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CHROMATOGRAF’HIC EVIDENCE OF THE SELF-ASSOCIATION OF OXYHEMOGLOBIN 
IN CONCENTRATED SOLUTIONS: ITS BIOLOGICAL IMPLICATIONS 
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Exrpressions that t&e into account the effect of thermodynamic non-idealie, described in terms of a hi&-order vi&I 
expansion, are derived for the concentration-dependence of the weight-averqe partition coefficient in exclusion chroma- 
togrzpfiy of a @n&a solute and of a solute undergoing reversible self-association. Comparison of the concentration-dependen- 
ces predicted by those expressions with results obtained for bovine and human oxyhemoglobins on CPG-I O-120 porous 
glass beads in 0.156 I phcsphate-chloride buffer, pH 7.3, shows that neither oxyhemoglobin conforms with the concept of 
it being a single CQ& entity with Stokes radius of 3.13 run, the experimental value. Previously published osmotic pressure 
and sedimentation equilibrium results are ako shown to be inconsistent with this concept. On the other hand, both sets 
of eltchrsion chromatography resuIts are consistent with the joint operation of thermodynamic non-ideality and reverti& 
association of the ~~282 species. From the ma_titude of the equilibrium constant, derived for either of two possible modes 
of association, it is calculated that only half of the oxyhemoglibim would be in the ~$2 states under conditions of oxygen 
saturation and a concentration of 320 g/liter, that pertaining in the red blood cell. The consequences of this association 
phenomenon are discussed in relation to the oxygen binding curves obtained by others in the presence and absnce of 
2,3_diphosphogIycerate (DPG). An expianation is provided of the observed dependence on hemoglobin concentration of 
oxygen-binding in the presence of DPG, and of the absence of such an effect in DPG-free solutions. It is concluded that 
the control of oxygen binding to hemoglobin in the physiolo&a3 situation involves the joint operation of self-association 
and allosteric effects. 

1. Introduction 

The reversible dissociation of the 02p2 form of 
hemoglobin at neutral pH has been the subject of 
many physicochemicai investigations [I -93, primari- 
ly because of its occurrence in a very low concentra- 
tion range that is eminently suited to spectrophoto- 
metric assay. Despite this wellestabIished tendency 
of hemoglobin subunits to undergo association, far 
fess attention has been given to possible association 
beyond the o-&l2 form at the high concentrations 
(approx. 320 g/liter) of this protein that occur in the 
red blood cell. On the one hand, it has been claimed 
on the basis of reanalysis of sedimentation equilibrium 

and osmotic pressure results obtained over a wide 
concentration range [IO- I23 that no long-range 
intermolecular interactions operate in hemoglobin 
solutions near the isoelectric point [ 13,141. On the 
other hand, intermolecular interactions have been 
suggested on the basis of results obtained in small 
angle X-ray scattering [I 5,I 61, eIectron spin resonance 
[I 71, dielectric constant [IS] and nuclear magnetic 
resonance [19,20] studies. In the present investigation 
the interpretation given to the non-spectral equilibrium 
methods is re-explored together with an examination 
of the concentration-dependence of weight-average 
partition coefficients obtained with human and bovine 
oxyhemoglobin. This dependence is established by ex- 
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elusion chromatography on porous glass beads, a 
medium dictated by the need to avoid complications 
arising from osmotic shrinkage of conventional gel 
media 121-23 j _ 

In a previous communication on exclusion chrom- 
atography [24’j, we considered concentration-depen- 
dence of the weight-average partition coefficients of 
both non-interacting and self-associating solutes_ How- 
ever, the theoretical formulation was in terms of a 
single virial coefficient and thus limited the range of 
solute concentration to which it could be validly ap- 
plied. As a preliminary to the study of concentrated 
hemoglobin solutions, the problem of concentration- 
dependent partitioning has been examined using 
higher order vlrial coefficients. 

2. Theory 

It has been shown previously [24f that the dis- 
tribution of solute i between mobile phases (y) and 
stationary phases (p) in the solute plateau regions of 
two frontal chromatography experiments (I and II) 
is governed by the expression 

(1) 

where yi is the activity coefficient of solute i of weight- 
concentration ci (g/liter)_ The two experiments are 
visualized as being conducted at the same tempera- 
ture witb different weight concentrations of solute, 
CT_ In the 7 (mobile) phase only physical interactions 
of i with itself need to be considered, and thus the 
activity coefficient appropriate to this phase may be 
expressed as follows: 

where Bk denote constant virial coefficients, and the 
summations may be extended to include sufficient 

terms to desrcitz with reasonable precision the magni- 
tude of the activity coefficients at each CT considered- 
In the fi (stationary) phase, interactions with the 
matrix j as well as the physical self-interactions must 
be considered, whereupon 

C&I 

= exp 
1 
~&rrF)~ + A.2 [Bil-(c~)~-‘/(?c - l)] 

I 
. (2d) 

With the substitutions oi = (&/(c;Y)I and a? = 
(c~)~/(c~)~ in the limit that [(c& - (c&] + 0, plus 
the assumed identity of the molar matrix concentra- 
tions (r$), and (?&I, combination of eq. (1) and 
(2) yields 

oi = o! exp 
1 

LFZ rB,,(eTF(I - 4-% - 111 - (3) 
I 

It is noted that eq. (3) reduces to eq. (4) of the 
previous paper [241, where only the term k = 2 was 
considered. Eq. (3) shows that no concentration de- 
pendence of oi is predicted for the extreme values 
of zero (total exclusion of solute) and of unity (equal 
partition between phases)_ 

In the experimental context, Ui may be found as 
a function of c;Y, since 

oi = (v- V*Y(v* - vu) (41 

where V denotes the elution volume of species i 
from a column with void volume To and total ac- 
cessible volume V _ The partition coefficient at in- 

Of fmite dilution, oi , may be estimated by extrapolat- 
ing these experimental results to zero concentration_ 
At first sight it appears, therefore, that eq. (33) pro- 
vides a means of evaluating the BA- values from the 
experimental results; but as Ross and Minton [ 133 
have pointed out, such evahrations are not likely to 
be reliable when k assumes a relatively large integral 
value. These authors [ I31 prefer to compute estimates 
of the Bk from considerations of covolume and charge. 
In the present context this approach is also of value 
since it permits the construction from eq. (3) of a 
theoretical plot of oi versus c;I for any given op; 
this plot may then be compared directly with the ex- 
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perimental results. In the event that this comparison 
is unfavourable, consideration should be given to 
the possibility that solute i, rather than comprising a 
single species, self-associates so that monomer (i = 1) 
is in equilibrium with higher polymers. 

2.2. Self-osociatiizg systems 

As shown previously [24], the most readily inter- 
preted situation is a chromatographic experiment in 
which the stationary phase has been selected to en- 
sure that all species other than monomer are confined 
to the void volume of the column. In this situation, 
irrespective of the type of self-association (definite or 
indefinite), the measured weight-average partition co- 
efficient, aw , is related to the total weight concentra- 
tion of solute c’y used in the frontal experiment by 
the expression 

oW = GICI/P, (5) 

where u1 and CT denote, respectively, the partition 
coefficient and concentration of monomer in the 
solution. With the use of eq. (5) and eq. (2) written 
for monomer (i = 1) in terms of total concentrations 
c’y, it may readily be shown, by a derivation analogous 
to that of eq. (3), that [24] 

x (1 - uy)/(k - I)] /P, 1 (6) 

where the virial coefficients, Bk, refer to monomer self- 
interactions (physical). If the solute i is not associating 

(ow = cr- ?’ = c? and cl = P), eq. (6) is identical 
with eqf’(3): bu; if the solute does self-associate, it is 
evident from eq. (6) that an experimental plot of uw 
versus ? cannot conform with a theoretical plot 
calculated from eq. (3). This type of examination is 
to be exemplified with studies on hemoglobin, for 
which estimates of Bk for the cy2/12 species are avail- 
able [13]. 

2.3. 77re virial coefficients for hemoglobin 

First it is noted that Ross and Minton [ 131 express- 
ed the activity coefficient of hemoglobin, viewed as a 
non-associating cr2& species, as 

~-‘7i=k~2 [B~c~-~/(x- - I)], (7) 

which is entirely consistent with eq. (2). Furthermore, 
they showed that the various virial coefficients Bk 
are inter-related by the expression 

B, = krk -(k - l)rx-_-lUi, (8) 

where Vi denotes the partial specific volume of 
hemoglobin, and r, denote the osmotic virial coeffi- 
cients with concentrations expressed on a g/liter scale.. 
Because of the essentially isoelectric nature of hemog- 
lobin at neutral pH it seems reasonable to neglect any 
charge contribution to non-ideality [ 131, whereupon 
the various I’, may be calculated from considerations 
of exclusion volume. For a hard sphere model 

r2 = 1 6iiNri3/3Mi (85) 

where N is Avogadro’s number, Yi is the Stokes radius 
of hydrated hemoglobin and n~i its unhydrated molec- 
ular weight. The magnitudes of the next five r, 
(3 < k < 7) are related to this value of r2 by the ex- 
pressions given in the top line of table 1 of ROSS and 
Minton [13]. It follows that eq. (8a) may be used to 
calculate the corresponding Bk for use in either eq. 
(3) or eq. (6). 

In the use of eq. (8b) to calculate r2, consideration 
must be given to the degree of hydration, NJ, the num- 
ber of grams of solvent bound per gram of dry solute. 
In these terms, Yi = (3Mrfii$I/47~N)~/~ where MrE = 

Mi(l + IV) and pi -H = (Vi + lvul)/(l + w) with U1 being 
the partial specific volume of solvent. A value of 
0.746 ml/g was taken for q [ 131, the unhydrated 

partial specific volume, with a corresponding value of 
64,500 for the unhydrated molecular weight, Mj_ 
With w = 0 (a hypothetical situation assuming no 
hydration), yi = 2.67 nm and r2 = 2.98 X 10e3 
liter/g_ However, the mean value of Yi obtained from 
measurements of the translational diffusion coeffi- 
cient [25-291, the sedimentation coefficient [2,30, 
311 and the second virial coefficient [23] is 3.13 
run, which corresponds to IV = 0.45 g/g and IT2 = 
4.80 X 10m3 liter/g. While both sets of values of these 
parameters are explored in what follows, that cor- 
responding to the hydrated particle of Stokes radius 
3.13 run must be judged the more realistic. 



3. ~xperimen&il 

OxyhemogIobin was prepared from freshly ob- 
tained samples of bovine and normal human blood 
essentially as described by Garby et al. [32], dialysed 
exhaustively (4-5 days) against 0.156 I phosplmte- 
chloride buffer (0_002 M NaH2P04--0.008 M 
Na,HPC34-0.1 10 M KCLO.020 M NaCl), pH 7.3, 
and stored at 4°C for up to three weeks. Within this 
time the extent of met~lemoglob~ formation was 
fess than 5% as judged from spectrophotometric 
measurements at 500 nm and 630 nm. Before each 
chromatography experiment the stock oxyhemoglobin 
solution (approx. 160 g/liter) was diluted with buffer 
to the required concentration and re-dialysed for I6 h 
at 4OC against more phosphate-chloride buffer. The 
solution was then subjected to membrane filtration 
(5 pm Miilipore) and equilibrated at 20°C for 2 h im- 
mediately prior to exclusion chromatography_ Con- 
centrations of suitably diluted sampies were de- 
termined at 576 m-n using molar heme extinction co- 
efficients of 1.58 X I O4 and I -59 X 1 O4 for the human 
[33] and bovine [34] oxyhemoglobin, respectively_ 

For experiments conducted in the presence of 
2,3-diphospho,glycerate (DPG) the oxyhemoglobin 
was dialysed for 16 h at 4°C against phosphate-chloride 
buffer to which sufficient DFG (pentacyclohexyl- 
ammonium salt) had been added to give a four-fold 
molar excess of DPG over hemoglobti: the pH of the 
DPG-containing buffer was readjusted to 73 @y ad- 
dition of HCI) prior to the dialysis step. 

Controlled pore glass beads (CPG-I O-I 20,80/l 20 
mesh) with a mean pore diameter of 12.6 I 1 .O m-a 
were ob?ained from Electra-Nucleonics Inc., Fairfield, 
N-J., and treated with polyethylene glycol to minimize 
adsorption effects [35]. According to technical litera- 
ture supplied by the manufacturer, this treatment 
decreases the effective pore diameter by about 3 m-n. 

Solutions of oxyhemoglobin were subjected to 
frontal exclusion chromatography on a column (0.9 
X 69 cm) of CPG-I O-l 20 glass beads pre-equiliirated 
with degassed 0.156 I phosphate-chioride buffer, pH 
7.3, and thermostatically maintained at 20°C. Approx- 
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F?g_ 1. Elution profi& (advancing side) obtained in frontal 
chromatography of human oxyhemoglobin in 0.156 I phw- 
phate-chloride buffer. pH 7.-1, at 20-C on a column (0.9 
X 69 cm) of CPG-10-120 porous glassbeads. The orilmate 
refers to the ratio of the total concentration at any point to 
that in the plateau in experiments with applied concentra- 
tions of 19.4 g/kiter (B) and 164.9 g/liter (-I_ 

imately 30 ml of protein solution was applied to the 
column by upward flow, the flow-rate being maintain- 
ed at 16 ml/h by means of a peristaltic pump. Frac- 
tions (3.0--I -25 ml) were collected in pre-weighed 
tubes so that the precise weight of each fraction could 
be determined. The weight of each fraction was then 
converted to a volume on the basis of the protein 
concentration Fof the fraction and the expression 
p = pb + 0.25 E, in which the buffer density Pb was 
1.0055 g/mL This relationship, derived from density 
measurements at 20°C on an Anton Paar DMA 02C 
precision density meter, is also predicted from the 
value of 0.746 ml/g used for the partial specific 
volume of oxyhemoglobin _ 

4. Results and discussion 

4.1. ExcZusio~z chronza~o.qwphy of oxylzemoglobirz 

Fig. 1 shows normaiized elution profiles for the 
advancing side in frontal c~omatography of 19.4 
g/liter () and f 649 g/liter (E+ solutions of human 
oxyhemogIobin. In order to take into account any 
variation in the shapes of such profiles the median bi- 
sector has been used to define VW, the weight-average 
elution volume, which has then been converted to the 
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Fig_ 2. Dependence of the weightaverage partition coefficient 
(ow) of human (0) and bovine (0) oxyhemoglobin on total 
concentration (Fy). Open circles refer to human oxyhemog- 
lobin in the presence of a four-fold molar excess of DPG. The 
c-ear plots denote theoretical calculations of the con- 
centrationdependence based on eqs. (3) and (8) with the 
Stokes radius (ri) taken as 3.13 run (---) and 2.67 nm (- -)_ 
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corresponding partition coefficient a, via eq. (4) with 
values of 21.3 ml for VO and 34.3 ml for Vt: these 
were obtained from chromatography of bovine liver 
glutamate dehydrogenase (Sigma type III) and K,CrO, 
respectively_ The experimental concentration depen- 
dence of ow is shown in fig. 2, from which it is evi- 
dent that oxyhemoglobin of human (circles) and 
bovine (squares) origin exhibit indistinguishable ex- 
clusion chromatographic behavior_ Secondly it is noted 
that the partition coefficient of human oxyhemoglobin 
is unaffected by the presence of a four-fold molar ex- 
cess of DPG (open symbols in fig. 2). 

The solid 1ir.e in fig. 2 represents the theoretical 
concentration-dependence of the partition coefficient 
predicted from eq. (3) and (8) for a solute with a 
Stokes radius of 3.13 nm and a value of 0.50 for ~0: 
clearly the agreement between theory and experiment 
is extremely poor. Although a better (though still not 
good) theoretical description of the experimental 
results may be obtained by selecting the minimal 
Stokes radius of 2.67 nm (broken line in fig. 2), this 
vaiue of ‘;- is unrealistic since it corresponds to hemo- 
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Fig_ 3. Comparison of the experimental concentration-dependence observed in (a) osmometry and 01) equilibrium sedimentation 
with that calculated by combining eq. (8) with eqs. (9) and (lo), respectively, using a value of 3.13 run for the Stokes radius ri. 
In (a) the experimental data refer to ovine hemoglobin and are taken from Adair [ 12]_ In (b) adapted from fg. 3 of ref. [ 131 
the symbo%an is as follows: 0, human deoxyhemoglobin [lo] ; o, human deoxyhemoglobin S [lo] ; a, human carbonmonoxy- 
hemoglobin [ll]_ Although the observed concentration-dependence for the latter systems differ, none are in accord with the be- 
havior predicted for a non-interacting a$2 species (soiid line). 



globin devoid of any hydration (w = 0). It could also 
be noted that the solid line in fig. 2, calculated using 
the Stokes radius of the hydrated particle, is likely 
to underestimate the effect of thermodynamic non- 
ideahty because of the assumption inherent in eq. (8) 
that the hemoglobin molecule is a hard, impenetrable, 
uncharged sphere_ We therefore conclude that the ex- 
clusion chromatographic behavior of human and 
bovine oxyhemoglobin is root consistent with the con- 
cept that the 02/j2 species exists alone in the range of 
concentration examined. This point i now explored 
in relation to resuits obtained by others who dso util- 
ized equilibrium methods. 

4.2. Correlation wiUr os?notic pressure mzd sedimenta- 
tion equi&?iunz studies 

Fig_ 3a presents results obtained by Adair [r 23 
for the concentration-dependence of osmotic pressure 
(rr) for ovine hemoglobin, together with the theoretical 
dependence calculated from the expression 

In obtaining the theoretical curve (solid line) values 
of l-‘, were those used to calculate the solid line in 
fig. 2 and thus refer to a non-interacting hydrated 
particle of Stokes radius 3-13 nm. Experimental mea- 
surements of the concentration-dependence of appar- 
ent weight-average molecular weight (@+‘r’) of deoxy- 
hemoglobin [I 0] , its carbonmonoxy derivative [ 111 
and also deoxyhemoglobin S [IO] are shown in fig_ 
3b. ?he theoretical curve in this instance was calculat- 
ed, with Bk values corresponding via eq, (8aj to the 
same r,, from the relationship [13] 

In both figs. 3a and b the theoretical curves, calculated 
using values of k in the range 2 <k f 7, fail to de- 
scribe adequately the experimental results. In this 
connection, we do note that Ross and Minton 1131 
reported agreement between theory and experiment 
for the same data by invoking a Stokes radius of 2.9 
run for hemoglobin: as mentioned above, a larger 
value of zi is indicated by the experimental evidence. 
Consequently, we consider that there is agreement 
between studies of various forms of hemoglobin by ex- 

elusion chromatography, by osmometry and by equi- 
librium sedimentation that the concentration-depen- 
dence of the apparent activity coefficient indicated 
by the experimental results is less than that predicted 
from eq. (2) or eq. (7) written for the non-interacting 
hydrated a-& species with Stokes radius 3.13 nm. 
This type of discrepancy is indicative of a self-associat- 
ing system. 

4.1 Co?zsideration of oxyhemogZobi?z as a self-asso- 
ciah%g system 

The interpretation of osmotic pressure or sedimen- 
tation equilibrium results obtained at high concentra- 
tion in terms of an equilibrium mixture of oligomeric 
species is rendered exceedingly difficult by the need 

s 

I- 

to consider non-ideality effects defined on the basi: 
of the composition-dependence of the activity co- 
efficients of each ofigomeric species present [36,37 
However, it may be recalled from sect. 2.2 that the 
same difficulties do not arise in the interpretation 
of results obtained from chromatographic studies 
conducted with a stationary phase that excludes all 
species except monomer. Consideration of hemoglobin 
polymers as a rigid, linear string of spherical beads 
138,393 leads to the conclusion that the dimer, that 
is (cK~P~)~, would have a Stokes diameter of approx- 
imately 8.4 nm and, thus, it must be conceded that 
any dimer would have penetrated the stationary phase 
to some extent. In order to comment further on this 
point, experiments were conducted to determine the 
value of a? for muscle lactate dehydrogenase, which 
has an identical Stokes diameter of 8.4 run. The 
determined partition coefficient was ordy 0.05 and 
thus we have decided to make the approximation 
that the hemoglobin dimer, as well as any higher poly- 
mers, are effectively excluded. This permits the direct 
application of eq. (6) to the experimental results 
shown in fig. 2, but necessitates as we will see some 
caution in drawing quantitative conclusions. 

Column 3 of table 1 presents values of cz obtained 
using eq. (6) with Bk values appropriate to the hydrat- 
ed monomer and a value of 0.50 for CT:. The uncertain- 
ty shown for these values is based on an experimental 
error of -to.02 in the measurement of uw_ Columns 
4 and 5 of table 1 present the analysis of each (cl, 
Pj pair in terms of a monomer-dimer equilibrium 
and an isodesmic indefinite self-association, respective- 



monomer-dime isOdCSY&UiC 

1.7 b) 0.50 l-7 r 0.1 
13.9 0.50 13.0 + 0.6 173 163 
16.9 0.51 16.0 + O-7 113 109 
19.4 0.52 18.5 -c 0.8 85 82 
33.3 0.52 29.6 ?: 1.3 136 125 
39.1 0.52 33.7 5 1.6 153 137 
56.2 0.55 47.3 rt 2.3 128 113 
78.5 0.56 59.2 -?1 3.L 178 143 
91.7 0.59 68.7 ” 3.8 157 126 

P22.9 0.63 8X2 + 53 185 137 
132.6 0.65 88.9 i 5.9 178 131 
135.6 0.65 88.9 i- 6.0 191 138 
158.0 0.71 107.3 f 8.2 142 306 
X64.9 O-618 98.2 f 7.8 223 1.50 

A~t~~.gefanctstantlatd deviation) 1.57 5 37 X28 f 21 
___-- __ - 

a) Values were calculated using eq. (6) with values ofB& appropriate to the hydrated monomer &p2) species of Stokes ra&k 
3.13 mn. 

bf The proportion of moncmeric (aa&) species in this e>;periment is too M#r to permit reliable estimation of X. 

Jy: values of the appropriate equilibrium constant X 
were calculated from eq, (12%~) and (1 lb), respectively, 
of ref. 1243 _ Several points merit comment in relation 
to table I_ (2) Althougb it is not made in the evaluation 
of c;Y, the Ads-Fu~ita 1403 ap~rox~ati~n, that 
l.nyi = ZE&=,&&~#~~ (where the & are constants 
independent of the value of i)> is impkit in the caku$a- 
tion of X on the basis that ratios of oligomeric activi- 
ties are given by the corresponding ratios expressed on 
a molar concentration scale. (ii) Rescription of the 
hemoglobin system as either a monomer-dyer system 
or as one invofving isodesmic self-association of the 
o@2 species is adequate from the viewpoint of the 
requirement that the magnitude of X be independent 
of FT. For either system the association constant cor- 
responds to a AGo of -3 kcal./mole. It would be un- 
wise to attempt a further distinction between these 
polymerization patterns because of the assumed ex- 
clusion of the (cx$Q)2 species from the stationary 
phase. (Bi] Consideration of hemoglobin in terms of 
either associating system provides a much better de- 

scription of the observed concentra~ondependekl~e 
of the wei+-average partition coefficient than that 
predicted on ihe basis of a non-associating Q-& en&y. 

F@ 4. Description of the concenfrati~n-ciepencierree of oW 
for oxyhemoglobin in terms of the joint operation of non- 
ideality and self-association effects. Experimental points 
are taken from f&g 2, and f&e theoretical Lines are based on 
eq. Vi) and (8) for two different modeIs of self-association: 
-, &ode-de indefkite, X = 128 M-’ ; - - -, monomer-- 
dirner, X = 157 Me1 _ V&es of B& employed to assess the 
non-ideality contribution were the same as those used to con- 
stmct the so&i line in fig. 2. 



This pomt is emphasized by comparing fig. 2 with 
fig. 4, which presents the experimental results and 
the theoretical concentration-dependence of C+ for 
monomer-dimer (- - -) and isodesmic f- ) sys- 
terns with the mean value of X reported in table I _ 
Of particular note is the distinct change in the overall 
shape of the theoretical curves that results from the 
superimposed effects of self-association equilibrium 
and thermodynamic non-ideality (fig- 4) compared with 
with that predicted on the basis of the latter effect 
alone (solid curve in fig. 2). Clearly, the postulate 
that both types of effect are operative is much more 
in accord with the experimental results. (iv) It appears 
that the addition of a four-fold molar excess of DPG, 
an organic phosphate present in the human erythro- 
cyte in equimolar proportion, is without significant ef- 
fect on the extent of association of oxyhemoglobin 
(open circles in fig. 4)_ This implies that, provided no 
other effector of the polymerization equilibrium 
exists in the erythrocyte, o&Y about half of the hemo- 
gIobin in the red blood c&l would be in the cu.& state, 
under conditions of near oxygen-saturation. The iatter 
estimate was made employing the values of X in table 
1 and a total concentration of 320 g/liter. 

5. General discussion 

The major point which emerges from this work is 
that the ~$3~ form of human oxyhemoglobin self- 
associates in accordance with the law of mass action 
under conditions physiologically relevant with regard 
to pW and solute concentration. This conclusion con- 
firms and extends previous postulates [I 5-201 of 
macromolecular interaction in hemoglobin solutions: 
likewise, it is now evident that sedimentation equilib- 
rium 110,f 1 J and osmotic pressure [I 23 results are 
not consistent with the sole existence of the hydrated 
W& species in concentrated solutions, as claimed 
previously 113,143. The coexistence of oligomeric 
species of hemoglobin m equilibrium at the saturating 
oxygen tension used in this work krdicates that there 
is little if any preferential binding of oxygen to a 
particular oligomeric state. in cases where a hgand 
binds to equivaIent and independent sites on each 
oligomeric state and to equal extents to the oligomer- 
ic states of an acceptor coexisting in equilibrium, it 
has been shown [41] that the binding curve is identical 

to that pertaining to the monomer and is independent 
of acceptor concentration. The same basic conclu- 
sions may be shown to apply when each acceptor 
state binds ligand equally but with cooperativity of 
binding to each state, a situation pertinent to hemo- 
globin where the o#2 form is known to exhibit 
positive cooperativity in its oxygen-binding behavior 
1423 _ For such an allosteric system comprising mono- 
meric and dimeric acceptor states (2A += Aat governed 
by an association constant X), the appropriate ex- 
pression for the binding function r, the moles of 
hgand bound per base mole of total acceptor, is 
given by 

01) 

where nzA is the molar concentration of free 02p2 
possessing four oxygen-binding sites, S refers to oxy- 
gen and the KI denote the equih3rium constants de- 
scribing successive binding of hgand. Since no preferen- 
tial oxygen binding to an ohgomeric state is evident, 
the Kl in each term of eq. (I 1) are directly comparable 
which permits rearrangement of eq. (I 1) by factoriza- 
tion and cancellation to yield, 

The same simplification occurs when 02f12 is con- 
sidered to undergo mdefmite self-association with each 
oligomeric state binding oxygen equally. Eq. (1 Z), 
a ratio of polynomials, is of the same form used to 
describe the sigmoidal oxygen-binding curve relevant 
to the oZp2 form [42]. The finding of Torehi and 
coworkers 1433 in their fig, 1 that the oxygen-binding 
curve of human hemoglobin is sigmoidal and indepen- 
dent of hemoglobin concentration over the range 
44-3 3 3 g/liter is consistent with eq_ (11) and (12) 
and &us is in accordance v&h our in$erpretation of 
oxyhemoglobin as an equilibrium mixture of oligo- 
meric states possessing identical affinities and site- 
cooperativity properties with respect to oxygen binding. 
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At the same time, the latter workers 1431 in their 
fig. 2 have shown a distinct acceptor-concentration 
dependence of oxygen-binding curves in the presence 
of DPG. If it is assumed for simplicity that any DPG- 
hemoglobin co;nplex formed with DPG in the P-cleft 
cannot bind oxygen 1441, the numerator of eq. (11) 
remains unaltered but the denominator must contain 
additional terms to account for the contribution of 
these complexes to the total concentration of the 
acceptor_ The result is that eq. (1 I) can no longer be 
simplified to eq. (12) and, indeed, can no longer be 
formulated as an expression independent of r?tA. Thus, 
acceptor-concentration dependence of oxygen-binding 
curves is a necessary consequence of the self-associa- 
tion of oxyhemoglobin even though oxygen affinity 
is unaltered by this polymerization. The delineation 
of terms to be included in the denominator of eq. 
(11) to account for DPG-complexes requires specifica- 
tion of these complexes, for, indeed, interactions of 
the type 2a2p2 DPG t (cr2p2 DPG),, linked with the 
oxyhemoglobin self-association, may well operate. 
Two items of evidence presented in this work point 
to this possibility, namely, that DPG does not appear 
to affect the extent of association of oxyhemoglobin 
(fig. 4) and that the deoxy-state, of similar conforma- 
tion to the DPG-complex [45], seemingly also self- 
associates (fig. 3b). The former observation offers 
no comment on the effect on the association of 
hemoglobin of specific DPG binding in the P-cleft 
(which does not occur at saturating oxygen tension); 
but it does show that non-specific DPG binding 132 ] 
does not affect the self-association. 

It is not timely yet to formulate a comprehensive 
binding equation aimed at describing oxygen binding 
results found under physioIogica1 conditions since 
more detail is required on the possible self-association 
of the DPG-complex and more information is needed 
on the effects of other biologically relevant ligands 
such as ATP and magnesium ions 14463 _ However, it 
is becoming increasingly clear that the fundamental 
question of the control of oxygen binding to hemo- 
globin requires joint consideration of allosteric and 
self-association effects. The present study has stressed 
the relevance of the self-association of oxyhemoglobin 
and has described a method of exclusion chromatog- 
raphy which may be helpful in elucidating other 
association equilibria which may be operative in the 
physiological environment of the red blood cell. 

This investigation was supported in part by funds 
from the Australian Research Grants Committee. 
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