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Dilatometric measurements of the volume changes accompanying the binding reactions of azide ion to human adult and 
pigeon methemoglobins as a function pH at 25°C demonstrate pH values of maximum volume change (pHA Vmax) which 
are different for the different hemoglobins, pHzxvmax occurs at pH 6.7 for human methemoglobin A and at pH 7.7 for 
pigeon methemoglobin. The PHAVmax occurs near the characteristic pH (PHch) of maximum enthalpy of the same binding 
reaction. It is shown that the large pH variation in ,xV can arise if the configuration of charged groups on the surface of the 
molecule is different in methemoglobin and methemoglobin complex. When such a difference in configuration exists the ad- 
dition of the same number of protons to methemoglobin and methemoglobin complex will ~ve rise to different changes in 
the partial molar volume of the two species. 

1. Introduct ion 

The m e a s u r e m e n t  o f  vo lume  change AV,  b y  di la to-  
m e t r y  [1] af fords  a di rect  obse rva t ion  of  the  change in  
an  extensive  p r o p e r t y  du r ing  a chemica l  process  and  at- 
t e m p t s  to  relate A V  to  k n o w n  chemica l  changes are at  
the  basis  o f  m o s t  o f  the  s tudies  o n  v o l u m e  changes  in  
p ro t e in  reac t ions  [2 ,3 ] .  In  the  prev ious  w o r k  [ 4 ] ,  we 
r epor t ed  the  A V  a c c o m p a n y i n g  the  b i n d i n g  o f  l igand 
L, to  m e t h e m o ~ o b i n  ( H b O H 2 )  and  m e t m y o g l o b i n  
(MbOH2)  as a f u n c t i o n  o f  pH us ing  the  d i l a tomer ic  
m e a s u r e m e n t  and  the  pressure d e p e n d e n c e  o f  the  equi-  
l i b r ium c o n s t a n t  for  the  r eac t ion  t4] H b O H  2 + L 
H b L  + H 2 0 .  I t  was observed tha t  the  AV,  a c c o m p a n y -  
ing the  axide a n d  cyan ide  b i n d i n g  reac t ions  varied w i th  
pH a n d  showed  a m a x i m u m  [ 4 ] .  Similar  pH prof i le  o f  
e n t h a l p y  o f  l igand b i n d i n g  has  b e e n  observed  [5 ] .  I f  
th is  beha~qour is general  t o  d i f fe ren t  m e t h e m o g l o b i n s  
in  the i r  b i n d i n g  reac t ions ,  i t  wil l  be  an  i n d i c a t i o n  o f  a 
corm-non s t ruc tura l  fac tor  re la t ing  the  pH character is t ic  
o f  e n t h a l p y  o f  l igand b i n d i n g  to  a n o t h e r  ob l iga to ry  
t h e r m o d y n a m i c  c o n s t a n t ,  i n  th is  ease the  A V  o f  the  
l igand b i n d i n g  to  m e t h e m o ~ c b i n .  

O f  par t i cu la r  re levance  to  the  w o r k  descr ibed  in  th is  
paper  is the  concep t  o f  character is t ic  pH [5,6] o f  a 
h e m o ~ o b i n  (PHch).  We def ine  the  character is t ic  pH o f  

a h e m o g l o b i n  as the  pH at wh ich  the  e n t h a l p y  o f  fo rma-  
t i o n  o f  a m e t h e m o g l o b i n  c o m p l e x  w i th  a charged l igand  
passes t h rough  a m a ~ x n u m  a nd  we have s h o w n  t h a t  i t  
is sensit ive to  changes in the  a m i n o  acid c o m p o s i t i o n .  
F o r  a large n u m b e r  o f  h e m o g l o b i n s ,  PHch is co r re la ted  
w i th  d i f fe rences  b e t w e e n  the  n u m b e r  o f  lys ine  a nd  ar- 
g in ine  residues and  the  n u m b e r  o f  g lu t amie  acid a n d  
aspart ic  acid res idues  in the  mo lecu l e  [ 7 ] .  These  ef fec ts  
w ou l d  arise i f  the  charged a m i n o  acid o n  the  surface o f  
the  mo lecu l e  change to  a n e w  c o n f i g u r a t i o n  in  a con-  
certs m a n n e r  in  the  region o f  the  charac ter i s t ic  pH.  
Such changes in  the  c on f i gu r a t i on  o f  charged g roups  
t h r ough  changes in  h y d r a t i o n  s t ruc tu re  m i g h t  give rir, e 
to  s ignif icant  vo lume  changes and  a c c o m p a n y i n g  com-  
pensa t ing  e n t h a l p y  and  e n t r o p y  changes w h i c h  has  b e e n  
show n  to  be  character is t ic  o f  the  c o m p l e x  f o r m a t i o n  in  
m e t h e m o g l o b i n s .  The  cor re la t ion  b e t w e e n  the  PHch a n d  
the  relat ive c o m p o s i t i o n  o f  charged a m i n o  acids [7] 
impl ies  t h a t  a change o f  a single a m i n o  acid invo lv ing  
a change  in  charge can  affect  the  m a g n i t u d e  o f  a p rover -  
t y  o f  m e t h e m o g l o b i n .  We have the re fo re  b e e n  led  t o  sug- 
gest t h a t  even- though  A V  is a smal l  ob l iga to ry  q u a n t i t y  
i n  "dae t h e r m o d y n a m i c  express ion  for  the  t o t a l  G i b b s  free 
energy  change,  since i ts  value and  pH prof i le  r u n s  para l le l  
to  i m p o r t a n t  t h e r m o d y n a m i c  c o n s t a n t s  i n  t e r m  o f  t he  
e n t h a l p y  and  e n t r o p y  o f  the  b i n d i n g  r eac t ions  for  dif-  



ferent methemoglobins, the pH profile of the AV asso- 
ciated with ligand binding to methelm,oglobin might 
vary with species in a manner that, there would exist a 
pH ofmaxinmm AVwhich mi&t be related to charged 
amino acid composition as does the pHch _ We have 
therefore measured the AV accompanying the reaction 
of pigeon and human A methemoglobin with azide 
ions at 25°C using dilatometeric technique, in order to 
find out if AV - pH profile of the methemoglobin 
binding reaction would vary with species and with the 
charged amino acid composition. 

2. Materials and method 

Human and pigeon methemoglobins were prepared 
as previously described [S] . Phosphate and borate buf- 
fers I = 0.5 were used throughout. Concentrated hemo- 
globin solutions were prepared by pressure dialysis 
against appropriate buffer solutions anmOhemoglobin 
concentration was determined using eHbCN = 10.9 mM. 
Dilalometric measurements were made as described in 
the previous report [4] at 25°C. 

-AV 

PH- 

Fig. 1. Plot of AV against pH accomp:.:&ag the reaction OF 
azide ion with methcmoglobins: o human adult methemoglobin 
A and 0 pigeon methemoglobin. 

Table 1 
Values of the volume change accompanying the binding of 
azide ion with human adult and pigeon m&hemoglobins 

(-aV) Volume change/mole Fe 

(a) human adult methemoglobin 

5.30 

5.78 

6.27 

6.48 

6.92 

7.10 

7.76 

8.26 

9.32 f 0.16 

10.23 i 0 08 

13.62 f 0.23 

14.71 f 0.14 

14.37 + 0.24 

12.35 i 0.15 

9.03 f 0.24 

7.06 * 0.07 

(b) pigeon methemoglobin 

5.23 3.99 i 0.08 

5.68 5-72 * 0.11 

5.93 7.48 * 0.16 

6.60 9.83 zk 0.48 

6-98 11.46 i 0.34 

7.36 12.72 f 0.26 

7.73 12.84 i 0.48 

7.96 12.48 f 0.09 

8.44 11.29 i 0.10 

3. Result and discussion 

Table 1 gives the values of the AV accompanying 
the binding of azide ions to human adult and pigeon 
methemoglobins at 25°C and fig_ 1 is the plot AV ac- 
companying the azide binding reaction against pH for 
pigeon and methemoglobin A. For each methemoglobi 
there is a contraction in volume on the binding of ligar 
making the AV accompanying the ligand binding reac- 
tion negative. The volume change becomes more nega- 
tive with pH and reaches a maximum at a pH,Vm, 
close to the characteristic pH of the human adult and 

pigeon methemoglobins. Above this pH of maximum 
AV, the volume change becomes less negative with in- 
crease in PH. PHAV~~ occurs at pH 6.7 fcr methemo. 
globin A and pH 7.7 for pigeon methemoglobin. 

The result in fig. 1 shows that AV-pH profile is 
qualitatively similar in character to the AfT - pH profi 
for the binding reaction of methemoglobin, there bein! 
a pH of maximum A V, pHA vm,, which varies from 
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one hemoglobin to another and the position of 
pHp_vmax occurs in the pH region which is close to the 
pHCh _ It is therefore suggestive that the pH,,, and 
pH,__ might have a common structural origin and might 
be related to the composition of charged groups on the 
protein. 

What explanations could be given to the bell shaped 
variation of AVwith pH? In order to relate AV to known 
chemical and structural changes in the methemoglobin 
molecule we consider the equilibrium binding reaction 

Hb’OH, + L- =+ HbL + H,O. 

The overall equilbrium constant KL for the above reac- 
tion of methemoglobin (HbOH2) with a ligand, L- is 
related to the volume change associated with the same 
binding reaction through the pressure dependence of 
the overall equilibrium constant according to the ex- 
pression: 

alnlujap = -AV/RT. 

At constant temperature, the pH dependence of the 
equilibrium constant could be accounted for if the 
ligand binding process is assumed linked to the release 
of a proton and we can write the methemoglobin reac- 
tion as 

Hb’OH, + L- = HbL -r- $H’ H,O, 

where I$ is the number of hydrogen ion released at a 
particular pH and arises from the differences between 
the pK values of linked ionizable groups on Hb+OH, 
and HbL. Wyman linkage expression [9] for the bind- 
ing reaction and the linked ionized group could be 
written as 

a log K&H = 9. 

In order to apply the linkage equation to account for 
the PH profile of volume changes, we differentiate the 
Wyman linked equation expression with respect to 
pressure and obtain the expression: 

a (alog K) _ ag a 
apapH--?@ - 

(alog K) _ a+ 
apHap -ap- 

Substituting the expression in equation relating log K, 

to AVwe have 

a (-AV) = ag 
apH 2303 RT ap - 

At constant pressure a$/+ would be zero, which 
should make the expression 

equal to zero. 
From the slope of AV - pH curve in fig. 1, aV/ 

apH is finite on both sides of pHn.,,v. On the acid 
side of PH,,~ (aAV/apH) is positive with a value of 
-5 cm3/pH unit. The slope aAV/apH for human adult 
A and pigeon methemoglobin are similar on either side 
of pH,,, and in order to account for the pH depen- 
dence volume change for the reaction of methemoglobin 
A and pigeon with azide ion the Wyman’s relationship 
does not hold. Obviously some of our assumptions 
must be incorrect or some of the assumptions that are 
inherent in the Wyman relations may not be valid. 
There are several assumptions contained in Wyman’s 
expression, the most significant of which is the fact 
that the ratio of activity coefficients of the various 
protein species remains constant. This arises largely 
out of the choice of standard state. Wyman chooses the 
standard state for reactant and product to be a solution 
in which the hemoglobin molecule is in the state where 
proton has been added to all possible ionizable groups. 
Any variation of the pH dependence of the chemica! 
potential of either reactant or product apart from those 
arising from loss of proton could be buried in the ac- 
tivity coefficient term defined in terms of the chosen 
standard state. 

Specifically we choose a new standard state of one 
molar protein solution with properties such that as the 
protein concentration and ionic stiength are reduced to 
zero, the activity coefficient approaches unity assuming 
that the protein retains the same net charge and protein 
configuration under the experimental condition of ionic 
strength and pH. On this basis following the earlier 
procedures introduced by Beetlestone and co-workers 
[lo] the Wyman relationship is modified thus 

aiog K= 1 
- =‘-22303RT apH aPH 

where &au, db,, are the chemical potential of the 
methemoglobin with bound ligand and without ligands 
respectively_ In both methemoglobin and its complex 
the linked groups are in unionized form. Using this ex- 
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pression we can derive the volume change relationship 
by differentiating the above expression with respect to 
pressure and obtained the expression 

a alog k; a* 
m 7 = G - 2.303 RT apH 

= 3 1 a 
aP - 2.303RT m 

1 
-C W&u - QQQ - 2.303 RT apH 

At constant pressure a$/+ will be zero, the above ex- 
pression then becomes 

sH (-AV) = -?- apH @‘vHbX, - @vHbu) - apM - -CL W,v), v 

where Qp~bx, and @VHb, are the partial molar volume 
of the methemoglobin complex and methemoglobin 
respectively with the linked groups unionized in both 
cases. (a/apH) (-AV) would be positive if #vHb& > 
@iv,, tending to suggest that below PH,.,.,,~ v the pH 
variation ofpartial molar volume of the hganded methe- 
moglobin wouId be greater than that of aquomethemo- 
globin. 

On the alkaline side of pHrea y both the liganded 
and the aquo methemoglobin would be present in the 
form in which the linked groups are in their ionized 
forms and the species making contribution to the chemi- 
cal potential would be largely HbXi and Hbi. The ex- 
pression in previous equation would become 

a(--av) a -=- 
( 

WHbX, aPHbi -- 
aPH apH ap ap 1 = & CA@?: 

The negative slope of OV - pH profile above the 
pHn,,v could be accounted for if the pH dependence 
of the partial molal volume of the aquomethemoglobin 

with the linked groups in the ionized form is greater 
than the partial molar volume of the liganded complex. 
We could therefore suggest that the partial molar volum 
change of the liganded and aquomethemoglobin under- 
goes a reversal of molar vol&ne changes on passing the 

PHnlaU v due to the ionization of the linked groups 
on the protein. 

As the pH increases on the acid side of the pHAVn,a>i 
ionization of charged groups would increase and this 
process is accompanied by a contraction of about 5 cm: 
per unit pH. This could be explained if charged groups 
on the surface of the protein carry into the bulk solvent 
some of the “frozen” water of hydration on the protein 
molecule, or that the volume of water which is not dif- 
fusible to ions due to electrostatic effect of image charge 
in the low dielectric provided by the protein interior 
decreases with co_mplex formation. The configurations 
of the methemoglobin and its complex at any pH is de- 
termined by orientation of charge groups resulting in a 
unique configuration where positively and negatively 
charged groups are occupying positions that define a 
unique hydration structure of the methemoglobin and 
its complex at each PH. The position of the pH, vmti 
would therefore depend intimately on the relative 
number of positive and negatively charged amino acids 
which in turn is related to pH& and hence pH,vmax ma 
therefore follow closely pHa, for each hemoglobin- 

Drude and Nernst [ 123 showed that if a charge 2 is 
uniformly distributed on the surface of a sphere of ra- 
dius 0 and immersed in a dielectric, the dielectric will 
undergo a volume change AV due to electrostriction 
given by the expression 

AV= _P (VdD/dV)e2Z2/2cD2 7 

where S is the compressibihty,D and V are the dielec- 
tric constant and volume of the dielectric respectively. 
From this expression as the pH increases when the net 
charge 2 on the methernogIobin and its complex also 
increases the positive value of aV/apH on the alkaline 
side of pHavmax could be explained if as the pH in- 
creases addition of ligands decrease the net charge of 
the complex and the partial molar volume of the methe- 
moglobin complex with respect to the methemoglobin 
at the same PH. In other words addition of the same 
number of protons to methemoglobin and its complex 
will give rise to different changes in the partial molar 
volume of the two species. Changes of orientation of 
these charged groups and the accompanying changes in 
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hydration are intimately linked to the volume and en- 
thalpy changes associated with the ligand binding pro- 
cess through changes in the environment of the heme 
resulting from spin state changes and protolysis of 
crucial groups most especially the distal group in the 
molecule, whose configuration would respond to 
changes in-the spin state of the iron as well as the hy- 
dration structure of the molecule. Such a mechanism 
may account for the variable volume and enthalpy 
changes with different ligands as has been previously 
observed. 

The physical and biological significance of the pH 
dependent volume changes characteristic of methemo- 
globins may lie in the correspondence between it and 
the pH dependent changes in enthalpy with character- 
istic compensation in entropy changes both quantities 
of which show similar pH profile with a pH of maximum 
value characteristic of each methemoglobin. pH depen- 
dent volume changes like the pH dependent enthalpy 
and compensating entropy changes may therefore be 
dependent on the same process which derives a substan- 
tial contribution from fluctuations in spin and protein 
configurational changes. 

To the extent that the characteristic pH of a methe- 
moglobin that arises from its pH dependent enthalpy 
of &and binding is intimately linked with the charged 
amino acid composition of the hemoglobin that de- 
termined the sensitivity of a hemoglobin oxygen af- 
fiity to the binding of diphosphoglyceric acid (DPG) 
which meets the metabolic need of the animal species 
[13] , it is not inconceivable that volume changes like 

enthalpy changes with similar profile and pH depen- 
dence that derives from similar structural and thermo- 
dynami basis would also be equally related to function. 
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