
H Y D R O G E N  I O N  E Q U I L I B R I A  V O L .  1 8 ,  N O .  1 0 ,  1 9 7 9  1919 

Rojas, E., & Rudy, E. (1976) J .  Physiol. (London) 262, 

Tanford, C. F., & Reynolds, J. A. (1976) Biochim. Biophys. 

Trams, E. G., & Hoiberg, C. P. (1970) Proc. SOC. Exp.  Biol. 

Ulbricht, W., & Wagner, H.-H. (1975) Philos. Trans. R. SOC. 
502-53 1. Med. 135, 193-196. 

Acta 457, 133-170. London, Ser. B 270, 353-364. 

Electrostatic Effects in Hemoglobin: Hydrogen Ion Equilibria in 
Human Deoxy- and Oxyhemoglobin At 
James B. Matthew,* George I .  H. Hanania,l and Frank R. N. Gurd* 

ABSTRACT: The modified Tanford-Kirkwood theory of Shire 
et al. [Shire, S .  J., Hanania, G. I. H., & Gurd, F. R. N. (1974) 
Biochemistry 13, 29671 for electrostatic interactions was 
applied to the hydrogen ion equilibria of human deoxy- 
hemoglobin and oxyhemoglobin. Atomic coordinates for 
oxyhemoglobin were generated by the application of the 
appropriate rigid rotation function to (Y and 0 chains of the 
deoxyhemoglobin structure [Fermi, G. (1975) J .  Mol. Biol. 
97, 2371. The model employs two sets of parameters derived 
from the crystalline protein structures, the atomic coordinates 
of charged amino acid residues and static solvent accessibility 

T h e  classical treatment of hydrogen ion titration curves of 
proteins regards the molecule as an impenetrable sphere on 
which amino acid residues are grouped into classes of in- 
trinsically identical sites with their charges uniformly dis- 
tributed over the surface (Linderstr#m-Lang, 1924). The 
elegant simplicity of this frequently used model is offset by 
its inability to yield electrostatic information about individual 
groups, their specific roles, and their interactions. 

In the more realistic discrete-charge electrostatic theory 
(Tanford & Kirkwood, 1957; Tanford, 1957), the amino acid 
groups are point charges positioned at fixed sites on the surface 
of the protein or are buried a short distance within the interior 
of the molecule which is assumed to be a continuous medium 
of low dielectric constant. The theory was successfully tested 
on a variety of model compounds. An early application to 
hemoglobin was the calculation of electrostatic contributions 
to the free energy and enthalpy of acid dissociation of the 
iron-bound H 2 0  in human ferrihemoglobins A, S, and C; 
however, this calculation was limited to the mutual effect of 
two groups only, the iron atom and the amino acid concerned 
in the substitution (Beetlestone & Irvine, 1964). A full 
treatment of the hydrogen ion titration curve for tetrameric 
human hemoglobin was carried out by Orttung (1968, 1969, 
1970), although the numerical work was prohibitive. Whereas 
previous treatments had required burial of the charges up to 
1 A into the low dielectric medium beneath the surface of the 
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factors to reflect their individual degrees of exposure to solvent. 
Theoretical titration curves based on a consistent set of pKint 
values compared closely with experimental potentiometric 
curves. Theoretical pK values at half-titration for individual 
protein sites corresponded to available observed values for both 
quaternary states. The results bring out the cumulative effects 
of numerous electrostatic interactions in the tetrameric 
structures and the major effects of the quaternary transition 
that result from changes in static solvent accessibility of certain 
ionizable groups. 

molecule, Orttung found that in order to obtain proper fit of 
the data it was necessary to place all charges at the surface 
of the hemoglobin molecule. A much more efficient iterative 
algorithm was developed by Tanford & Roxby (1972) who 
applied it in analyzing the hydrogen ion titration curve of 
lysozyme, all charges being assumed in this case to be buried 
at a uniform depth of 0.4 A. 

In an attempt to overcome the uncertainty over the burial 
parameter and to allow for the irregular surface of a real 
protein, Shire et al. (1974a,b, 1975) introduced a modification 
into the Tanford model whereby, for each individual group, 
the magnitude of electrostatic intramolecular interaction was 
reduced in direct proportion to the extent of the group’s 
exposure to the solvent. The degree of exposure of each group 
is measured by its solvent accessibility parameter (Lee & 
Richards, 1971). On this new basis, i t  was shown that the 
discrete-charge model can be fruitfully employed to study 
several aspects of electrostatic effects in myoglobin. The theory 
correctly predicts the individual pK values, determined in- 
dependently from proton N M R  measurements, for histidine 
ionizations in 12 distinguishable myoglobin species including 
several histidine residues that are not present in the reference 
sperm whale myoglobin structure (Botelho et al., 1978). By 
use of appropriate crystallographic data, the theory has also 
been shown to account for the hydrogen ion titration behavior 
of human hemoglobin (Y chain as well as cytochrome c 
(Matthew et al., 1978b). 

In the present work, the modified Tanford-Kirkwood theory 
is applied in a detailed study of electrostatic effects in 
hemoglobin. The generality of this approach is illustrated by 
the fact that all computations are based on the same consistent 
set of intrinsic pKvalues already used (Matthew et al., 1978b; 
Botelho et al., 1978), with the appropriate solvent accessibility 
parameter obtained from the known atomic coordinates 
(Matthew et al., 1978a). The atomic coordinates are derived 
from a 2.5-A resolution electron density map of human de- 
oxyhemoglobin (Fermi, 1975). Since corresponding crys- 
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tallographic data are not available for human oxyhemoglobin, 
atomic coordinates for the latter were derived by rigid rotation 
and translation of the deoxyhemoglobin a and p chains into 
the oxyhemoglobin quaternary structure (Muirhead et al., 
1967; cox,  1967). An efficient FORTRAN computer program 
allows consideration of any globular structure, including the 
hemoglobin tetramer which has 182 titrable sites. The overall 
titration curves for deoxy- and for oxyhemoglobin are ac- 
curately reproduced when allowance is made for chloride 
binding (de Bruin et al., 1974; Rollema et a]., 1975). The 
treatment also enables one to compare computed pK values 
for individual histidine groups with experimentally determined 
quantities and to interpret the electrostatic role of charge- 
bearing groups under varying conditions of pH, ionic strength, 
and concentration of ligand effectors. 

Theoretical Section 
Electrostatic Free Energy. The Debye-Hiickel theory is 

used in calculating the electrostatic free energy of interaction 
for a set of discrete point charges on a sphere of radius b and 
ion exclusion radius a,  where a - b is the distance of closest 
approach of counterion to the protein molecule. The charges 
are conventionally placed on the surface of the equivalent 
sphere which is assumed to form a continuous medium with 
a low internal dielectric constant, D,, surrounded by solvent 
water with an external dielectric constant, D. 

The first stage of the calculation, for a given set of the 
parameters a, b, D,, D, temperature, and ionic strength involves 
computation of a table of the magnitude of free energy of 
interaction, W,J, for a pair of unit point charges z, and zJ placed 
on the sphere at  a separation r,,. Following the formalism of 
Tanford & Kirkwood (1957), W,, is given by 

Wij = e2zizj[[(Aij  - B i j ) / b ]  - (C i j /a ) ]  (1) 

where e is the electronic charge and A ,  and B,, defined in eq 
2, represent the contribution to electrostatic free energy at  zero 
A , .  = b1D.r.. 

1 1J 

1 - 26 + 262 6 -36' 
1/2 +- In X B..  =--- 

1J 

D 

r 
ionic strength and are functions of the model parameters b, 
Di, and D (and hence the ratio 6 = D i / D ) ,  as well as the 
distance between the two point charges, rij, and the angle 

I 5  

2 4 6 8 IO 12 14 16 18 

T I ]  

FIGURE 1: Plots of computed electrostatic free energy, Wij, in units 
of erg, for two charges i a n d j  placed on a sphere at a separation 
distance ri,. T = 25 O C ;  dielectric constant D = 78.5 and Di = 4.0. 
Four curves are shown: (1)  I = 0.0 M, b = 27.0 A; 2) I = 0.0 M, 
b = 18.0 A; (3 )  I = 0.10 M, b = 27.0 A, a = 29.0 A ; and (4) I = 
0.10 M, b = 18.0 A, a = 20.0 A. b is the radius of the sphere and 
a is the distance of closest approach of counterions. The 27.0-A sphere 
corres onds to the hemoglobin tetramer equivalent sphere, while an 
18.0-1 radius would correspond to a monomer equivalent sphere. 

subtended by them at the center of the sphere. The term Cij 
represents the additional contribution at  finite ionic strength; 
it is a function of another two parameters, the ion exclusion 
radius a and the ionic strength term K .  P, is a Legendre 
polynomial of order n. 

Figure 1 illustrates the direct application of this calculation 
to two cases which are spheres of radii 27 and 18 A, corre- 
sponding to hemoglobin tetramer and monomer, respectively 
(Orttung, 1970; Fermi, 1975). The plot shows the variation 
of Wij with separation distance rij, at Di = 4.0. A s  Figure 1 
shows, interaction energy is only slightly reduced on decreasing 
the size of the sphere (curves 1 and 2) but is substantially 
lowered upon raising the ionic strength from zero to 0.1 (curves 
3 and 4). It is a very sensitive function of riJ. Detailed 
computations for the whole molecule show that the overall 
effect is the sum of a large number of varying contributions, 
mostly small but not negligible, and that these summations 
of small contributions may equal or exceed the individually 
larger effects of closely positioned groups. 

Incorporation of Solvent Accessibility Parameter. The 
assumption of a fixed dielectric constant gives an oversimplified 
description of the real interactions a t  the irregular protein- 
solvent interface. I n  our modification of the Tanford model 
(Shire et al., 1974a), a solvent accessibility parameter (SA), 
specific for each group and readily computable from given 
atomic coordinates, is incorporated into the calculation of WiJ. 
The premise here is that individual groups sense a different 
effective dielectric constant (Hill, 1956), a variability that must 
be taken into account. 

The effective internal dielectric constant to calculate W,, 
may be defined by a direct relation such as D(SA,) ,  where D 
= 78.5 for water a t  25 "C, and SA, is a fraction less than 1 .  
A practical limit for static accessibility of 0.98 will then 
correspond to substantially complete solvation of the site, and 
0.02 will indicate, conversely, nearly complete restriction from 
the dielectric interface. Di values could then be used in 
computing the functions A,, B,,, and CiJ for each group 
separately. The procedure is inefficient. Moreover, if Di is 
not always much less than D, the expansion of Bij in terms of 
D i / D  requires extension beyond the second power, making the 
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Table I: Comparison of Some Wij Values erg) a t I =  0.10 
for Two Methods of Individual Site Static Accessibility 
Incorporation 
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Theoretical Titration Curues. The variation of Z, with p H  
yields the calculated titration curve of a group i in the protein. 
The sum of all the charges gives the net protein charge as a 
function of pH, the titration curve of the protein. 

Application to Hemoglobin 
Site Coordinates. Orthogonal atomic coordinates for human 

adult deoxyhemoglobin were obtained from the Brookhaven 
Protein Data Bank listing of the crystal structure determination 
at  2.5-A resolution (Fermi, 1975). The data describe the a0 
dimer. Atomic coordinates for the tetramer were generated 
by reflection across the twofold rotation axis into the spheroidal 
structure of radius about 27 A. Corresponding atomic co- 
ordinates for human oxyhemoglobin are not available and had 
to be derived. Rigid rotation of the deoxyheoglobin a and /3 
chains into the oxyhemoglobin quaternary structure required 
the use of the inverse of the rotation matrix specified by the 
Eulerian angles and inverse of the translation components for 
the oxy- to deoxyhemoglobin transformation (Muirhead et al., 
1967; Cox, 1967). No attempt was made to introduce changes 
in subunit tertiary structure accompanying the quaternary 
transition (Perutz, 1970). 

Intrinsic pK Values. There are three categories of proton 
binding sites. The first class comprises all groups with normal 
pK,,,: terminal carboxyl, 3.60; Asp, 4.00; Glu, 4.50; heme 
propionic acid, 4.00; His N", 6.00; His N', 6.60; terminal 
amino, 7.00; Cys, 9.00; Tyr, 10.00; Lys, 10.40; and Arg, 12.00. 
Choice of the appropriate intrinsic pK value between the two 
nitrogen atoms in histidine depends on the preponderant 
exposure of one or the other, as indicated by their solvent 
accessibilities (Botelho et al., 1978). The only deviation from 
the referenced data is for the hemoglobin amino terminal 
group, taken here as 7.00 rather than 8.00 (Botelho et al., 
1978; Matthew et al., 1978b). The pK,,! of 7.00, unusually 
low for a peptide terminal amine, is apparently attributable 
to unique nonelectrostatic interaction inherent to the native 
hemoglobin structure (Gros & Bauer, 1978). The second class 
of sites refers to other groups with abnormal pK,,, values as 
the result of hydrogen bonding or of other chemical in- 
volvement. Here, pK,,, was adjusted by adding 0.50 for Lys 
and Tyr groups or by subtracting 0.50 for Glu and Asp groups. 
The charge was assigned to the appropriate atom either on 
the basis of the hydrogen-bonding pattern or on the degree 
of solvent accessibility. 

The third class is that of masked, that is nontitratable, 
groups. These cases were identified by specific chemical or 
structural evidence. Thus, analysis of hydrogen ion titration 
curves indicates that, of the IO histidine residues in the a chain 
and 9 in the 0 chain of human hemoglobin, a total of 10-12 
groups per dimer are titratable (Tanford & Nozaki, 1966; 
Bucci et al., 1968); similar work on the comparison of various 
components and species of hemoglobin shows that His- I 160 
is masked (Janssen et al., 1970; Janssen, 1970) while His- 1 17p 
is titratable (Schneider et al., 1969). Proton N M R  mea- 
surements show that a total of l l histidine groups can be 
identified as titratable in human deoxyhemoglobin and 10 can 
be identified in oxyhemoglobin (per dimer), and the following 
groups have been identified by N M R  assignment: His-20, 
His-1430, and His-1460 (Ho & Russu, 1978). I n  addition, 
His-58~1 and His-630 and His-87a and His-920 are masked 
through their approximation to the heme, being the distal and 
proximal histidines, respectively. Six groups are nontitratable 
through masking during association of the dimer subunits: 
His-103~1, His-122~1, and His-970. These sites are involved 
in hydrogen bonding between subunits (Fermi, 1975; Perutz, 
1977). Static accessibility data are in accord with crystal- 

~~ ~ 

method la method 2b 

rij S A =  S A =  S A =  D . =  D i =  Di = 
(A) 0.05 0.25 0.50 41.0 20.0 40.0 
4.0 839.5 662.8 441.9 883.7 762.9 599.0 

10.0 169, l  133.5 89.0 178.5 173.2 159.4 
15.0 62.3 49.2 32.8 65.5 71.6 75.4 
54.0 0.17 0.14 0.09 0.18 1.3 3.6 

a Method 1 shows the Wij values for four values of rij by using 
the linear reduction of W,j  where Di = 4.0 by the factor 1 - SA, as 
adopted. Method 2 shows the corresponding calculated Wijval- 
ucs when the internal dielectric constant used in eq 2 is related to 
the external dielectric, Di = D(SA) .  For all cases the external di- 
electric constant, D ,  was 78.5. Sphere radius was 27 A. 

computation even less practical. We have therefore adopted 
(Shire et al., 1974a) a much simpler linear approximation for 
the resulting effective electrostatic interaction defined by the 
relation 

W'ij = Wi,( 1 - SA,) (3) 

The calculation of W, values for unit charges was described 
above; a systematic procedure for calculating SAj has also been 
described (Matthew et al., 1978a). Equation 3 implies a 
reduction of electrostatic free energy for each group in direct 
proportion to its accessibility to the solvent. This is physically 
approximately equivalent to assigning an effective dielectric 
constant in each case. Comparison of the two methods (Table 
I)  shows that the calculated electrostatic free energies are, on 
the whole, equivalent (Matthew, 1978). 

Calculation of p K i  Values. The next stage involves the 
calculation of the effective pKi value for a particular site i ,  
with charge Z i  = + I  or -1, a t  fixed pH and ionic strength, 
as determined by its overall interactions with the other sites 
j where Z, assumes fractional values between f 1 and 0. Thus, 
reintroducing the fractional charge,' 2, 

pKi = (pKi,Ji - 1 / (2 .303kT)C WmijziZj (4) 

where the electrostatic free energy of interaction with a given 
group i (eq 3) is summed over all groups j and (pKinJi is the 
intrinsic ionization constant of the group as obtained from 
measurements on model compounds that have no intramo- 
lecular electrostatic interactions. An iterative procedure 
(Tanford & Roxby, 1972; Shire et ai., 1974a,b; Matthew, 
1978; Matthew et al., 1978b) enables the computation of the 
effective charges Zi and the pKi values for all charged groups 
on the protein under their mutual electrostatic influence. The 
pKi of almost every group is found to vary with pH, partic- 
ularly SO at  lower ionic strength where interactions are stronger. 
For this reason, it is convenient to define the parameter pK,!? 
for a group, this being the pH at which a particular group IS 
half-titrated at  a given temperature and ionic strength. It is 
also noteworthy that the variations in pKi can be quite sub- 
stantial, depending on the proximity of charge-bearing groups 
and the extent of their burial within the protein. 

j + i  

' Z, replaces the u n i t  charge convention (Z,) employed in eq I for the 
calculation of W,j, implicit in the calculation of W;in eq 3 for fully occupied 
sites. While the total electrostatic work done in placing all the charged 
sites on the molecule, W ,  is dependent on the fractional occupancy, Z, 
and Z,, and SA values of all the i and j sites, the derivative dW/dZ, i n  
the expression for pKi (Tanford, 1961) is independent of the Z, value. 
Consequently, the changes in  the pK, arc determined by the signs of I, 
and z, and the fractional occupancy, Z,. 
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Table 11: 
Hemoglobin Histidine Residues 

Summary of Evidence for Masking of Tetrameric 2 .o 1 

t 

titratable masked 

His-20ae His-5 
His-45ae His-87aale 
H i s - 5 0 ~ ~ ~  H i ~ - 1 0 3 a ~ . ~  
His-72ae H i ~ - 1 2 2 a ~ . ~  
His-89ae 
His- 1 12af 
His-2Obse His-63flaze 
His-77Oe His-92~7~2~ 
His-1 17pCrf His-97~3~ 
His- 14 34 * e  
H i ~ - 1 4 6 0 ~ , ~  

His-I 16L3c9d9e 

Y 
CL a 
w 

16 

12 

0 8  

0 4  

0 0  

a Proximal or distal histidine (Fermi, 1975; Perutz, 1970). 
Proton nuclear magnetic resonance (Ho & Russu, 1978; Fung & 

Potentiometric titration (species comparison) Ho, 1975). 
(Janssen, 1970; de Bruin & Janssen, 1973). Crystallographic evi- 
dence (Fermi, 1975; Perutz, 1970, 1977). e Static solvent accessi- 
bility (SA) (Lee & Richards, 1971; Matthew et  al., 1978a). Low 
SA, due to surface electrostatic pairing (Matthew. 1978). 

lographic evidence that His- I O ~ C U ,  His- 122a, and His- 1 16$ 
are buried within the dimer a t  the a@ interface and that 
His-47P is in the a lp2  dimer-dimer interface. His-5Oa and 
His-I 12a also have low solvent accessibilities, but these groups 
are  in electrostatic association with neighboring surface side 
chains of Glu-30a and GIu-27a, respectively. In summary, 
only the proximal and distal, and four interface histidines per 
dimer, have been considered as masked in the present cal- 
culations. A summary of the arguments and a list of the 
groups are given in Table 11. 

Cys-104a and Cys- 1 12p and Tyr-42cu, Tyr- 1400(, and 
Tyr-145P are also masked, the former on the basis of lack of 
reactivity toward sulfhydryl reagents (Rosemeyer & Huehns, 
1967) and the latter through involvement in intra- or interchain 
hydrogen bonding within the molecule (Fermi, 1975). In  
practice, these groups do not significantly affect titration curves 
below pH I O .  

The procedure for calculating 
accessible surface area of a group X in the protein relative to 
that in the model tripeptide Ala-X-Ala has already been 
described (Lee & Richards, 1971; Matthew, 1978; Matthew 
et al., 1978a). It was applied in the present work to obtain 
the fractional SA, values for every proton binding site in 
human hemoglobin, a t  the monomer, dimer, and tetramer 
levels, a total of 182 groups, for the deoxy- as well as oxy- 
hemoglobin. The S A  values were kept within the practical 
limits of 0.02, for a buried group, to 0.98 for an exposed one. 
The calculated quantities are listed together with other data 
in Tables 111-V. Of the 91 groups in each CUP dimer, 21 
groups show S A  changes between monomer, dimer, and 
tetramer, and 13 groups show SA differences between the 
deoxy and the oxy tetramer structures. 

Summary. The method may now be summarized. It was 
assumed that the solution structures of deoxyhemoglobin and 
oxyhemoglobin are the same as their crystal structures and 
that these structures remain essentially unaltered within the 
range of conditions investigated. Given the atomic coordinates, 
electrostatic free energies and solvent accessibilities were 
calculated for each titratable group, the latter factor being 
introduced to account for the unique dielectric environment 
of individual groups at  the protein-solvent interface. The 
hemoglobin molecule was taken as an equivalent sphere, the 
tetramer having a radius of 27.0 A. Dielectric constants a t  
25 'C were taken as D, = 4.00 and D = 78.5. All 182 t i -  
tratable groups were considered, 91 per a@ dimer. 

Solvent Accessibilities. 

c i 

- 0 4 , -  I s i t , t I ,  I ~ , , I ~ ~ * I * I ~ I  
0 20 60 100 140 20 60 100 140 

ALPHA BETA 

F I G U R E  2: Summation plots of intramolecular electrostatic contri- 
butions, SpK,, defined in eq 5 ,  to the value of pKi of the amino acid 
residue Val-I cu in deoxyhemoglobin tetramer, computed at  I = 0.01 
M and at  p H  5.0, 6.0. 7.0, 8.0, and 9.0 (curves 1-5, respectively). 
The sums ate  cumulative, showing the residue sequence numbers of 
the groups in their a and p chains. A contribution attributed to a 
particular site represents the summed effect of that site from each 
dimer. In the case of Val-la, being very near the hemoglobin tetramer 
symmetry axis, the effects are nearly equal between dimers. The net 
values at  the extreme right represent the electrostatic potential acting 
on the deoxyhemoglobin Val-lcu site a t  the given pH.  

2.0 1 

1.2 t 
08L 

Y 
n 

t 
1 

0 4  + 

Q 

I -0 .4 ,  1 8 , t l  , 1 1 ,  l , ~ 3 1 . . . 1 8 .  l j , , l l  
0 20 60 100 140 20 60 100 140 

ALPHA BETA 

FIGLRE 3: Summation plots, corresponding to those in Figure 2 and 
under the same conditions, showing electrostatic contributions to the 
value of pK, of the amino acid residue His-1 1713. The sharp rises at  
Glu-220 and Glu-266 illustrate the dominating effect of close in- 
teraction with these two negative sites, yielding the extremely high 
pK, value of 8.2 for His-1 170 at pH 9.0. In contrast to Va l - l a  the 
His-I 17p site is off the dyad axis, and the effects are primarily the 
result of one dimer site, the second being generally at a greater ri,. 

Results and Discussion 
p H  Dependence of j Site Contributions to pK,. At a given 

pH, the unique protein charge distribution confers an effective 
pK, value on each titratable site i. pK, is determined by the 
interplay of the protein's entire charge complement. The 
Coulombic influence on site i exerted by each one of the other 
sites j is proportional to the charge 2, and to the extent of its 
burial within the protein molecule (1  - SA,), but it is inversely 
proportional to intercharge distance r,,.. 

Figures 2 and 3 show the final iteratlve calculation of pK, 
a t  five pH values for two sites in deoxyhemoglobin tetramer, 
Val- 1 N and His- 1 176, respectively. The electrostatic con- 
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Table 111: The Thirty-Threc Unique Carboxyl Group Sites in Human Tetrameric Hemoglobin 
~~ 

pKi a t  pH 6.0 static accessibility" 

tetramer (I = 0.10) 
amino 

chain residue acid atom monomer dimer deoxy O X Y  PKint deoxy OXY 

01 

01 
01 

01 

01 

01 

01 

01 

B 
B 
B 
a 
B 
B 
B 
01 

01 

01 

01 

B 
d 
B 
B 
l3 
B 
B 
B 

B 
01 

01 

01 

B 
B 

6 
47 
64 
74 
75 
85 
94 

126 
21 
47 
52 
73 
79 
94 
99 
23 
27 
30 

116 
6 
7 

22 
26 
43 
90 

101 
121 
141 
146 

ASP 
ASP 
ASP 
ASP 
Asp 
ASP 
Asp 
ASP 
ASP 
ASP 
Asp 
Asp 
Asp 
ASP 
ASP 
Glu 
Glu 
Glu 
Glu 
Glu 
Glu 
Glu 
Glu 
Glu 
Glu 
Glu 
Glu 
'4% 
His 
heme 
heme 
heme 
heme 

OD2 
OD2 
OD1 
OD 1 
OD2 
OD1 
OD 1 
OD2 
OD2 
OD 1 
OD 1 
OD2 
OD1 
OD1 
OD 1 
OE 1 
OE 1 
OE 1 
OE2 
Ob2 
Ob2 
OEl 
OEl 
Ob2 
OE 1 
OEl 
OE 2 
OXT 
OXT 

02 
02 
01 
01 

0.02 
0.50 
0.46 
0.26 
0.44 
0.10 
0.88 
0.79 
0.74 
0.82 
0.82 
0.90 
0.85 
0.12 
0.76 
0.5 3 
0.10 
0.27 
0.33 
0.95 
0.05 
0.38 
0.14 
0.95 
0.84 
0.29 
0.42 
0.69 
0.76 
0.80 
0.69 
0.50 
0.77 

0.88 
0.24 

0.76 

0.29 

0.69 
0.76 

0.05 
0.05 

0.05 

0.09 

0.41 
0.22 

0.05 
0.05 

0.05 

0.28 

0.35 
0.50 

4.0 
3.5 
3.5 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.5 
4.5 
4 .5 
4.5 
4.5 
4.0 
4.5 
4.0 
4.5 
4.5 
4.0 
4.0 
3.5 
3.5 
4.0 
4.0 
4.0 
4.0 

3.19 
3.40 
3.45 
3.02 
3.81 
2.49 
4.9 
3.15 
3.93 
3.98 
4.02 
3.98 
3.69 
3.18 
4.81 
4.17 
2.38 
2.83 
4.25 
4.52 
3.08 
3.24 
2.44 
4.21 
4.6 
4.48 
2.74 
2.96 
3.45 
3.98 
3.45 
3.84 
4.05 

2.91 
3.36 
3.48 
2.99 
3.%6 
2.53 
4.21 
2.69 
3.92 
4.00 
4.02 
3.95 
3.63 
2.98 
4.29 
4.15 
2.34 
2.79 
4.24 
4.41 
3.08 
3.22 
2.39 
4.34 
4.49 
3.35 
2.73 
2.19 
3.55 
3.98 
3.46 
3.81 
4.04 

' Static accessibility values are listed for the monomer. Differences in static accessibiIity for dimer and tetramer are included where applica- 
ble. The assigned pKint and computed pKj at  pH 6.0 for the deoxy and oxy tetramers are tabulated. 

tributions to pK, are summed according to the formalism of 
eq 4 as 

(5) P K ~  = (PKinJi - CApKij 

where 
APK,~ = WmlJz,ZJ/(2.30kT) 

In Figures 2 and 3 the individual APK,~ contributions are 
summed cumulatively from left to right along the x axis 
following the j site residue number in its respective chain, so 
that at the extreme right the level corresponds to the total 
electrostatic contribution to the effective magnitude of pK, for 
site i at the given pH. Every step in each figure represents 
the summed effects of the given residue in both of the pairs 
of CY or chains. 

The charge 2, is positive for residues Val- 1 cy and His- 1 17P, 
the examples shown in the figures. It follows from eq 4 and 
5 that a rise in the level reflects the influence of negatively 
charged sites (Z ,  is negative), while a drop in level corresponds 
to pK, depression under the influence of positively charged sites. 
Nearly constant levels in the plots represent sections of the 
chain sequence whose residues are either nontitratable, neutral 
a t  that pH, or such that the combination of the effects of ZJ,  
SA, and r,, tends to balance out. 

Figure 2 also shows that, at I = 0.01 M and over the range 
of pH 5-9, the computed electrostatic effect on Val-la totals 
from 0.1 to 1.2 which, based on pK,,, = 7.00, yields an effective 
pK, which varies from 7.6 at pH 5 to 8.2 at pH 9. The 
midtitration value, pKlI2, is 8.1. On the whole, it is seen that 
there are a large number of small contributions from other 

groups determining the resultant pK, value for Val-1 a. 
In contrast, Figure 3 shows that the electrostatic effect on 

His- 11 7/3 is dominated by very strong interaction with two 
negative groups, Glu-22P and Glu-26P. A pK rise of 1.2-1.6 
occurs, yielding the extremely high pK, values of 7 .8  at pH 
5 and 8.2 at pH 9 (based on pK,,, = 6.60). Here again, lesser 
effects from more distant groups are not negligible. 

Computed pK, Values. The effective pK, values (eq 4) were 
obtained for each titratable site in human deoxyhemoglobin 
and oxyhemoglobin tetramers, as a function of pH and ionic 
strength. The sites are tabulated in three sets, corresponding 
to the groups that titrate largely below pH 6 (carboxyl, in 
Table III), the groups that titrate above pH 9 (e-amino, 
sulfhydryl, tyrosyl, and guanidyl in Table IV), and finally the 
groups that titrate mainly within the more neutral range of 
interest, pH 6-9 (histidine and terminal amino, Table V). 

Table I11 lists the 33 unique carboxyl group sites, according 
to the a- or P-chain residue position in the sequence and the 
specific electronegative proton-binding atom in the given 
residue chosen on the basis of its greater solvent accessibility. 
The SA fractional values are listed respectively for the de- 
oxyhemoglobin monomers, dimers, and tetramers and for the 
oxyhemoglobin tetramers. SA for monomers are given for all 
the entries; they are omitted for the other structures except 
where differences occur so that the subunit interface residues 
and those affected by the quaternary transition stand out. The 
table also lists the pKInt value adopted in each case as described 
above, and the last two columns give the computed effective 
pK, values, under the selected conditions of pH 6.0 and ionic 
strength I = 0.10, for the deoxy and the oxy tetramers. 
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Table IV: The Thirty-Scven Unique Cysteine, Tyrosine, Lysine, and Arginine Residues 

static accessibilitya 

tetramer p K i  at  pH 9.0 ( I =  0.10) amino 
chain residue acid atom monomer dimcr deoxy OXY PKint. deoxy O X Y  

CY 

B 
4 
CY 

CY 
0 

4 
B 
4 
CY 
CY 

CY 

cy 

(Y 

CY 

CY 

cy 

cy 

CY 

CY 

B 
0 
B 
0 
4 
6 
B 
D 
B 
B 
4 
CY 

CY 

cy 

B 
B 
B 

104 
93 

112 
24 
42 

140 
35 

130 
145 

7 
11 
16 
40 
56 
60 
61 
90  
99 

127 
139 

8 
17 
59 
61 
65 
66 
82 
9 s  

120 
132 
144 

31 
92 

141 
30 
40 

104 

SG 
SG 
SG 
OEE 
OLE 
OEE 
OEE 
OEE 
OEE 
NZ 
NZ 
NZ 
N Z  
NZ 
NZ 
N Z  
NZ 
NZ 
NZ 
NZ 
NZ 
NZ 
NZ 
N Z  
N Z  
NZ 
N Z  
NZ 
NZ 
NZ 
NZ 
NH2 
NH2 
NH2 
NH 1 
NH 2 
NH1 

0.13 
0.10 
0.94 
0.25 
0.35 
0.05 
0.68 
0.05 
0.05 
0.44 
0.5 1 
0.82 
0.79 
0.89 
0.98 
0.80 
0.98 
0.88 
0.71 
0.18 
0.86 
0.36 
0.90 
0.73 
0.90 
0.65 
0.72 
0.95 
0.95 
0.40 
0.54 
0.54 
0.84 
0.95 
0.27 
0.95 
0.7 1 

0.05 

0.05 

0.35 

0.26 

0.79 

0.79 
0.71 

0.07 
0.84 
0.95 
0.07 
0.95 
0.7 1 

0.05 

0.05 

0.05 

0.26 

0.59 

0.79 
0.40 

0.07 
0.44 
0.34 
0.07 
0.39 
0.71 

0.05 

0.05 

0.05 

0.26 

0.78 

0.57 
0.12 

0.07 
0.81 
0.17 
0.07 
0.10 
0.28 

bl 
9.0 
\I 

10.0 
M 
41 

10.0 
10.0 
10.0 
10.4 
10.4 
10.4 
10.4 
10.4 
10.4 
10.4 
10.4 
10.4 
10.4 
10.4 
10.4 
10.4 
10.4 
10.4 
10.4 
10.4 
10.4 
10.4 
10.4 
10.4 
10.4 
12.0 
12.0 
12.0 
12.0 
12.0 
12.0 

10.54 

10.56 

11.4 
10.35 
10.95 
11.72 
10.77 
11.22 
11.60 
10.85 
10.75 
10.83 
10.55 
11.42 
12.48 
12.03 
10.59 
11.53 
10.48 
10.65 
10.66 
11.04 
10.46 
10.81 
10.60 
11.74 
10.72 
13.6 
12.30 
14.0 
13.77 
12.60 
13.56 

10.24 

10.55 

11 .oo 
10.31 
10.71 
11.70 
10.75 
11.21 
10.75 
10.84 
10.74 
10.82 
10.60 
10.99 
13.03 
11.95 
10.57 
11.52 
10.48 
10.65 
10.65 
11.02 
9.40 

10.75 
10.58 
11.86 
10.54 
13.55 
12.2 1 
13.97 
13.72 
12.69 
12.52 

a Static accessibilities and PK;,, follow the format of Table I11 with the introduction of “M” to designate masked sites. 

Table V: The Twenty-one Unique Histidine and Terminal Valine Sites in Human Hemoglobin 

static accessibilitya 

tetramer PK,,, (I= 0.1) amino 
chain residue acid atom monomer dimer deoxy OXY p K h t  deoxy oxy 

CY 20 
CY 4 s  
cy so 
CY 58 
cy 72 
CY 87 
a 89 
CY 103 
01 112 
cy 122 
4 2 
4 63 
4 77 
4 92 
4 97 
4 116 
4 117 
4 143 
4 146 
CY 1 
4 1 

His NE2 
His NE2 
His ND1 
His ND1 
His ND1 
His NE2 
His NE2 
His NE2 
His NE 2 
His NE2 
His NE2 
His NE2 
His NE2 
His NE2 
His NE2 
His NE2 
His NE2 
His NE2 
His NE2 
Val N 
Val N 

0.98 
0.26 
0.05 
0.05 
0.55 
0.05 
0.56 
0.92 
0.05 
0.69 
0.95 
0.05 
0.95 
0.05 
0.92 
0.95 
0.19 
0.76 
0.27 
0.72 
0.23 

6.6 
6.6 
6.0 
M 
6.0 
M 
6.6 

0.05 0.05 0.05 M 
6.6 

0.0s 0.05 0.05 M 
6.6 
M 
6.6 
M 

0.92 0.6Sb 0.89 M 
0.05 0.05 0.10 M 

6.6 
0.76 0.76 0.35 6.6 

6.6 
0.72 0.44 0.44 7.0 

7 .O 

6.75 
6.84 
7.47 

6.32 

7.15 

7.71 

6.53 

6.58 

7.75 
6.07 
8.48 
7.56 
7 .OO 

6.74 
6.83 
7.43 

6.31 

7.19 

7.68 

6.52 

6.53 

7.72 
4.0 
8.21 
7.30 
6.80 

The format follows that established in Tables 111 and IV with the exception of reporting pK,,, instead of a p K i .  “M” designates masked 
site. H,O cross-link not included (Perutz, 1977). 

The results in Table 111, last two columns, show that hardly 
any of the carboxylic groups will be significantly protonated 

at pH 6.0. The nearest exceptions are Asp-94a and Asp-99P; 
these examples illustrate the magnitude of pKi shifts at pH 
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6.0 and I = 0.10 that occur in some cases from the change 
in quaternary structure. Large effects of quaternary structural 
changes also appear for Asp-126a and Glu-1010. In elec- 
trostatic terms, the differences in free energy of dissociation 
of a group between deoxy and oxy tetramers reflect differences 
in the summation term in eq 4, effects which will themselves 
vary with pH and ionic strength. 

Table IV lists results for the 37 unique cysteine, tyrosine, 
lysine, and arginine side chains in the same format as Table 
111. A few more groups here show significant changes in SA 
values between the deoxy- and oxyhemoglobin tetramers. In 
the last two columns, pK, values are listed at  pH 9.0 and ionic 
strength 0.10 M. Hardly any of this set of groups appears to 
become significantly deprotonated at  pH 9, except Lys-82P 
for which the computed pK, is 10.46 in the deoxy tetramer but 
9.40 in the oxy tetramer. Other major effects of quaternary 
change are listed for LYS-~OCU, Arg-1040, Tyr-350, Lys-99a, 
and Lys- 1 27 a .  

Table V deals with the central set of 19 unique histidine 
residues and 2 terminal amino (valine) groups. Listing follows 
the above format except that pK, is expressed as pKip,  the 
special value at  the pH of half titration for a particular group 
taken here at  ionic strength 0.10 as above. Differences in pKii2 
values between the two quaternary forms are seen in His-1460 
and in the two terminal valines, reflecting free energy changes 
of about 0.4 kcal/mol. In  contrast, His-1430 is a striking 
example of the large effects that accompany stereochemical 
quaternary change; the drop in pKij2 from 6.07 to less than 
4.0 corresponds to 2.9 kcal/mol and reflects the closing in of 
four positive sites in oxyhemoglobin, the two His-143P and 
the two Lys-820 side-chain nitrogen atom sites. 

The pH region between 6.0 and 9.0 in hemoglobin is clearly 
dominated by the hydrogen ion equilibria of imidazole and 
a-amino groups. The computed pK, values may be tested by 
comparison with experimental data for these groups. Observed 
pK values for imidazole ionization in individual histidine 
residues of hemoglobin have been determined by proton N M R  
measurements (Ho & Russu, 1978); in some cases the res- 
onances have been assigned by comparison of natural or 
chemically derived hemoglobin variants. Observed pK values 
for a-amino group ionization have been determined from I3C 
N M R  measurements for Val- la  and Val-10 (Morrow et al., 
1976; Matthew et al., 1977) and from cyanate reaction kinetics 
(Garner et  al., 1975). 

Table VI correlates the experimental and theoretical data 
for the 11 histidine and 2 terminal valine residues involved. 
The table lists computed p K l p  values a t  0.01 and a t  0.10 M 
ionic strength, together with the experimental pK values 
obtained by proton or I3C N M R  measurements under con- 
ditions more closely corresponding to 0.10 M.  In deoxy- 
hemoglobin 5 out of the 13 and in oxyhemoglobin 4 of the 12 
known pK values have been assigned to specific residues. The 
remaining histidine pK values are aligned in Table VI with 
the computed pK,12 values, but this tabulation does not imply 
any attempt a t  pK assignment. It is apparent that, on the 
whole, there is reasonable correspondence between the 
computed and measured pK values, no attempt having been 
made to improve the fit by adjusting parameters. Discrep- 
ancies may be attributed to the uncertainty about experimental 
ionic strength (the data in the table show that some residues 
will be more sensitive to ionic strength than others) or to 
inherent inadequacy of the theoretical model. 

Three groups in Table VI merit special attention. Elec- 
trostatic calculations for His- 143p indicate that pKl12 in 
oxyhemoglobin is strongly depressed to near 4, which puts it 
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Table VI: Individual Site pK,,, Values, Theoretical 
and Experimentala 

deoxy hemoglobin oxy hemoglobin 
theoretical theoretical 

residue I =  I = I =  I =  
and chain 0.01 0.10 exptl 0.01 0.10 exptl 
His-1464 9.00f 8.48fs8.1bsE 8.52 8 . 2 1 s  7.9b,C 
His-1170 8.08 7.75 8.2b 7.98 7.72 8.0’ 
His-1120 8.14 7.71 7.6’ 8.04 7.68 7 S b  
His-5Oor 1.87 7.47 7.2’ 7.67 7.43 7 S b  
His-89cu 7.50 7.15 7.1gb 7.46 7.20 7.2b 
His-45a 7.11 6.84 7.1gb 7.00 6.83 ?.Ob 
His-2Oor 6.90 6.75 6.9Sb 6.86 6.74 6.7b 
His-770 6.58 6.58 6.75’ 6.43 6.53 6.6b 
His-720 6.52 6.32 6.60’ 6.46 6.31 6.0’ 
His-20 6.53 6.53 5 6.38’,‘ 6.43 6.52+6.51b3C 
His-1434 6.03 6.07 ‘7 6.25b,C 3.73 4.00 not obsd’ 
Val-la 8.10 7 . 5 6 s 7 . 8 3 d  7.64 7.29+7.16d 
Val-1B 7.13 7.00% 6.91d 6.60 6 .80s7 .00e  

Deoxy- and oxyhemoglobin theoretical pK,,, values at two 
ionic strengths are compared with experimentally observed pK,,, 
values. Theoretical and experimental values are correlated with 
specifically assigned sites indicated with an arrow. An ionic 
strength of 0.10 M most closely compares with experimental 
conditions. 

(Ho & Russu, 1978). 
(Morrow et al., 1976; Matthew et al., 1977). e Observed by 
kinetic methods (Garner et al., 1975). His-146. . .Asp-94 salt- 
bridge distance of 2.8 A may be stretched in solution, yielding a 
slightly lower pK, ,-. 

Observed by proton NMR (Ho & Russu, 1978). 
Assigned by variant and chemical modification with proton NMR 

Observed and assigned by carbon-13 NMR 

out of the range of experimental measurements and neatly 
explains the failure to observe a titration for its ‘H N M R  
resonance in oxyhemoglobin although it displays normal ti- 
tration in deoxyhemoglobin. The second interesting case is 
His-146@, for which pKljz was said to drop markedly (from 
8.0 in deoxyhemoglobin to 7.1 in oxyhemoglobin) as a result 
of tertiary structural rearrangement (Perutz, 1970; Kilmartin 
et al., 1973; Kilmartin & Rossi-Bernardi, 1973). More re- 
cently, a redetermination a t  lower ionic strength, about 0.1 
M, showed only a slight drop from 8.0 to 7.9 (Ho & Russu, 
1978), which is much more in line with the theoretical estimate 
of the effect as listed in Table VI. Finally, Val- la  is known 
to undergo a drop in pK1I2 of nearly 0.7 between deoxy- and 
oxyhemoglobin, and it is also known to be a binding site for 
CI- ion at  the 0.1 M level (Arnone et al., 1967; O’Donnell et 
al., 1978). If an anion is placed in the tertiary deoxy- 
hemoglobin structure between Val- 1 a and Arg- 141 a, elec- 
trostatic calculations yield a pKl12 value of 8.02, a t  I = 0.10 
M, and ApK112 for the quaternary transition becomes 0.73 
which is in agreement with the experimental value. Further 
support for this result is provided by the independent study 
of terminal valine groups by the cyanate kinetic method which 
yields a pKI12 for Val- la  in deoxyhemoglobin of 7.8 and in 
carbonmonoxyhemoglobin of 7.0 (Garner et  al., 1975). 

The pK values for histidine residues in both forms of human 
hemoglobin fall within a higher range of p H  than is the case 
in the myoglobin where only one histidine residue has its pK112 
over 7 and where as many as three fall below 6 (Botelho et 
al., 1978). In terms of eq 4, the electrostatic summation term 
is positive a t  the pH corresponding to pKII2 for nine sites in 
deoxy- and for 8 sites in oxyhemoglobin. In sperm whale 
myoglobin, by contrast, only one of the eight titratable his- 
tidines is under a positive net electrostatic effect. The basis 
of the difference between the two pK patterns resides in the 
distribution of positively and negatively charged groups and 
in their varying degrees of accessibility to solvent. The 
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FIGURE 4: The hydrogen ion titration curve of human deoxy- 
hemoglobin showing the variation of net protein charge, Z ,  with pH 
a t  25 OC. Experimental data are  from Rollema et al. (1975). The 
computed curves are at three levels of ionic strength: 0.0, 0.01, and 
0.10 M (from top to bottom, all broken curves). The full curve is 
the computed titration curve, protons bound per tetramer, when the 
effect on hydrogen ion equilibria of C1- ion binding a t  the Val- 
1 a-Arg- 14 1 a site is included. 

outcome for hemoglobin is to provide buffering capacity with 
imidazole groups in the physiological pH range of the 
erythrocyte, while for myoglobin it is to shift that capacity to 
the appropriate, lower pH range in the muscle cell. These 
adaptations are comparable in functional importance and in 
scope within the protein structure to those that determine the 
oligomeric form of the one protein and the monomeric form 
of the other. 

Titration Curve of Deoxyhemoglobin. The theoretical 
hydrogen ion titration curve of the hemoglobin tetramer is 
formed by summing electrostatic contributions from every 
charged site in the molecule. The groups involved, 91 per 
dimer, have been listed in Tables 111-V. 

Figure 4 shows the computed net protein charge, Z ,  varying 
with pH from pH 5 to 10 a t  25 OC, at three ionic strength 
levels, 0.0, 0.01, and 0.1 M (broken curves, top to bottom, 
respectively). Since, as noted above, specific binding of a C1- 
ion between Val- la  and A r g - l 4 l a  has already been estab- 
lished, a computed (full) curve that includes C1- at 0.1 M ionic 
strength is also shown in Figure 4 together with experimental 
data obtained at about 0.1 M chloride concentration (Rollema 
et al., 1975). Titration data reported for the Bohr effect at 
I = 0.01 M (de Bruin et al., 1974) substantiate the predicted 
ionic strength behaviors of deoxyhemoglobin (Figure 4) and 
oxyhemoglobin (Figure 5). Agreement between theory and 
experiment is good. Inclusion of C1- binding is seen to have 
a perceptible effect which, if anything, improves the fit. This 
may be taken as further support for the reality of C1- binding 
to this specific site in deoxyhemoglobin. 

The effect of ionic strength on the titration curve brings out 
an uncommon feature, in that the crossover region is near the 
acid end at pH 5. Human deoxyhemoglobin A has its isoionic 
point near pH 7.4, and it is around that region that the net 
protein charge would normally be expected to be nearly in- 
dependent of ionic strength (Tanford, 1961). Since the 
monomeric hemoprotein myoglobin shows classical titration 
behavior in this respect (Shire et al., 1974a), the question arises 
as to whether this special feature in hemoglobin may be a 
consequence of its quaternary structure or of its charge 
configuration. This question is explored in detail in the 

- 5  t t 
6 7 8 9 IO 

- I 5  T 
5 

PH 
FIGURE 5: The hydrogen ion titration curve of human oxyhemoglobin 
showing the variation of net protein charge with pH a t  25 "C. 
Experimental data are from Rollema et al. (1975). The computed 
curves are at three levels of ionic strength, as in Figure 4 except that 
the solid line is a t  I = 0.10 M without incorporation of a W i n  the 
computations. 

following paper in this issue (Matthew et al., 1979). 
Titration Curve of Oxyhemoglobin. The theoretical hy- 

drogen ion titration curve of human oxyhemoglobin A, cal- 
culated as above, is shown in Figure 5, at 25 OC and at ionic 
strength levels of 0.0, 0.01, and 0.10 M. At these low salt 
concentrations there is no direct experimental evidence for a 
specific anion binding site in oxyhemoglobin; the C1- ion of 
deoxyhemoglobin has therefore been kept out of the calcu- 
lations here. Figure 5 also includes the experimental titration 
data in 0.1 M KCl (Rollema et al., 1975). Agreement between 
theory and experiment is seen to be very good, except in the 
region of pH below about 6. However, it is known that the 
dissociation of oxyhemoglobin tetramer into dimer is acid 
driven (Riggs & Atha, 1976), and it is likewise possible that 
other conformational or specific salt effects occur at low pH. 
Discrepancy under these conditions is perhaps not unexpected. 
Nevertheless, no attempt was made to alter the calculations 
so as to obtain an apparent improvement in the fit below pH 
6. 

The effect of ionic strength on the titration curve is shown 
in Figure 5. The isoionic point for human oxyhemoglobin is 
near pH 7.2; the computed titration curves intersect near pH 
6.2. In comparison with the deoxyhemoglobin case, this result 
reflects a more nearly normal distribution of charges in the 
human oxyhemoglobin molecule. Similar behavior has been 
reported for horse hemoglobin (Orttung, 1970); in a theoretical 
study of the titration curve of horse oxyhemoglobin, isoionic 
point near pH 7.1, the crossover region occurred near pH 6.5. 
The corresponding computation for horse deoxyhemoglobin 
was not given. 

Derivative Titration Curves. Plotting the first derivative 
of a titration curve provides direct information about inflections 
and about other features which may not be readily discernible 
in the ordinary plot. The derivative or differential plot can 
be particularly useful when the titratable groups of the protein 
fall neatly into distinct acidic, neutral, and basic regions, as 
is the case in hemoglobin. It is common practice to plot the 
form -ApH/AZ vs. Z, so that the maximum buffering capacity 
appears as a minimum. 

The theoretical curves in this form for deoxyhemoglobin and 
for oxyhemoglobin are shown in Figures 6 and 7, respectively, 
in each case at two ionic strengths, 0.01 and 0.10 M. Since 
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arbitrary curve fitting were excluded. The introduction of a 
solvent accessibility parameter apparently corrects the model 
adequately so that the smooth proteinsolvent boundary of the 
model is able to mimic the real protein surface. The as- 
sumption that the solution structure of hemoglobin throughout 
the pH range of interest is essentially that of the crystal seems 
to hold reasonably well. Minor perturbations may of course 
occur in solution and could be expected to alter charge 
configurations. Specific chloride ion binding is an example 
that has been taken into account above. 

The working electrostatic model for the hemoglobin tetramer 
molecule adapts easily to a variety of problems and enables 
one to evaluate electrostatic contributions to such diverse 
phenomena as the Bohr effect, the binding of COz, 2,3-di- 
phosphoglycerate ions, or other effectors, amino acid sub- 
stitutions in hemoglobins of various animal species or mutant 
human hemoglobins, and any known tertiary or quaternary 
structural change. Some aspects of these effects will be dealt 
with in the following paper in this issue (Matthew et al., 1979). 
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FIGURE 6:  Differential (first derivative) theoretical titration curve 
of human deoxyhemoglobin tetramer taken from the computer data 
of Figure 4, at ionic strengths 0.01 and 0.10 M (upper and lower curves, 
respectively). At I = 0.10 M, which corresponds more closely to 
experimental conditions, the two maxima are separated by 13 charges 
representing the titration of 11 histidine and 2 valine residues (per 
dimer) within the pH range of 6-9. 
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FIGURE 7: Differential (first derivative) theoretical titration curve 
of human oxyhemoglobin tetramer taken from the computed data 
of Figure 5 and plotted as Figure 6 .  The two maxima are separated 
by 12 charges representing the titration of 10 histidine and 2 valine 
residues. His-1430, with its pK of 4.0, does not titrate in this region. 

agreement between theory and experiment has already been 
established, the experimental data have been omitted from 
Figures 6 and 7 for clarity. 

The main features of these derivative curves are the two 
maxima and the broad central trough, the latter indicating 
that the region of strong protein buffering occurs as expected 
near the isoionic point. The maxima confirm what the fore- 
going calculations showed, namely, that the groups of the 
central pH region titrate separately from the groups at either 
extreme. The separation of the two maxima gives the number 
of titratable sites in this pH range; at 25 O C  and 0.10 M ionic 
strength, it is 25.6 charges in deoxyhemoglobin and 23.5 
charges in oxyhemoglobin tetramers, corresponding to 13 
groups and 12 groups, respectively, per dimer. Table VI lists 
11 histidine and 2 valine groups per dimer that titrate within 
this range in deoxyhemoglobin. In oxyhemoglobin, the special 
group His- 143P becomes strongly acidic, its pK1lZ dropping 
to 4.0, and its titration within the central range is not observed, 
in agreement with the derivative curve. The results are 
therefore readily explained, and the use of derivative curves 
in discerning finer points in the data is demonstrated. 

Conclusion. The present electrostatic treatment of hem- 
oglobin is successful. By use of the static accessibility 
modification of the Tanford-Kirkwood model, a simple and 
efficient computational procedure yields quantitative and 
qualitative results in agreement with experimental data. This 
is particularly satisfying since non-Coulombic effects and 



1928 B I O C H E M I S T R Y  

Matthew, J .  B. (1978) Ph.D. Thesis, Indiana University, 
Bloomington, IN.  

Matthew, J .  B., Morrow, J .  S., Wittebort, R.  J., & Curd, F. 
R. N. (1977) J .  Biol. Chem. 252, 2234. 

Matthew, J. B., Hanania, G.  I .  H., & Curd, F. R.  h’. ( 1  978a) 
Biochem. Biophys. Res. Commun. 81, 410. 

Matthew, J. B., Friend, S. H., Botelho, L. H., Lehman, L. D., 
Hanania, G.  I. H., & Curd, F. R.  N .  (1978b) Biochem. 
Biophys. Res. Commun. 81, 416. 

Matthew, J.  B., Hanania, G.  I .  H., & Curd, F. R. N. (1979) 
Biochemistry (following paper in this issue). 

Morrow, J .  S., Matthew, J .  B., Wittebort. R. J . ,  & Curd. F. 
R. N. (1976) J .  Biol. Chem. 251, 477. 

Muirhead, H., Cox, J.  M., Mazzarella, L., & Perutz, M. F. 
(1967) J .  Mol. Biol. 28, 1 17. 

O’Donnell, S., Mandaro, R., & Schuster, T. (1  978) Biophj’s. 
J .  21, 201a. 

Orttung, W.  H .  (1968) J .  Phys. Chem. 72, 4066. 
Orttung, W. H. (1969) J .  Am.  Chem. Soc. 91. 162. 
Orttung, W.  H.  (1970) Biochemistrj. 9, 2394. 
Perutz, M. F. (1970) Nature (London) 228, 726. 
Perutz, M. F. (1977) BioSystems 8, 261. 

M A T T H E U ,  H A h A h I A .  A N D  G U R D  

Riggs, A., & Atha, D. H. (1976) J .  Biol. Chem. 251, 5537. 
Rollema, H.  S., de, Bruin, S. H., Janssen, L. H. M., & van 

Rosemeyer, M. A,,  & Huehns. E. R. ( 1  967) J .  Mol. Biol. 25, 

Schneider, R. G., Alperin, J .  B., Brimhall, B., & Jones, R. T. 

Shire, S. J., Hanania, G .  I .  H., & Curd, F. R. N.  (1974a) 

Shire, S. J., Hanania, G.  I .  H..  & Curd, F. R.  N.  (1974b) 

Shire, S. J. ,  Hanania, G .  I .  H.,  & Curd, F. R. N.  (1975) 

Tanford, C.  (1957) J .  Am. Chem. SOC. 79, 5340. 
Tanford, C.  (1961) Physical Chemistry of Macromolecules, 

Tanford, C., & Kirkwood, J .  G.  (1957) J .  Am.  Chem. SOC. 

Tanford, C. ,  & Nozaki, Y .  ( 1  966) J .  Biol. Chem. 241, 2832. 
Tanford, C.,  & Roxby, R .  (1972) Biochemistry I I ,  2192. 
Wittebort, R. J . ,  Rothgeb, T. M., Szabo, A., & Curd, F. R .  

Os, G .  A. J.  (1975) J .  Biol. Chem. 250, 1333. 

253. 

(1969) J .  Lab. Clin. Med. 7 3 ,  616. 

Biochemistry 13, 2967. 

Biochemistry 13, 2974. 

Biochemistry 14, 1352. 

Chapter 8, Wiley, New York. 

79, 5333. 

h. (1979) Proc. Na t l .  Acad. Sci. U.S.A. 76, 1059. 

Electrostatic Effects in Hemoglobin: Bohr Effect and Ionic 
Strength Dependence of Individual Groups’ 
James B. Matthew,$ George I .  H. Hanania,s and Frank R .  N .  Curd* 

ABSTRACT: The electrostatic treatment applied in the preceding 
paper in this issue [Matthew, J .  B., Hanania, G.  I. H., & Curd, 
F. R. N .  (1 979) Biochemistry (preceding paper in this issue)] 
to the titration behavior of individual groups in human de- 
oxyhemoglobin and oxyhemoglobin was applied to the 
computation of the alkaline Bohr effect at  various values of 
ionic strength. The enhanced proton binding of deoxy- 
hemoglobin in the pH range of 6-9 was accounted for at  ionic 
strength 0.01 M by the effects of the unique charge distri- 
butions of ionizable groups in the two quaternary states. At 
ionic strength 0.10 M the effects of 2-4 bound anions had to 

T h e  preceding paper in this issue (Matthew et al., 1979) 
introduced the application to human hemoglobin of a modified 
discrete-charge electrostatic model. The characteristics of the 
protein-solvent interface are taken into account by an ap- 
proximation incorporating the static solvent accessibility of 
each charged site as computed from the crystallographic 
structure of the protein. A basic feature of the model is that 
the charge and the pKi of each ionizable group vary with pH 
and ionic strength. Hence, the charge-related properties of 
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be considered in addition in the deoxyhemoglobin charge 
configuration. At the higher ionic strength 10 groups per 
tetramer contributed to the Bohr effect, whereas 28 groups 
were contributory a t  the lower ionic strength. The ionic 
strength dependence of individual groups in the two tetrameric 
structures as well as in the a-chain monomer was explained 
in terms of the electrostatic treatment. This examination 
showed that the differences in electrostatic behavior of deoxy- 
and oxyhemoglobin follow from particular dissymmetries in 
their configurations with respect to charge and static solvent 
accessibility. 

the protein incorporate, to some degree, individual contri- 
butions from all these groups. Examples of the computed 
contribution of each ionizable group in the hemoglobin 
molecule to the pKi of a given group were presented for several 
different pH values. The computed pK, values under certain 
conditions of interest were tabulated for all ionizable groups 
in the deoxy- and oxyhemoglobin tetramers, and corre- 
spondence with observed values was established in those cases 
where comparison was possible. The titration curves computed 
as functions of ionic strength for the deoxyhemoglobin and 
oxyhemoglobin tetrameric structures agreed with experimental 
values. 

The present paper explores in greater detail the application 
of the model to elucidating differences in the electrostatic 
behavior of the deoxyhemoglobin and oxyhemoglobin struc- 
tures. To account for the alkaline Bohr effect, that describes 
the excess of proton binding by deoxyhemoglobin relative to 
oxyhemoglobin in the physiological p H  range (Bohr et al., 
1904), it is necessary to invoke the intervention of at  most two 
bound chloride ions (per G$ dimer) in addition to the direct 
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