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p r e v e n t s  d i su l f ide  l i n k e d  d i m e r i z a t i o n  a n d  a l l o w s  s e c r e t i o n  o f  B iP  w h e n  
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R e c o m b i n a n t  h u m a n  insulin-l ike g rowth  factor- I  ( I G F I )  secreted ~':om ~-east con ta ins  only IO 15c~ o f  the active monomer .  A majori ty  of  the 
I G F I  -like molecules  a re  disulfide b o n d e d  dimers.  These  d imers  are not  formed in a n  ICIF1 m u t a n t  where  Lys -'~ has  been replaced by glutamic  acid. 
However .  increased levels of  socreted EiiP ( the yeast K A R 2  gene produc t )  are sccn in cells express ing the mu tan t .  These  resu | ts  imply that  by 
p reven t ing  ionic in terac t ions  be tween  two I G F I  molecules ,  in te rmolecular  disulfide bonds  do  not  form in yeast,  and that  in the m u t a n t  there is 

a s t ruc tura l  change "~vhich induoes BiP, a l lowing its secretion. 

Insulin-l ike growth  fac tor  l; Dimer iza t lon;  Intermoics=ular disulfide bond ;  Fo ld ing /mal fo ld ing  in vivo: BiP g~-cretion" Sac('haro~p~v('('.~ cer~,:isilt(. 

1. I N T R O D U C T I O N  

H u m a n  I G F !  ( h l G F ! )  i s  a 7 0  a m i n o  a c i d  p o l y p e p t i d e  
w i t h  3 i n t r a m o l e c u l a r  d i s u l f i d e  b o n d s  i n v o l v i n g  a l l  6 
c y s t e i n e  r e s i d u e s .  T h e  I G F I  p o l y p e p t i d e  i s  h i g h l y  h o -  
m o l o g o u s  t o  t h e  i n s u l i n  m o l e c u l e .  T h e  a m i n o  a c i d  r e s i -  
d u e s  i n  t h e  B a n d  A c h a i n s  a r e  5 0 %  i d e n t i c a l  [ i ] .  D u e  
t o  i t s  s i m i l a r i t y ,  t h e  t h r e e - d i m e n s i o n a l  s t r u c t u r e  o f  
h I G F I  c a n  r e a s o n a b l y  b e  m o d e l l e d  o n  t h e  b a s i s  o f  t h e  
k n o w n  s t r u c t u r e  o f  p o r c i n e  i n s u l i n  [ 2 , 3 ] .  

H u m a n  p r o i n s u l i n  a n d  i n s u l i n  o l i g o m e r i z e  i n  v i v o  
a n d  i n  v i t r o  t c  f o r m  d i m e r s  [4] .  T h e  d i m e r i z a t i o n  h a s  
b e e n  p r o p o s e d  t o  b e  a r e s u l t  o f  t h e  c l o s e  a p p r o a c h  o f  
a c h a r g e d  a m i n o  a c i d  o f  o n e  m o l e c u l e  t o  a n  o p p o s i t e l y  
c h a r g e d  a m i n o  a c i d  o f  a n o t h e r .  M o n o m e r i c  i n s u l i n  h a s  
b e e n  o b t a i n e d  b y  s u b s t i t u t i n g  P r o  -~s w i t h  A s p ,  t h e  A s p  2s 
o f  o n e  m u t a n t  m o l e c u l e  p r e v e n t i n g  c l o s e  p r o x i m i t y  t o  
t h e  G l u  2~ o f  a n o t h e r  m o l e c u l e  [5] .  

i n  t h e  e x p r e s s i o n  o f  h l G F I  i n  t h e  y e a s t  S a c c h a r o m y -  
c e s  c e r e v i s i a e ,  w e  h a v e  o b s e r v e d  t h a t  m o l e c u l e s  s e ~ r e t e d  
i n t o  t h e  c u l t u r e  m e d i u m  a r e  a p p r o x i m a t e l y  5 0 %  d i m e r s  
( d a t a  n o t  s h o w n ) .  U n l i k e  i n s u l i n ,  t h e s e  d i m e r s  a r e  c o v a -  
i e n t l y  c o n n e c t e d  b y  d i s u l f i d e  b o n d s .  W e  h a v e  i n v e s t i g a t -  

Abbreviatioets: BiP, heavy  cha in  b ind ing  pro te in ;  BPTI,  bov ine  pancre-  
a t ic  t rypsin  inhib i tor :  DTT,  di th iothnei tol ;  ER,  endop lasmic  ret icu- 
lure; h I G F I ,  h u m a n  insulin-l ike g rowth  fac to r - l ;  H P L C ,  high per- 
f o rmance  liquid c h r o m a t o g r a p h y :  P M S F ,  phenyl -methane-su l fony l -  
f luoride;  RNas¢  A. r ibonuclcaseA;  T C A ,  t r ichloroacet ic  acid; wt,  wild 
t y p e  
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e d  t h e  p o s s i b i l i t y  l.~.at t h e  d i m e r i z a t i o n  o f  1 G F !  i n  y e a s t  
m a y  b e  d u e  t o  a n  i n i t i a l  i o n i c  i n t e r a c t i o n  b e t w e e n  2 
m o l e c u l e s  o f  I G F I ,  t h e  p o s i t i v e  c h a r g e  o f  L y s  27 i n t e r a c t -  
i n g  w i t h  t h e  n e g a t i v e  c h a r g e  o f  A s p  2a i n  a n o t h e r .  A 
s u b s t i t u t i o n  ( L y s 2 7 - t o - G l u  2~) w a s  m a d e ,  i n  a s i m i l a r  p ~ -  
s i t i o n  i n  t h e  I G F I  m o l e c u l e  t o  t h e  o n e  m a d e  p r e v i o u s l y  
i n  i n s u l i n  [5] w i t h  t h e  h o p e  t h a t  i n t r o d u c t i o n  o f  a n e g a -  
t i v e l y  c h a r g e d  a m i n o  a c i d  i n  p l a c e  o f  a p o s i t i v e l y  
c h a r g e d  o n e  w o u l d  p r e v e n t  2 m o l e c u l e s  o f  I G F I  c o m i n g  
c l o s e  t o g e t h e r ,  a n d  t h u s  p r e v e n t  i n t e r m o l e c u l a r  d i s u l -  
f i d e  b o n d  f o r m a t i o n  a n d  d i m e r i z a t i o n .  

W e  h a v e  a l s o  e x a m i n e d  t h e  r e s u l t  o f  t h e  c h a n g e  i n  t h e  
c h a r g e  o f  a n  a m i n o  a c i d  o n  t h e  s u r f a c e  o f  t h e  I G F I  
m o l e c u l e  o n  t h e  l e v e l s  o f  t h e  y e a s t  K A  R 2  g e n e  p r o d u c t  
( B i P L  a 7 8  k D a  p r o t e i n  [6 ,7 ] .  B i P  i s  k n o w n  t o  b e  i n d u c -  
e d  b y  t h e  i m p r o p e r  f o l d i n g  o f  p r o t e i n s  [ 8 - 1 0 ] .  T h e  
m u t a n t  a n d  t h e  w i l d  t y p e  ( w t )  m o l e c u l e s  h a v e  b e e n  u s e d  
t o  g a u g e  w h e t h e r  B i P  r e c o g n i z e s  t h e m  d i f f e r e n t l y .  B o t h  
i n t r a c e l l u l a r  a n d  e x t r a c e l l u l a r  l e v e l s  o f  B i P  h a v e  b e e n  
a n a l y s e d  a f t e r  e x p r e s s i o n  i n  y e a s t  o f  b o t h  t h e  m u t a n t  
a n d  w t  I G F I .  

2 .  I ~ , i A T E R i A L S  A N D  M E T H O D S  
2.1. Plasmid  constructions 

Plasmid  BC) ,  con ta in ing  the wt I G F I  ~ n e  in an  express ion casset te  
subc loned  in pDP34 ,  was cons t ruc tod  as previously descr ibed ! i i l- The 
m u t a n t  was crea ted  us ing 2 ol igonuclcot ide pr imers  a n d  a M l 3 m p 8  
D N A  templa te  con ta in ing  the  posit ive D N A  s t r and  o f  the  I G F I  ex- 
pression casset te  [12]. T h e  m u t a t i o n  Lys~- to -Glu  z~ was in t roduced  
using the mutagcn ic  p r imer  5 " - ~ T A A C C ~ T T C K 3 t t c G T T G A A G -  
TAG-3" ,  the  lower case letters indicat ing the changed  codon.  Af ter  
check ing  the  correc tness  o f  the mu ta t ed  D N A  sequeno~, the  m u t a n t  
cod ing  D N A  was  rc-introducc<l at  the BamHI site o f  pDP34  [I !] 
yielding the  p lasmid pBC2.  
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2.2. S t r a i n ~  o n d , ~ r ~  th ¢o~dirio~s 
S ceret'i~*a(" ABI  iO f.'el'ar ~. hi,~d-SNO, h'u2, ura3-52,  pep4-3 .  [('tr"]) 

has  been  used  for  yeas t  t r a n s f o r m a t i o n  ~ ' i th  p l a s m i d s  p B C !  a n d  pBC2 .  
Throe  t r a n s f o r m a n t s  f r o m  ca-oh o f  t he  2 t r a n s f o r n a a t i o n s  were  g r o w n  
up  in a r ich m e d i u m  fo r  e x p r e s s i o n  o f  Ihe  rnu ) a n t  a n d  wt  I(;1:1 1111. 

2,3. /mttrunol~h~t ¢tnal~:vt$ 
P r e p a r a t i o n  o f  cell  lysa tes ,  a n d  s a m p l e s  fo r  S D S - P A ( H -  f o | l o w c d  by  

i m m u n o b l o !  a n a l y s i s  were  p e r f o r m e d  a c c o r d i n g  t o  prt'~ i ous ly  p u b l i s h -  
e-d p ro l (~ 'o l s  [! l]. R a b b i t  p o l y ¢ l o n a |  | G | : I  a n t i - ~ r u m  w a s  g e n e r a t e d  
u s ing  p u r i l i e d  I G [ : I  m o n o m e r .  T h e  Ix~lyclonal  a n t i - K a r 2  a n t i b o d i e s  
were  rai,~'d in  r a b b i t s  a g a i n s t  an I I - a m i n o  a c i d  p e p t i d e  b e l o n g i n g  to  
i h e  yeas t  p r o t e i n  BiP,  u s i n g  a p u b l i s h e d  p r o c e d u r e  [7]. T h e  a n t i b o d i e s  
were  k i n d l y  p r o v i d e d  by  K~ E ins l e  a n d  A. H i n n e n .  

3. R E S U L T S  

T o  e x a m i n e  t h e  c o n s e q u e n c e  o f  t he  L y s " ~ - t o - G l u  -~7 
m u t a t i o n .  6 i n d i v i d u a l  yea s t  t r a n s f o r m a n l s ,  i --3 b e a r i n g  
the  wt  g e n e  a n d  4 6 b e a r i n g  t he  m u t a n t  g e n e .  w e r e  
g r o w n  in  a c o m p l e x  m e d i u m  f o r  72 h.  T h e  n a t u r e  o f  the  
s ec r e t ed  I G F I  m o l e c u l e s  w a s  c o m p a r e d  for  t h e  2 se r ies  
o f  t r a n s f o r m a n t s  b y  W e s t e r n  b l o t s  u n d e r  n o n - r e d u c i n g  
c o n d i t i o n s  ( F i g .  I A ) .  T h c  m u t a n t  c l e a r l y  s h o w s  n o  
d i m e r  f o r m a t i o n .  T h e  d i m e r  f o r m e d  b y  t he  wi ld  type  
m o l e c u l e  c a n  be  r e d u c e d  w i t h  D T T  y i e l d i n g  t he  m o n o -  
m e r  (F ig .  ! B). T h i s  i n d i c a t e s  t h a t  t h e  d i m e r s  a r e  h e l d  
t o g e t h e r  b y  i n t e r m o l e c u l a r  d i s u l f i d e  b o n d s .  

T o  a d d r e s s  t h e  q u e s t i o n  t h a t  t h e  f o l d i n g  o f  t he  m u t a n t  
I G F 1  m i g h t  n o t  b e  the  s a m e  a s  t h e  wt  m o l e c u l e ,  w e  h a v e  
l o o k e d  a t  t h e  p o s s i b i l i t y  o f  B i P  i n d u c t i o n  b y  t h e  m u t a n t  
m o l e c u l e .  N o  c l e a r  d i f f e r e n c e  b e t w e e n  leve l s  o f  i n t r a c e l -  
l u l a r  B i P  i n d u c e d  b y  t he  wt  a n d  t he  m u t a n t  w a s  o b -  
s e r v e d  ( F i g .  2A) .  H o w e v e r .  w e  f o u n d  t h a t  e x p r e s s i o n  o f  
t he  m u t a n t  g e n e  in  yea s t  c a u s e s  B i P  t o  b e  s e c r e t e d  m u c h  
m o r e  t h a n  in  t h e  c a s e  o f  t he  u n m u t a t e d  I G F 1  g e n e  (F ig .  
2B),  

F r o m  t h e s e  r e s u l t s  we  c a n  c o n c l u d e  t h a t  i n t r o d u c t i o n  
o f  a g l u t a m i c  a c i d  r e s i d u e  in p l a c e  o f  i y s i n e  p r e v e n t s  
f o r m a t i o n  o f  d i s u l f i d e  b o n d e d  d i m e r s  in  I G F I .  W e  c a n  
a l s o  i n f e r  f r o m  t h e  i n c r e a s e d  l eve l s  o f  B i P  ,secreted t h a t  
B i P  i d e n t i f i e s  t h e  m u t a n t  a n d  t h e  wt  m o l e c u l e s  d i f f e r -  
e n t l y .  

4. D I S C U S S I O N  

T h e  in  v i t r o  f o r m a t i o n  o f  d i s u l f i d e  b o n d s  in  d e n a t u r -  
ed ,  s c r a m b l e d  R N a s e  A a n d  B P T I  h a s  b e e n  e x t e n s i v e l y  
~ t u d i e d  in  o r d e r  t o  u n d e r s t a n d  p r o t e i n  f o l d i n g  p a t h w a y s  
[13,14] .  W e  h a v e  a t t e m p t e d  t o  e l u c i d a t e  a s t r u c t u r J  
d e t e r m i n a n t  w h i c h  m i g h t  b e  i n v o l v e d  i n  i n  r i v e  i n t e r -  
m o l e c u l a r  d i s u l f d c  b o n d  f o r m a t i o n  b e t w e e n  2 p r o t e i n  
m o l e c u l e s ,  i t  a p p e a r s  t h a t  t he  p r o x i m i t y  o f  2 m o l e c u l e s  
o f  I G F i  t h r o u g h  c h a r g e d  i n t e r a c t i o n s  l e a d s  t o  i n t e r m o -  
l e c u l a r  d i s u l f i d e  b o n d s .  K e e p i n g  t h e m  a p a r t  b y  a l t e r i n g  
t h e  p o l a r i t y  o f  a spec i f i c  a m i n o  a c i d  p r e v e n t s  t h i s  d i m e -  
r i z a t i o n .  F r o m  m o l e c u l a r  mod~ . l t i ng ,  it  is a p p a r e n t  t h a t  
t h e  p r o j e c t e d  I G F I  d i m e r  c o n f o r m a t i o n ,  o n  t he  b a s i s  o f  
t h e  i n s u l i n  s t r u c t u r e ,  d o e s  n o t  a l l o w  i n t e r a c t i o n  o f  t he  
c y s t e i n e  r e s i d u e s  in  o n e  m o l e c u l e  w i t h  t h e  ¢ y s t e i n e s  i n  
t h e  o t h e r  ( F i g .  3 A , B ) .  I t  is p o s s i b l e  t h a t  t he  2 e x t r a  
d o m a i n s  in  I G F I  ( t h e  C a n d  D c h a i n s ,  w h i c h  a r e  a b s e n t  
i n  m a t u r e  i n s u l i n )  [1,2] d o  n o t  a l l o w  t h e  f ina l  t e r t i a r y  
s t r u c t u r e  o f  I G F I  t o  b e  i d e n t i c a l  t o  t h a t  o f  t h e  i n s u l i n  
m o l e c u l e .  W e  p r o p o s e  t h a t  I G F 1  a c q u i r e s  a c o n f o r m a -  
t i o n  w h i c h  e x p o s e s  a t  l e a s t  o n e  c y s t e i n e  r e s i d u e  i n  s u c h  
a w a y  t h a t  c l o s e  p r o x i m i t y  b e t w e e n  2 m o l e c u l e s  a l l o w s  
i n t e r m o l e c u l a r  d i s u l f i d e  b o n d s  t o  f o r m .  E l i m i n a t i o n  o f  
a spec i f i c  c h a r g e d  i n t e r a c t i o n  b e t w e e n  t w o  I G F i  m o l e -  
c u l e s  p r e v e n t s  t h i s  i n t e r m o l e c u l a r  d i s u l f i d e  b o n d  f o r m a -  
t i o n .  

HiP  is a n  e n d o p l a s m i c  r c t i c u l u m  ( E R )  r e t a i n e d  h e a t  
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Fig .  I. W e s t e r n  b l o t  a n a l y s i s  o f  s ec re t ed  w t  I G F I  a n d  the  m u t a n t ,  u s i n g  1 5 ~  S D S - P A G E  a n d  I G F I  a n t i - s e r u m .  P r o t e i n  w a s  b l o t t e d  to  
p o l y v l n y l i d c n e  d i f luo r ld¢  m e m b r a n e  ( M i l l i p o r e )  o n  a s e m i - d r y  S a r t o r i o u s  b l o t t e r  a t  0.8 mA/~na  ~ o f  m e m b r a n e ,  fo r  l h. ~ ' e a s t  t r a n s f o r m a n t s  o f  s t r a l n  
AB1 10, h a r b o u r i n g  t he  p l a s r n i d s  p B C i  ( l a n e s  ! - 3 )  a n d  p B C 2  ( l anes  4--6), w e r e  a n a l y s e d  u n d e r  n o n - r e d u c i n g  c o n d i t i o n s  (A) .  D ' I T  w a s  a d d e d  to  
s u p e w n a t a n t s  f r o m  s t r a i n s  b e a r i n g  pEICI ( l a n e s  2--44) (B). T h e  a m o u n t s  o f  m u t a n t  p r o t e i n s  l o a d e d  in l a n e s  4--6 w e r e  3 t i m e s  t h e  a m o u n t s  o f  w t  I G F I  
l o a d e d  in  l a n e s  1-3 (A).  I t  w a s  e s t i m a t e d  f r o m  H P L C  a n a l y s i s  t ha t ,  p e r  u n i t  v o l u m e ,  the  a m o u n t  o f  s e c r e t e d  m u t a n t  p r o t e i n  (viz.  5 / , zg /ml )  w a s  
less t h a n  h a l f o f w t  I G F I  (I  ! ~ g / m l ) .  T h e  t o t a l  p r o t e i n  s e c r e t e d  by  a l l  s t r a i n s  w a s  s i m i l a r  ( t  30Mg/ml ;  B i o - R a d  p r o t e i n  a s say ) .  Socrc tod  m u t a n t  p r o t e i n  
in t h e  s u p e m a t a n t  w a s  c o n c e n t r a t e d  (--fold u s i n g  C E N T R I C O N - 3  c o n c e n t r a t o r s  ( A m i c o n ) .  I 0  MI o f  u n c o n c e n t r a t e d  s u p e t n a ~ a n t s  t l a n e s  1 -3)  a n d  

c o r ~ e n t r a t c d  s u p e r n a t a n t s  ( l a n e s  4 - 6 )  w e r e  l o a d e d .  L a n e  7, pu r i f i ed  I G F !  m o n o m e r ,  M ,  m o n o m e r ;  D ,  d i m e r .  

214 



V o l u m e  294 .  n u m b e r  3 F E B S  L E T T E R S  D e c e m b e r  1991 

(A) 
kD 

130m.. 
75m,.. 

80mu~ 

k 

( n )  

ttD 

~ B i P  ~so~ 

~' 1 2 S 4 5 6 

1 2 3 4 5 6 
Fig. 2. Wes te rn  b lo t  o f  intracel lula  r, BIP (A)  a n d  ,~¢creted BiP (B). using 10% S D S - P A G E  ~nd BiP ant i -serum.  Protein was b lo t ted  as in Fig. I (A). 
Cells at 100 OD~00 wcr¢ mechan~,,ally iysod us ing  0.2 g glassbeads  ¢0.5 ram d iameter )  v~nth 200 p l  or  sample  buffer  (4% SDS, 0.1 M Tris  p H  6.8, 
4 m M  E D T A )  a n d  1.5 ~1 o f  tire ¢¢!! lysate was  loaded in each  slot. Lanes  i - 3 ,  t r ,~asformants  of  AB!  10 h a r b o u r i n g  pBCI ;  lanes 4--6, AB110 
h a r b o u r i n g  pBC2.  (B)  I ml o i  cul ture  s u p e r n a t a n t  con ta in ing  phenyl -mvthane-su i fcnyl - f luor ide  ~,PMSF) (0A raM} was precipi ta ted with t r ichloro-  

acetic acid (TCA)  (tin,J! c o n c e n t r a t i o n  25%). The  pellet was rcsuspendod i~ 20 7ul o f  sample  buffer.  Lanes  I -3  and  lanes 4-6,  as in (A). 

s h o c k  p r o t e i n  [ 1 ~, i 6] .  I t  h a s  b e e n  s h o w n  t h a t  m a l f o i d i n g  
o f  m u t a n t  p r o t e i n s  c a u s e s  a n  e l e v a t e d  l e v e l  o f  i n t r a c e l l u -  
l a r  B i P  [ 9 | .  B i P  b i n d s  t o  m a l f o l d e d  p r o t e i n s  p e r m a n e n t l y  
a n d  p r e v e n t s  t h e s e  m a l f o l d e d  s t r u c t u r e s  l e a v i n g  t h e  E R  
[10] .  ! ,  m a m m a l i a n  c e l l s ,  d e g r a d a t i o n  v i a  a n  E R  d e g r a -  
d a t i v e  p a t h w a y  h a s  b e e n  p r o p o s e d  f o r  t h e s e  t e ; m i n a i l y  
b o u n d  m o l e c u l e s  [ 1 0 | .  

A l t h o u g h  w e  d o  n o t  o b s e r v e  h i g h e r  l e v e ! s  o f  i n t r a c e l -  
I ~ t l a r  B i P ,  w e  d o  s e e  t h a t  B i P  i s  s e c r e t e d  i n  t h e  c a s e  o f  
t h e  : n u t a n t .  I t  i s  c o n c e i v a b l e  t h a t  the~,e  is  a l i m i t  t o  t h e  
n u m b e r  o f  m o l e c u l e s  o f  B i P  w h i c h  c a n  b e  r e t a i n e d  i n  t h e  
E R  o f  a y e a s t  c e l l  t h r o u g h  t h e  EP,  D 2  r e c e p t o r - m e d i a t e d  
p a t h w a y  [17] .  T h e  E R D 2  g e n e  p r o d u c t  is  t h o u g h t  t o  b e  
i n  a n  i n t e r m e d i a t e  c o m n a r t n ~ e n t  b e t w e e n  t h e  E R  a n d  

t h e  G o l g i .  T h e  e x c e s s  o f  B i P  w h i c h  is  i n d u c e d  b y  t h e  
m u t a n t  c a n n o t  b e  r e t r i e v e d  i n  t h e  E R  b e c a u s e  t h e  r e c e p -  
t o r  i s  s a t u r a t e d .  T h i s  e x c e s s  B i P ,  b o u n d  o r  u n b o u n d  t o  
t h e  m u t a n t  m o l e c u l e s ,  i s  t h e n  f r e e  t o  b e  s e c r e t e d ,  t r a n s -  
p o r t  o c c u r r i n g  b y  n o n s e l e c t i v e  b u l k  f l o w .  W e  p r o p o s e  
t h a t ,  i n  y e a s t ,  s e c r e t e d  l e v e l s  o f  B i P  c o u l d  b e  a m e a s u r e  
o f  i t s  r e c o g n i t i o n  o f  p a r t i c u l a r  s t r u c t u r e s ,  o f t e n  d e f i n e d  
a s  m a l f o l d e d .  H o w  B i P  i d e n t i f i e s  m a l f o i d e d  m o l e c u l e s  
f r o m  f o l d e d  o n e s  r e m a i n s  a n  e n i g m a  [I ~R.19]. C u r r e n t l y ,  
w e  a r e  a n a l y s i n g  s o m e  p e p t i d e s  w h i c h  m i g h t  b i n d  B i P  
i n  v i v o  a n d  i n  t u r n  i n d u c e  i t .  

Ackn6wledgement: This  pape r  would not  have  been comple te  wi thout  
the  help  o f  Chr i s t ine  S tephan .  We express ou~ indebtedness  to  her. 

Fig. 3. S tereo  view o f  the  [ G F I  d imer  as  model led ,  based  o n  the  porc ine  insul in  dimer .  T h e  disulfide bonds  (6-48,  18-61, and  47-52 ,  solid b o n d s )  
in b o t h  m o n o m e r s  (A  a n d  B) a te  h ighl ighted  as  are  residues Lys ~ and  Asp  20 (open  bonds) .  
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