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Dilaiomeiric measurements of the volume changes accompanying the binding reactions of azide fon to human adult and
pizeon methemoglobins as a function pH at 25°C demonstrate pH values of maximum volume change (pH AVmax) which
are different for the different hemoglobins. pH 4 yry, o oCeurs at pH 6.7 for human methemoglobin A and at pH 7.7 for
pigeon methemoglobin. The pH A pry 4 Occurs near the characteristic pH (pPHg,) of maximum enthalpy of the same binding
reaction. It is shown that the larse pH variation in AV can arise if the configuration of charged groups on the surface of the
molecuie is different in methemoglobin and methemoglobin complex. When such a difference in configuration exisis the ad-
dition of the same number of protons to methemoglobin and methemoglobin complex will give rise to different changes in

the partial molar volume of the two species.

1. Introduction

The measurement of volume change AV, by dilato-
metry [1] affords a direct observation of the change in
an extensive property during a chemical process and at-
tempts to relate AV to known chemical changes are at
the basis of most of the studies on volume changes in
protein reactions [2,3]. In the previous work [4], we
reported the AV accompanying the binding of ligand
L, to methemoglobin (11bOL; )} and metmyoglobin
(MbOH,) as a function of pH using the dilatomeric
measurement and the pressure dependence of the equi-
librium constant for the reaction 4] HbOH, + L=
IIbL + 1i, 0. It was observed that the AV, accompany-
ing the axide and cyanide binding reactions varied with
pH and showed a maximum (4] . Similar pH profile of
enthalpy of ligand binding has been observed [5]. ¥if
this behaviour is general to different methemoglobins
in their binding reactions, it will be an indicatior of a
comsmon structural factor relating the pH characteristic
of enthaipy of ligand binding to another obligatory
thermodynamic constant, in this case the AV of the
ligand binding to methemoglcbin.

Of particular relevance to the work described in this
paper is the concept of characteristic pH [5,6] of a
hemoglobin (pH 4,). We define the characteristic pH of

a hemoglobin as the pH at which the enthalpy of forma-
tion of a methemoglobin complex with a charged ligand
passes through a maximum and we have shown that it

is sensitive to changes in the amino acid composition.
For a large number of hemoglobins, pH 4, is correlated
with differences between the number of lysine and ar-
cinine residues and the number of glutamic acid and
aspartic acid residues in the molecule [7] . These effects
would arise if the charged amino acid on the surface of
the molecule change to a new configuration in a con-
ceris manner in the region of the characteristic pH.

Such changes in the configuration of charged groups
through changes in hydration structure might give rise

to significant volume changes and accompanying com-
pensating enthalpy and entropy changes which has been
shown to be characteristic of the complex formation in
methemoglobins. The correlation between the pH 4, and
the relative composition of charged amino acids [7]
implies that a change of a single amino acid involving

a change in charge can affect the magnitude of a propar-
ty of methemoglobin. We have therefore been led to sug-
gest that even-though AV is a small obligatory quantity
in the thermodynamic expression for the total Gibbs free
energy change, since its value and pH profile runs parallel
to important thermodynamic constants in term of the
enthalpy and entropy of the binding reactions for dif-
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ferent methemoglobins, the pH profile of the AV asso-
ciated with ligand binding to methemoglobin might
vary with species in a manner that, there would exist a
pH of maximum AV which might be related to charged
amino acid composition as does the pH 4, . 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 profiie 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 [8]. Phosphate and borate buf-
fere 7 = 0.5 were used throughout. Concentrated hemo-
globin solutions were prepared by pressure dialysis
against appropriate buffer solutions and hemoglobin
concentration was determined using e}Sﬁ)OCN =10.9 mM.
Dilalometric measurements were made as described in
the previous report [4] at 25°C.
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Fig. 1. Plot of AV against pH accomps . ying the reaction of
azide ion with methemoglobins: o human aduli methemoglobin
A and e pigeon methemoglobin.

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

(—AV) Volume change/mole Fe

(2) human adult methemogiobin

5.30 9.32 = 0.16
5.78 10.23 2008
6.27 13.62 = 0.23
6.48 14.71 = 0.14
6.92 14.37 = 0.24
7.10 12.35 2 0.15
7.76 9.03 = 0.24
8.26 7.06 = 0.07

(b) pigeon methemoglobin

5.23 3.99 = 0.08
5.68 572+ 0.11
5.93 7.48 = 0.16
6.60 9.83 = 0.48
6.98 1146 + 0.34
7.36 12.72 2 0.26
7.73 12.84 + 048
7.96 12.48 = 0.09
8.44 11.29= 0.10

3. Result and discussion

Table 1 gives the values of the AV accompanying
the binding of azide ions tc 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 pHa pp ¢
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. pHa yro .y Occurs at pH 6.7 for methemo
globin A and pH 7.7 for pigeon methemoglobin.

The result in fig. 1 shows that A¥V—pH profile is
qualitatively similar in character io the AH — pH profi
for the binding reaction of methemogiobin, there bein;
a pH of maximum AV, pH p,., , Which varies from
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one hemoglobin to another and the position of
PHA prax Occurs in the pH region which is close to the
pH,- It is therefore suggestive that the pH 4y, . and
pH 4, might have a cominon 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 AV with pH? In order io relate AV to known

chemical and structural changes in the methemoglobin
molecule we consider the equilibrium binding reaction

Hb*OH, + L™ =HbL + H,0.

The overall equilbrium constant K; for the above reac-
tion of methemoglobin (HbOH,) 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:

dlnK/op = —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

I—Ib"'OH:2 +L”=HbL + yH¥ H,0,

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

dlog K/opH = .

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:

0 (logK)_2y 2 (3logK)_ 23y
op opH op’ oOpH Oop op”

Substituting the expression in equation relating log Ky
to AV we have

2 (—AV) _oy

apH 2303 R7T op

At constant pressure 9y//dp would be zero, which
should make the expression

- ( —AV )
opH\ 2303 RT
equal to zero.

From the slope of AV — pH curve in fig. 1, 0¥/
opH is finite on both sides of pH,, ;. A 17- On the acid
side of pH_ ., 13- (0AV/0pH) is positive with a value of
~ 5 cm3/pH unit. The slope 3AV/0pH for human adult
A and pigeon methemoglobin are similar on either side
of pH, .. A3~ 2and 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 strength 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 Beetlesione and co-workers
[10] the Wyman relationship is modified thus

apH Y T 2303 RT opH (g, Xy~ “Hbu)’

where FlO-Iqu’ u%bu are the chemical potential of the
methemoglobin with bound ligand and without ligands
iespectively. 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 respzct to
pressure and obtained the expression

o BlogK; 5y 19 (3!1?1qu aﬂ%bu)

opH op “9p T2303RTopH\ dp ~ op
B (_;_42'_)
3pH\2303 RT

oy 1 ) ( 311?4qu 311?-1bu)

" 9p T 2303RT opH\ op  op /’

) ( —AV )= v
opH\2303R7/ op

1 2
~ 3303 R7 apH OVuvx, ~ %Vhp,)-

At constant pressure 9¢//dp will be zero, the above ex-
pression then becomes

? _ .2 - Py
apH ( AV) - apH (@VHqu - ¢Vﬂbu) ap}_l (AQV)S[, v

where ¢¥Vypx,, and @¥yp,, are the partial molar volume
of the methemoglobin complex and methemoglobin
respectively with the linked groups unionized in both
cases. (0/opH) (—AV) would be positive if 9Vhpx, >
oVup, tending to suggest that below pHy, .4} the pH
variation of partial molar volume of the liganded methe-
moglobin would be greater than that of aquomethemo-
globin.

On the alkaline side of pH;, ., A - 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 HbX; and Hb;. The ex-
pression in previous equation would become

A(—A o (OMHBX; OHHY 2
oV 0 (Ppm DHn). D (agw,
opH opH op oo opH 1
The negative slope of AV — pH profile above the
PH, a1 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 volilme changes on passing the
PH,,.xa - due to the ionization of the linked groups

on the protein.

As the pH increases on the acid side of the pHa y
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 charg
in the low dielectric provided by the protein interior
decreases with complex 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, p,.x
would therefore depend intimately on the relative
number of positive and negatively charged amino acids
which in tumn is related to pH g, and hence pHy py,a, M2
therefore follow closely pH ;, for each hemoglobin.

Drude and Nernst [12] showed that if a charge Z is
uniformly distributed on the surface of a sphere of ra-
dius ¢ and immersed in a dieleciric, the dielectric will
undergo a volume change AV due to elecirostriction
given by the expression

AV = —g(VaAD/aVv)e?z2[24D?,

where f§ is the compressibility , D and ¥ are the dielec-
tric constarnt and volume of the dielectric respectively.
From this expression as the pH increases when the net
charge Z on the methemoglobin and its complex also
increases the positive value of 0¥ /opH on the alkaline
side of pHp pp ., 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 accempanying 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
resuliing 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 ligand binding is intimately linked with the charged
amino acid composition of the hemoglobin that de-
termined the sensitivity of a hemogiobin oxygen af-
finity 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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