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S u m m a r y :  A gene ra l  mode l  of coope ra t i v i t y  has been developed that combines  
the concep ts  of p r e f e r e n t i a l  binding, t e r t i a r y  subunit in te rac t ion ,  and 
q u a t e r n a r y  cons t ra in t .  The mode l s  of Monod, Wyman  and Changeux,  and of 
Koshland et al. , a r e  l imi t ing  c a s e s  of this gene ra l  theory.  Ano the r  spec ia l  
case  of the gene ra l  model ,  app rox ima t ing  the P e r u t z  de sc r ip t i on  of hemo-  
globin, f i ts  mono-  and b i -phas i c  hemoglobin  oxygenat ion  data,  o v e r  a wide 
range of 2-3 Diphosphog lycera te  (DPG) concen t r a t i ons ,  with a total  of five 
adjus table  p a r a m e t e r s ,  and p red i c t s  that the change f r o m  deoxy to oxy 
q u a t e r n a r y  s t r u c t u r e  o c c u r s  just  be fo re  o r  just  a f t e r  the third  heine is oxy-  
genated,  depending on the DPG level.  

1 
The a l l o s t e r i c  mode l  of Monod, Wyman,  and Changeux (MWC) explains  

coope ra t i v i t y  in t e r m s  of p r e f e r en t i a l  binding of subs t r a t e  to d i f ferent  m o l e c -  

u l a r  c o n f o r m a t i o n s ,  and q u a t e r n a r y  c o n s t r a i n t s  which main ta in  m o l e c u l a r  

s y m m e t r y .  Coope ra t i v t t y  has a lso  been explained by Koshland,  Nemethy  and 

F i l m e r  2, in t e r m s  of induced-f i t  binding of subs t r a t e  and in t e rac t ions  be tween  

subunits  in d i f ferent  t e r t i a r y  confo rma t ions .  Both t heo r i e s  explain posi t ive  

coopera t iv i ty .  However ,  only  the coope ra t ive  m e c h a n i s m  of Koshland,  et al. 

explains  negat ive  coopera t iv i ty ,  and only the coopera t ive  m e c h a n i s m  of MWC 

explains  c o o p e r a t i v i t y  when s t r u c t u r a l  change does not coincide with sub- 

s t r a te  binding. 

The coope ra t ive  m e c h a n i s m s  of both t heo r i e s  have been combined  in a 

3 ,4  
single mode l  which is d e s c r i b e d  in g r e a t e r  detail  e l s ewhe re ;  the MWC and 

Koshland theo r i e s  a re  spec ia l  c a s e s  of this gene ra l  mode l  (see Table I). 

Ano the r  spec ia l  case  is p a r t i c u l a r l y  appl icable  to hemoglobin:  P e r u t 2  has 

sugges ted  that c o o p e r a t i v i t y  a r i s e s  f r o m  the combina t ion  of induced-f i t  bind- 

ing of oxygen,  as  hypothes ized  by Koshland,  and q u a t e r n a r y  c o n s t r a i n t s ,  as 

hypothes ized  by MWC (see Table I). 

The gene ra l  mode l  a lso  i n c o r p o r a t e s  two m e c h a n i s m s  for  e f f ec to r  act ion:  

(1) E f f ec to r  mo lecu l e s  m a y  in te rac t  d i r e c t l y  (' d i r ec t  e f f e c t o r s '  ) with bound 
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subs t r a t e  m o l e c u l e s  o r  with the subs t r a t e  r e c e p t o r s ,  changing the s tabi l i ty  

of the bound complex  and the o b s e r v e d  binding affinity. In the l imi t ing case  

of ex t r eme  an tagonis t i c  i n t e rac t ions  beween subs t r a t e  and e f fec to r ,  the 

e f f ec to r  c o m p e t e s  (' compet i t ive  e f f e c t o r s '  ) with subs t r a t e  for  occupancy  of 

the same binding si tes.  

(2) E f f ec to r  mo lecu l e s  m a y  shift the equ i l ib r ium between a c c e s s i b l e  con- 

fo rma t ions  (' a l l o s t e r i c  e f f e c t o r s '  ) by  binding p r e f e r e n t i a l l y  to a p a r t i c u l a r  

t e r t i a r y  o r  q u a t e r n a r y  con fo rma t ion  (' t - e f f e c t o r s '  and ' q - e f f e c t o r s '  ). 

In p a r t i c u l a r ,  for  the case  of hemoglobin  oxygenat ion,  the following 

types  of e f f ec to r s  a re  included in the model :  

(A) Carbon  monoxide ,  as  an example  of a compet i t ive  e f fec tor .  

(B) The p ro tons  involved in the alkal ine Bohr  effect  (which bind p r e f e r e n t i -  

a l ly  to the intact  sal t  b r i dges  of subunits  in the de0xy t e r t i a r y  conformat ion5},  

as  an example  of a t - e f f ec to r .  

(C) DPG {which binds p r e f e r e n t i a l l y  to the deoxy q u a t e r n a r y  s t r u c t u r e  of 

hemoglobin6) ,  as  an example  of a q - e f f ec to r .  

(D) Since binding of DPG is pH dependent ,  pH inf luences  the q u a t e r n a r y  

equ i l ib r ium in the p r e s e n c e  of DPG, and p ro tons  can be cons ide red  ' second-  

o r d e r '  q - e f f e c t o r s ,  as  Well as  t - e f f ec to r s .  

We shal l  hence fo r th  spec ia l i ze  the mode l  to the t r e a t m e n t  of the effect  

of DPG on hemoglobin  oxygenat ion.  At constant  l eve l s  of o ther  e f f e c t o r s  

(e. g. , cons tan t  pH), the f r ac t iona l  s a tu ra t ion  of the oxygen and DPG binding 

s i tes  is g i v e n  by 

Yo z 

YDPG 

where  

Zdeoxy = 

1 Z-1 (5 Z /  5Po2) (la) = ~ Po 2 

= Z -1 [DPG] f ree  (SZ/ ~[DPG] f ree  ) (lb) 

Z = Zdeoxy  + Zoxy , (2) 

Kq (KDPG, deoxy[DPG] f ree  + 1) 
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x ( P o 2 C 2  ' deoxy  + 1)2 KI3 2 (Po2 o 2 , d e o x y  + 1) (3a) 

Zoxy  = (KDPG, oxy [DPG] f r e e  + 1) 

a Z ~o 1)Z x (Po2Koz ,oxy  + 1) (PozK 2 ' ° x Y  + (3b) 

and 
[DPG] f r ee  = [DPG] tota l  - [Hb]  YDPG " (4) 

The p a r a m e t e r s  a p p e a r i n g  in the above equat ions  a r e  def ined as  fol lows:  

I~o2 ' and K ~ o 2, deoxy  a r e ,  r e s p e c t i v e l y ,  the c o n s t r a i n t s  fo r  induced- f i t  deoxy 

binding to ~ and /3 subuni ts  c o n s t r a i n e d  by  the deoxy q u a t e r n a r y  con fo rma t ion .  

KDPG,  deoxy is the constanL for  DPG binding to the deoxy q u a t e r n a r y  con-  

fo rma t ion .  T h r e e  m o r e  p a r a m e t e r s  a r e  s i m i l a r l y  def ined with ' deoxy '  

q u a t e r n a r y  c o n f o r m a t i o n  r e p l a c e d  by  ' oxy '  q u a t e r n a r y  c o n f o r m a t i o n .  A 

seven th  p a r a m e t e r ,  K , is the cons tan t  fo r  the e q u i l i b r i u m  be tween  the two 
q 

q u a t e r n a r y  c o n f o r m a t i o n s  in the a b s e n c e  of oxygen  and DPG. 

A p a r t i a l  t e s t  of the p r e s e n t  mode l  was  ob ta ined  in a t t e m p t i n g  to fit  both  

m o n o p h a s [ c  and phas i c  oxygena t ion  data by  ad jus t ing  the seven  p a r a m e t e r s  of 

the above  equat ions .  A n e a r l y  equa l ly  good f i t  to the data  was  obta ined  (see 

Fig. 1} by  a s s u m i n g  that  

= K/3 (5a) 
C 2 '  deoxy o 2, cleoxy - Ko 2 , deoxy  

and 
= K j3 (5b) 

t~o 2 , oxy 02 , oxy  -7" Ko 2 , oxy 

so that  the s even  ad jus t ab le  p a r a m e t e r s  r educe  to f ive.  Thus  our  mode l  

i n t e r p r e t s  the data  to sugges t  that  the ~ and ~3 cha ins  a r e  n e a r l y  equ iva len t  

with r e s p e c t  to oxygen  a f f in i ty  and q u a t e r n a r y  c o n s t r a i n t s .  

The f i v e - p a r a m e t e r  m o d e l  was  then used  to p r e d i c t  the change of the 

q u a t e r n a r y  s t r u c t u r e  as  s u c c e s s i v e  heine g r o u p s  a r e  oxygenated .  

Equa t ions  (3a) and (3b) m a y  be r e w r i t t e n  in the f o r m  
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F i g u r e  1. E x p e r i m e n t a l  oxygenat ion  data  c o m p a r e d  with the t h e o r e t i c a l  
equ i l i b r ium cu rves .  

A. Data points ,  6, 7 t aken  with 6 X 10-5M hemoglob in  (by t e t r a m e r )  and 
- -  0 .05 M Bis T.r~s buf fe r .  Tota l  D~G: A none; [] 1.3 X 10-4M; 

<> 2.5X IO-~M; 0 4.0XIO-'M; X 1 . 0 X 1 0 - 3 M .  

B. 
m 

T h e o r e t i c a l  equ i l ib r ium c u r v e s  shown for  p a r a m e t e r  va lues :  

= 1.07 X 105 M- l }  KDPG, oxy = 1 .22 X 10 3 M - l ;  KDPG, deoxy 

Koz ' = K q =  1.27 X 1010; deoxy = 0 . 0 2 3 4 m m H g - l - ,  Ko2, oxy 9 1 . 3 m m H g - 1 .  

4 
Data points  8 taken  with 1.17 X 10- M hemoglob in  (by t e t r a m e r )  and 
Bis T r i s  buffer .  Tota l  DPG: A none; [] 2 .87 X 10 -5 M; 
5 . 7 5 X  10-5M;  O 8 . 6 2 X  10 -5 M; X 1 . 1 5 X 1 0 - 4 M ;  V 
1.15 X 10-3M. 

Theoretical equilibrium curves shown for parameter values: 

KDPG, deoxy KDPG, = " = 7 " 1 4 X 1 0 6 M - l "  oxy 2 " 7 0 X 1 0 3  M-1 
~ J 

K = 1.32 X 102; K = 0.0220mmHg-l; K =2.52mmHg~l. 
q o2, deoxy 02, oxy 

9 
Not ice  that  the method  of T y u m a  et al.  would involve z0 p a r a m e t e r s  to 
f i r  the 5 monophas i c  Benesch  c u r v e s  and at l e a s t  24 p a r a m e t e r s  to fi t  the 
6 Bunn c u r v e s .  
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and 

4 

Z d e o x y  = ~' Kq(KDPG, deoxy  [DPG] f r e e  
n=0 

4 
= ~ P ( d e o x y l n )  

n=0 

4! n n + 1) 
n! (4-n)! Po2Ko2, deoxy 

4 4! n Bin 
Zoxy  = n=0 ( K D P G ' ° x y [ D P G ] f r e e  + 1) n ! (4 -n ) !  p o  2 o z , o x y  

4 
= T, P(oxyTn) 

n=0 

(6a) 

(6b) 

Here  P (deoxy!n )  and P(oxy  In) a r e  p r o p o r t i o n a l ,  r e s p e c t i v e l y ,  to the p r o b -  

a b i l i t i e s  that  a s ing le  hemog lob in  m o l e c u l e  wi th  n he roes  oxygena t ed  w i l l  be 

in the deoxy  and oxy q u a t e r n a r y  c o n f o r m a t i o n s .  F i g u r e  Z shows  the changed  

b a l a n c e  b e t w e e n  the two q u a t e r n a r y  c o n f o r m a t i o n s  a s  oxygena t i on  p r o c e e d s .  

The change  f r o m  deoxy  to oxy q u a t e r n a r y  s t r u c u t r e  is  p r e d i c t e d  to o c c u r  

j u s t  b e f o r e  o r  j u s t  a f t e r  the t h i r d  heine is  oxygena ted ,  depend ing  on the DPG 

leve l .  Th i s  p r e d i c t i o n  is  in rough a c c o r d a n c e  wi th  the o b s e r v a t i o n s  of 

10 
Gibson  and P a r k h u r s t .  

The p r e s e n t  m o d e l  p r o v i d e s  a use fu l  m e a n s  of a n a l y z i n g  a b n o r m a l  

oxygena t ion .  The s u b s t i t u t e d  r e s i d u e s  of s e v e r a l  v a r i a n t  b e m o g l o b i n s  have 

been  found to shi f t  the a l l o s t e r i c  e q u i l i b r i u m  be t w e e n  e i t h e r  the t e r t i a r y  o r  

11 
the q u a t e r n a r y  c o n f o r m a t i o n s .  Such e f f ec t s  should  be r e f l e c t e d  in the 

p a r a m e t e r s  of the m o n o p h a s i c  oxygena t i on  c u r v e s .  

A c k n o w l e d g e m e n t s :  The f i r s t  au tho r  is  g r a t e f u l  to P r o f e s s o r  R o b e r t  J. S i lbey ,  

fo r  his  g e n e r o u s  m o r a l  and f i n a n c i a l  s u p p o r t  of th is  work .  We a r e  much  

ob l i ged  to Mr.  A r n o l d  Re inho ld  fo r  his  p a i n s t a k i n g  and a s t u t e  gu idance  in the 

p r o g r a m m i n g  a s p e c t s  of th is  e n d e a v o r ,  and for  the loan  of an e x c e l l e n t  

8 
m a x i m i z i n g  rou t ine .  Thanks  a r e  a l s o  due to P r o f e s s o r  H. F r a n k l i n  Bunn 

fo r  t ak ing  a new se t  of da ta  fo r  ou r  use ,  and to P r o f e s s o r s  Ruth and 

Re inho ld  B e n e s c h  7 fb r  p r o v i d i n g  t h e i r  raw data .  Th i s  w o r k  was  s u p p o r t e d  

by  A1RPA Gran t  SD-90,  by  the R e s e a r c h  C o r p o r a t i o n ,  and by  NSF G r a n t  GP-154Zl  
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F i g u r e  2. The r e l a t i v e  p r o b a b i l i t i e s  of the oxy and deoxy  q u a t e r n a r y  s t a t e s  
in a h e m o g l o b i n  m o l e c u l e  wi th  n he roes  oxygena ted .  ( T h e o r e t i c a l  p a r a m -  
e t e r s  a s  in F i g u r e  1A.)  

The "change" from one quaternary conformation to another is marked by 
a v+1. 

Note added in proof: The equations applied here to DPG inhibition of hemo- 

globin oxygenation are a special case of our general model. This model is 

12 
more general than that of Szabo and Karplus, which was very recently 

applied to the Bohr effect (but not to the DPG effect). In particular, the 

models differ significantly in that we make no a priori assumptions regard- 

[ng at what stage of oxygenation the change in quaternary conformation 

occurs, but rather deduce this information from the oxygenation data as 

interpreted by our model. 
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