamine (111-B). The male imide-g lucose ox idase  i s  

a l l owed  t o  r e a c t  w i t h  t h e  t h i o l  groups o f  t h e  mercap tosucc iny la ted  

IgG (Maleimide method 111) o r  t h e  reduced IgG (Maleimide method 

I V ) .  
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FIGURE V I - 1 .  E l u t i o n  p r o f i l e  f rom a U l t r o g e l  AcA 34 o f  r a b b i t  
Fabl -g lucose ox idase con juga te  prepared by t h e  male imide method 
( I ) .  The amounts o f  g lucose ox idase and Fab' used were about  3 
and 4 mg, r e s p e c t i v e l y .  The number o f  male imide groups 
i n t roduced  pe r  g lucose ox idase was 5.5. The male imide-g lucose 
ox idase (0.042 mmol/L) and Fab' (0.166 mmol/L) were i ncuba ted  a t  
4°C f o r  20 h. The column s i z e  used was 1.5 x 45 cm, and t h e  
f r a c t i o n  volume was 0.86 m l .  Fluorescence i n t e n s i t y  o f  
f l u o r e s c e i n - l a b e l e d  Fab' was measured by a d j u s t i n g  f l uo rescence  
i n t e n s i t y  o f  10 nmol/L f l u o r e s c e i n  t o  a s c a l e  o f  100. Glucose 
ox idase a c t i v i t y  was determined by 10 min-assay u s i n g  p-hydroxy- 
p h e n y l a c e t i c  a c i d .  The recove ry  i n  t h e  con juga te  o f  Fab' 
i ncuba ted  f o r  t h e  c o n j u g a t i o n  was c a l c u l a t e d  f rom f l uo rescence  
i n t e n s i t y  o f  f l u o r e s c e i n - l a b e l e d  Fab' t o  be 54.3 %. The 
average number o f  Fab' molecules conjugated p e r  g lucose ox idase 
molecule was c a l c u l a t e d  f rom f l uo rescence  i n t e n s i t y  o f  f l u o r e s -  
c e i n - l a b e l e d  Fab' t o  be 2.2. 

Reduction o f  IgG 

1. Prepare 5 mg o f  IgG p l u s  50 p g  o f  f l u o r e s c i e n - l a b e l e d  IgG i n  

0.54 m l  o f  sodium phosphate b u f f e r ,  pH 6.0, 0.1 mol/L. 

2 .  Add 60 p l  o f  100 mmol/L 2-mercaptoethylamine-HC1, pH 6.0, 

c o n t a i n i n g  5 mmol/L EDTA. 
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F I G U R E  VI-2. E l u t i o n  p r o f i l e  f r o m  a U l t r o g e l  AcA 34 column o f  
r a b b i t  IgG-glucose ox idase prepared by t h e  male imide method ( I V ) .  
The amounts o f  glucose ox idase and IgG used were 2 and 4 mg, 
r e s p e c t i v e l y .  The average number o f  male imide groups i n t r o -  
duced pe r  g lucose ox idase molecule was 4.8. The male imide 
g lucose ox idase 0.027 mmol/L) and t h e  reduced IgG (0.053 mmol/L) 
were i ncuba ted  a t  4°C f o r  20 h. The column s i z e  used was 
1.5 x 45 cm, and t h e  f r a c t i o n  volume was 0.86 m l .  F1 uorescence 
i n t e n s i t y  of f l u o r e s c e i n - l a b e l e d  IgG was measured by a d j u s t i n g  
f l uo rescence  i n t e n s i t y  o f  10 nmol/L f l u o r e s c e i n  t o  a s c a l e  o f  100. 
Glucose ox idase a c t i v i t y  was determined by 10 min-assay u s i n g  p- 
hyd roxypheny lace t i c  a c i d .  The recove ry  i n  t h e  con juga te  o f  
g lucose ox idase incubated f o r  t h e  c o n j u g a t i o n  was c a l c u l a t e d  f rom 
absorbance a t  450 nm t o  be 73 %, and t h e  recove ry  i n  t h e  con juga te  
o f  IgG incuba ted  f o r  t h e  c o n j u g a t i o n  was c a l c u l a t e d  f r o m  
f l uo rescence  i n t e n s i t y  o f  f l u o r e s c e i n - l a b e l e d  IgG t o  be 55 %. 
The average number o f  IgG molecules conjugated p e r  g lucose ox idase  
molecule was 1.5. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
2
7
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1



310 ISHIKAWA ET AL. 

3. Incubate t h e  m i x t u r e  a t  37°C f o r  90 min. 

4. Apply t h e  r e a c t i o n  m i x t u r e  t o  a Sephadex 6-25 column (1.0 x 30 

cm) u s i n g  sodium phosphate b u f f e r ,  pH 6.0, 0 .1 mol/L, c o n t a i n -  

i n g  5 mmol/L EDTA. 

Conjugat ion 

1. Prepare about 2 mg (13  nmol) o f  t h e  male imide-g lucose ox idase 

i n  0.2 m l  o f  sodium phosphate b u f f e r ,  pH 6.0, 0.1 mol/L. 

2 .  Prepare about 4 mg (25  nmol) o f  t h e  reduced IgG i n  0.3 ml o f  

sodium phosphate b u f f e r ,  pH 6.0, 0.1 mol/L, c o n t a i n i n g  5 mmol/L 

EDTA. 

3. Mix t h e  two s o l u t i o n s ,  and incuba te  t h e  m i x t u r e  a t  4°C f o r  

20 h. 

4. The subsequent s teps a re  t h e  same as f o r  t h e  p r e p a r a t i o n  o f  

Fab ' -g lucose ox idase con juga te  ( F i g .  VI -2) .  

C. Other  Methods 

I n  p l  ace o f  N -s  u cc i n i m i  dy 1 4 - ( N -ma 1 e i m i  dome t hy 1 ) cyc 1 ohexa ne- 

1 -ca rboxy la te  used i n  t h e  maleimide method (I), Fab' -g lucose 

ox idase conjugates can be prepared u s i n g  o t h e r  reagents such as 

N - s u c c i n i mi dy 1 and N - s u cc  i n i m i  dy 1 

3-(2-pyridyldithio)propionate ( IV-E-c). 

m-ma 1 e i m i  d obe n z o a t e ( I V- E -a ) 

V I I .  LABELING WITH ALKALINE PHOSPHATASE 

A. Assay o f  A l k a l i n e  Phosphatase 

Both a l k a l i n e  phosphatases f rom c a l f  i n t e s t i n e  and 

Escher i ch ia  coli a r e  commerc ia l ly  a v a i l a b l e ,  b u t  t h e  fo rmer  has 
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ENZYME-LABELING ANTIBODIES 311 

almost  always been used as l a b e l ,  p robab ly  because i t s  s p e c i f i c  

a c t i v i t y  i s  h i g h e r  (38) .  The enzyme c o n t a i n s  z i n c  i o n  and i s  

i n a c t i v a t e d  i n  t h e  presence o f  c h e l a t i n g  agents such as EDTA. 

It i s  n o t  v e r y  s t a b l e  and l o s e s  i t s  a c t i v i t y  i n  v e r y  d i l u t e  

s o l u t i o n  and by t rea tmen t  w i t h  v a r i o u s  c r o s s - l i n k i n g  reagents.  

The enzyme a c t i v i t y  i s  p r o t e c t e d  by t h e  presence o f  o t h e r  p r o t e i n s  

such as serum and egg a lbumin and i s  i n h i b i t e d  by i n o r g a n i c  phos- 

phate. The enzyme can be s t o r e d  i n  t h e  presence o f  NaN3 as 

a p r e s e r v a t i v e .  The s e n s i t i v i t i e s  o f  10 and 100 min f l u o r i -  

m e t r i c  assays o f  a1 k a l  i n e  phosphatase f rom c a l f  i n t e s t i n e  under 

t h e  c o n d i t i o n  desc r ibed  below a r e  1.0 and 0 . 1  pg (10  and 1.0 

amol) , r e s p e c t i v e l y .  

F l u o r i m e t r i c  assay w i t h  4 - m e t h y l u m b e l l i f e r y l  phosphate 

1. Prepare enzyme samples i n  a t o t a l  volume o f  0.1 m l  o f  g l y c i n e -  

NaOH b u f f e r ,  pH 10.3, 0.1 mol/L, c o n t a i n i n g  1 m o l / L  MgC12, 

0.1 nimol/L ZnC12, 0.5 g/L NaN3, and 250 mg/L egg albumin. 

2. D i s s o l v e  2.6 mg (0.01 mmol) o f  4 - m e t h y l u m b e l l i f e r y l  phosphate 

(m.w. 256.2) i n  33.3 m l  o f  glycine-NaOH b u f f e r ,  pH 10.3, 0.1 

mol/L t o  g i v e  a c o n c e n t r a t i o n  o f  300 pmol/L. 

3. I ncuba te  t h e  sample s o l u t i o n  a t  30°C f o r  5 min, and s t a r t  t h e  

enzyme r e a c t i o n  by adding 50 p1 o f  s u b s t r a t e  s o l u t i o n .  

4. Cont inue t h e  i n c u b a t i o n  a t  30°C f o r  10-60 m in  i n  most e x p e r i -  

ments. 

5. Stop t h e  enzyme r e a c t i o n  by add ing  2.5 m l  o f  K2HP04-KOH b u f f e r ,  

pH 10.4, 0.5 mol/L, c o n t a i n i n g  10 mmol/L EDTA. 
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312 ISHIKAWA ET AL. 

6. Measure f l uo rescence  i n t e n s i t y  u s i n g  100 nmol/L 4-methy l -  

u m b e l l i f e r o n e  i n  t h e  same b u f f e r  as a s tandard,  u s i n g  360 nm 

f o r  e x c i t a t i o n  and 450 nm f o r  emiss ion.  

B. Male imide Methods f o r  Labe l i ng  Fab' and IgG w i t h  A l k a k i n e  

Phosphatase 

Glutara ldehyde has been used f o r  l a b e l i n g  w i t h  a l k a l i n e  phos- 

phatase, b u t  t h e  enzyme i s  po lymer ized even i n  t h e  two-step method 

(13) .  We desc r ibe  he re  a maleimide method i n  which a l k a l i n e  

phosphatase i s  con juga ted  w i t h  Fabl u s i n g  t h i o l  groups i n  t h e  

h inge  w i t h o u t  s e l f - c o n j u g a t i o n  o f  t h e  enzyme o r  Fab ' .  Judging 

f rom t h e  r e s u l t s  w i t h  ho rse rad ish  perox idase,  Fab' -a1 k a l  i n e  phos- 

phatase prepared by t h e  male imide method may be more u s e f u l  w i t h  

b e t t e r  r e t e n t i o n  o f  a n t i g e n - b i n d i n g  a c t i v i t y  and lower  n o n s p e c i f i c  

b i n d i n g  than  t h e  corresponding g l u t a r a l d e h y d e  conjugate,  a1 though 

t h i s  remains t o  be shown. 

I n t r o d u c t i o n  o f  maleimide groups i n t o  a1 k a l i n e  phosphatase 

1. D i s s o l v e  4 mg (40 nmol) o f  a l k a l i n e  phosphatase f rom c a l f  

i n t e s t i n e  i n  0.5 m l  o f  sodium b o r a t e  b u f f e r ,  pH 7.6, 50 mmol/L, 

c o n t a i n i n g  1 mmol/L MgC12 and 0.1 mmol/L ZnC12, and d i a l y s e  t h e  

enzyme s o l u t i o n  a g a i n s t  t h e  same b u f f e r .  The enzyme 

may be ob ta ined  i n  a p e l l e t  by c e n t r i f u g i n g  t h e  enzyme 

suspension i n  3.2 mol/L (NH4)2S04 c o n t a i n i n g  1 mmol/L MgC12 and 

0.1 mmol/L ZnC12. C a l c u l a t e  t h e  amount o f  t h e  enzyme f rom 

i t s  absorbance a t  280 nm by t a k i n g  t h e  e x t i n c t i o n  c o e f f i c i e n t  
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ENZYME-LABELING ANTIBODIES 313 

a t  280 nm and m o l e c u l a r  we igh t  o f  t h e  enzyme t o  be 0.99 

g .L.cm (76)  and 100,000 (77) ,  r e s p e c t i v e l y .  -1 -1 

2. D i s s o l v e  0.67-1.34 mg (2,000-4,000 nmol) o f  N -succ in im idy l  4- 

(N-ma1 eimidomethyl ) c y c l  ohexane-1-carboxyl a t e  (m.w. 334.33) 

(Z ieben Chemical Co., Tokyo o r  P i e r c e  Chemical Co., Rockford,  

Ill.) i n  30-50 p1 o f  N,N-dimethylformamide. 

3. Add 30-50 p l  o f  reagen t  s o l u t i o n  t o  1.0 m l  o f  d i a l y s e d  enzyme 

s o l u t i o n  and incuba te  t h e  m i x t u r e  a t  30°C f o r  0.5-1 h w i t h  

cont inuous shaking. 

4. Apply  t h e  r e a c t i o n  m i x t u r e  t o  a Sephdex 6-25 column (1.0 x 

45 cm) e q u i l i b r a t e d  w i t h  Tris-HC1 b u f f e r ,  pH 7.0, 0.1 mol/L, 

c o n t a i n i n g  1 mmol/L MgC12 and 0.1 mmol/L ZnC12. 

Do n o t  use NaN3 as a p r e s e r v a t i v e ,  s i n c e  i t  a c c e l e r a -  

t e s  t h e  decomposi t ion o f  male imide groups. Measure m a l e i -  

mide groups i n  t h e  same way as i n  t h e  male imide method ( I )  f o r  

perox idase.  The e x t i n c t i o n  c o e f f i c i e n t  a t  280 nm and 

mo lecu la r  we igh t  o f  a l k a l i n e  phosphatase f r o m  c a l f  i n t e s t i n e  

a r e  0.99 g-'.L.cm-l (76)  and 100,000 (77 ) ,  r e s p e c t i v e l y . .  

The average number o f  maleimide groups i n t r o d u c e d  p e r  enzyme 

molecule under t h e  above c o n d i t i o n s  was c a l c u l a t e d  t o  be 

1.6-6.2, and 20-40 % o f  t h e  enzyme a c t i v i t y  was l o s t  by  t h e  

i n t r o d u c t i o n  o f  male imide groups. 

Con juga  t i on 

1. Prepare 1 mg (10 nmol) o f  t h e  m a l e i m i d e - a l k a l i n e  phospha- 

tase  i n  0.5 m l  o f  Tris-HC1 b u f f e r ,  pH 7.0, 0.1 mol/L, c o n t a i n -  

i n g  1 mmol/L MgC12 and 0.1 mmol/L ZnC12. 
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314 ISHIKAWA ET AL. 

0.4 

0.2 - 

Fraction Number 

FIGURE VII-1. E l u t i o n  p r o f i l e  f rom a Sephadex 6-200 o f  r a b b i t  
Fab'-a1 k a l  i n e  phosphatase con juga te  prepared by t h e  male imide 
method ( I ) .  The amounts o f  a l k a l i n e  phosphatase and Fab' used 
were about 1 and 4.6 mg, r e s p e c t i v e l y .  The number o f  male imide 
groups i n t r o d u c e d  pe r  a1 k a l  i n e  phosphatase was 5.0. The 
maleimide-a1 k a l  i n e  phosphatase (0.01 mmol/L) and Fab' (0.1 mmol/L) 
were incuba ted  a t  4°C f o r  20 h. The column s i z e  used was 
1.5 x 45 cm, and t h e  f r a c t i o n  volume was 1.07 ml. F1 uorescence 
i n t e n s i t y  o f  f l u o r e s c e i n - l a b e l e d  Fab' was measured by a d j u s t i n g  
f l uo rescence  i n t e n s i t y  o f  10 nmol/L f l u o r e s c e i n  t o  a s c a l e  o f  100. 
A1 k a l i n e  phosphatase a c t i v i t y  was determined by 10 min-assay u s i n g  
4-methylumbel 1 i f e r y l  phosphate. The recove ry  i n  t h e  con juga te  
of Fab' i ncuba ted  f o r  t h e  c o n j u g a t i o n  was c a l c u l a t e d  f r o m  f l u o r e s -  
cence i n t e n s i t y  o f  f l u o r e s c e i n - l a b e l e d  Fab' t o  be 34 % and t h e  
recove ry  i n  t h e  con juga te  o f  a1 k a l i n e  phsphatase incuba ted  f o r  t h e  
c o n j u g a t i o n  was c a l c u l a t e d  f rom a c t i v i t y  o f  a l k a l i n e  phosphatase 
t o  be 96 %. The average number o f  Fab' molecules conjugated 
p e r  a l k a l i n e  phosphatase mo lecu le  was 3.5. 
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ENZYME-LABELING ANTIBODIES 315 

2 .  Prepare 4.6 mg (100 nmol) o f  Fab' p l u s  0.2 mg o f  f l u o r e s c e i n -  

l a b e l e d  Fab' i n  0.5 m l  o f  sodium a c e t a t e  b u f f e r ,  pH 5.0, 50 

mmol/L (111-D). 

3. Mix t h e  maleimide-enzyme and Fab' and incuba te  t h e  m i x t u r e  

a t  4°C f o r  20 h. 

4. Add t o  t h e  r e a c t i o n  m i x t u r e  10 ~1 o f  100 mmol/L E-mercapto- 

e thy lamine,  and incuba te  t h e  r e a c t i o n  m i x t u r e  a t  room tempe- 

r a t u r e  f o r  20 min t o  b l o c k  rema in ing  male imide groups. 

5. Apply  t h e  r e a c t i o n  m i x t u r e  t o  a Sephadex 6-200 column (1.5 x 45 

cm) e q u i l i b r a t e d  w i t h  Tris-HC1 bu f fe r ,  pH 7.0, 10 mmol/L, con- 

t a i n i n g  0.1 mol/L NaC1, 1 mmol/L MgC12, 0.1 mmol/L ZnC12, and 

0.5 g/L NaN3. S t o r e  t h e  f r a c t i o n  c o n t a i n i n g  t h e  con juga te  

a t  4°C a f t e r  adding 1/99 volume of 100 g/L bov ine  serum albumin 

( F i g .  V I I - 1 ) .  

V I I I .  EVALUATION OF DIFFERENT ENZYMES AS LABEL 

A. S e n s i t i v i t y  o f  Enzyme Assays 

The s e n s i t i v i t i e s  o f  t h e  assays f o r  t h e  f o u r  enzymes which 

have been used i n  enzyme immunoassay and immunohistochemistry a r e  

shown i n  Table VIII-1. The f l u o r i m e t r i c  assay o f  B-D-galacto- 

s idase  f r o m  Escher i ch ia  gJ with 4-methylumbell  i f e r y l  B-D- 

g a l a c t o s i d e  i s  t h e  most s e n s i t i v e ,  b e i n g  a b l e  t o  measure 0.2 and 

0.02 amol o f  t h e  enzyme i n  10 and 100 min assays, r e s p e c t i v e l y .  

The f l u o r i m e t r i c  assays o f  h o r s e r a d i s h  perox idase w i t h  p-hydroxy- 

pheny lp rop ion i c  a c i d  and a1 k a l  i n e  phosphatase f r o m  c a l f  i n t e s t i n e  

w i t h  4-methylumbel 1 i f e r y l  phosphate can measure 5-10 and 0.5-1 
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316 ISHIKAWA ET AL. 

TABLE V I I I - 1  

S e n s i t i v i t y  o f  Enzyme Assay 

Enzymes 

S e n s i t i v i t i e s  

Substrates 
10-mi n 100-mi n 
assay assay 

8-D-Galactosidase 4-Methylumbel 1 i Q e r y l  
(Escher i ch ia  @) 8-D-galactos ide 

o-N i t r o  pheny 1 
8-D-gal a c t o s i d e  

Pe r o x  i da se 
(ho rse rad ish )  p r o p i o n i c  a c i d  

p-Hydroxyphenya- 

o-Phenylenediamine 

A1 k a l  i n e  phosphatase 4-Methylu1$bell i f e r y l  
( c a l f  i n t e s t i n e )  phosphate 

p - N i t r o  p h e ny 1 
phosphate 

G1 ucose Oxi dase p-Hydroxyphgnyl- 
( A s p e r g i l l u s  n i g e r )  a c e t i c  a c i d  

amol 

0.2 0.02 

1,000 100 

5.0 0.5 

25 25 

10 1.0 

10,000 - 

50 5.0 

aAssay c o n d i t i o n s  a r e  desc r ibed  i n  t h e  t e x t  (IV-A, V-A, V I - A  and 
V I I - A ) .  

amol i n  10 and 100 min assays, r e s p e c t i v e l y .  The f l u o r i m e t r i c  

assay o f  g lucose ox idase f rom A s p e r g i l l u s  n i g e r  i s  l e s s  s e n s i t i v e .  

The s p e c i f i c  r a d i o a c t i v i t y  o f  c a r r i e r - f r e e  1251 ( R )  i s  

c a l c u l a t e d  f rom i t s  h a l f  l i f e  (60.2 days) as f o l l o w s .  
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ENZYME-LABELING ANTIBODIES 317 

A 

3.7 x lolo x 60 x 6.02 x 10 

R = (Ci/gram atom) 

23 
- -~ (dpm/gram atom) 

1.44 x 3.7 x lolo x T 

= 4.82 x 10l8 dpm/gram atom = 4.82 dpm/amol 
23 A: Avogadro's number = 6.02 x 10 

N: number o f  r a d i o i s o t o p i c  atoms pe r  C i  

T: h a l f  l i f e  i n  sec (60.2 x 24 x 60 x 60) 

1 C i  = 3.7 x lolo x 60 dpm 

I n  t h e  same way, t h e  s p e c i f i c  r a d i o a c t i v i t i e s  o f  o t h e r  r a d i o i s o -  

topes were a l s o  c a l c u l a t e d  (Table VIII-2). Judging f rom these 

va lues,  t h e  f l u o r i m e t r i c  assay o f  O-D-galactosidase i s  more 

s e n s i t i v e  than  t h e  measurement o f  these r a d i o i s o t o p e s ,  and t h e  

TABLE VIII-2 

S p e c i f i c  R a d i o a c t i v i t y  o f  C a r r i e r - F r e e  Radio isotopes 

Radio isotopes H a l f  l i v e s  S p e c i f i c  r a d i o a c t i v i t i e s  

days d pm/amol 

8.06 36.1 

60.2 4.8 

1311 

1251 

35s 87.4 3.3 

3H 12.262 x 365 

14c: 5,570 x 365 

0.06 

0.00014 
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318 ISHIKAWA ET AL. 

f l u o r i m e t r i c  assays o f  perox idase and a1 k a l i n e  phosphatase a r e  as 

s e n s i t i v e  as t h e  measurent o f  1251 

B. N o n s p e c i f i c  and S p e c i f i c  B ind ings  o f  Antibody-Enzyme Conjugates 

Nonspec i f i c  b i n d i n g  t o  normal r a b b i t  IgG-coated p o l y s t y r e n e  

b a l l s  o f  normal r a b b i t  Fab' conjugates w i t h  perox idase,  a l k a l i n e  

phosphatase and g lucose ox idase prepared by t h e  maleimide methods 

u s i n g  t h i o l  groups i n  t h e  h inge  d i f f e r e d  l i t t l e  and was lower  than  

t h a t  o f  normal r a b b i t  Fab' con juga te  w i t h  8-D-galactosidase. 

Nonspec i f i c  b i n d i n g  w i t h  normal r a b b i t  Fab'-enzyme con juga tes  was 

lower  than  w i t h  t h e  corresponding IgG-enzyme con juga tes  (Tab le  

V I I I - 3 ) .  

S p e c i f i c  b i n d i n g s  o f  Fab' and IgG conjugates w i t h  these 

enzymes were s i m i l a r  when compared by c a l c u l a t i n g  t h e  number o f  

conjugate molecules bound pe r  a n t i g e n  mo lecu le  on a p o l y s t y r e n e  

b a l l .  

As a r e s u l t ,  t h e  s e n s i t i v i t i e s  o f  sandwich enzyme immunoassay 

w i t h  t h e  Fab ' -perox idase con juga tes  prepared by u s i n g  t h i o l  groups 

i n  t h e  h inge  o f  Fab' a r e  f a i r l y  c l o s e  t o  those w i t h  t h e  Fab'-0-D- 

ga lac tos idase  conjugates ( I V - F - f  and V-D-g), whereas t h e  assay o f  

8-D-galactos idase i s  2 5 - f o l d  more s e n s i t i v e  than  t h a t  o f  p e r o x i -  

dase (Table V I I I - 1 ) .  Furthermore, serum i n t e r f e r e n c e  tends t o  

be l e s s  severe w i t h  t h e  Fab ' -perox idase conjugates t h a n  w i t h  t h e  

Fabl-B-D-galactosidase conjugates , and Fab' can be more e f f i c i e n t -  

l y  conjugated w i t h  perox idase ( I V - C )  t han  w i t h  8-D-galactos idase 

( V - D )  . 
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TABLE VIII-3 

319 

N o n s p e c i f i c  B ind ings  o f  Nomal Rabb i t  Antibody-Enzyme Conjugates 
t o  Normal Rabb i t  IgG-Coated P o l y s t y r e n e  B a l l s  

Antibody-enzyme conjugates 
N o n s p e c i f i c  b i n d i n g  

Enzymes An t ibod ies  

O-D-Galactosidase ( f r e e  enzyme) 
( E s c h e r i c h i a  fi) 

Perox i  dase 
(ho rse rad ish )  

Fab' 

( f r e e  enzyme) 

Fab' 

1 gG 

A1 k a l  i ne phosphatase 
( c a l f  i n t e s t i n e )  

( f r e e  enzyme) 

Fab' 

Glucose ox idase ( f r e e  enzyme ) 
( A s p e r g i l l u s  n i g e r )  

Fab' 

% 

0.065-0.075 

0.055-0.066 

0.10-0.15 

0.000-0.001 

0.010-0.012 

0.10-0.11 

0.0014-0.0035 

0.015-0.022 

0.0035-0.0045 

0.015-0.016 

0.023-0.026 

Nonspec i f i c  b i n d i n g s  a r e  t h e  enzyme a c t i v i t i e s  n o n s p e c i f i c a l  l y  
bound expressed as percentages o f  t hose  added. 
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A more c r i t i c a l  e v a l u a t i o n  o f  enzymes as l a b e l s  i n  enzyme 

immunoassay w i  11 be desc r ibed  e l  sewhere. 
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