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Oxygenation-Linked Subunit Interactions in Human Hemoglobin: 
Experimental Studies on the Concentration Dependence of 
Oxygenation Curves? 

Frederick C.  Mills, Michael L. Johnson,t and Gary K. Ackers* 

ABSTRACT: An experimental study on the concentration de- 
pendence of oxygenation curves for human hemoglobin has 
been carried out between 4 X lop8 M heme and 5 X M 
heme in 0.1 M tris(hydroxymethyl)aminomethane hydro- 
chloride, 0.1 M NaCI, 1 m M  disodium ethylenediaminete- 
traacetic acid, p H  7.4,21.5 O C .  With decreasing hemoglobin 
concentration the curves show pronounced shifts in position 
and shape, consistent with dissociation of tetrameric hemo- 
globin into dimeric species of high affinity and low coopera- 
tivity. Combination of these data  with independently deter- 
mined values of dissociation constants for unliganded and fully 
liganded hemoglobin permits a resolution of the seven pa- 
rameters necessary to define the linked binding and subunit 
association processes. The  total oxygenation-linked subunit 
dissociation energy (6.34 kcal) was resolved into intersubunit 
contact energy changes between (YO dimers in tetrameric he- 
moglobin which accompany binding of the first, middle two, 

Formula t ion  of a detailed mechanism for hemoglobin action 
must ultimately depend upon establishing correlations between 
structural and energetic transitions which accompany the 
successive oxygen binding steps. At  the present time there 
exists little information in either of these areas compared with 
what will eventually be required to establish a definitive theory 
for the mechanism of cooperativity and regulation in human 
hemoglobin. Knowledge of the thermodynamic states assumed 
by the tetrameric molecule during the cycle of oxygenation- 
deoxygenation is of particular importance since the very con- 
cept of cooperativity (Le., change in binding free energy with 
degree of ligation) is a thermodynamic one. Detailed ther- 
modynamic information provides a necessary guide to assessing 
mechanistic relevance of structural data  since appreciable 
rearrangements in atomic coordinates may be accompanied 
by only minor net free energy transitions and vice versa (cf. 
Lumry, 1971; Weber, 1975). 

Cooperative interactions between remote ligand binding sites 
in tetrameric human hemoglobin must be transmitted across 
contact regions’ separating the subunits containing such sites. 
Studies on the kinetics and thermodynamics of dissociation 
processes affecting those contact regions may therefore provide 
information on the nature and energetics of the subunit in- 
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’ It is recognized here that the intersubunit “communication” may be 
direct, or may be mediated indirectly through shifts in distributions of 
preexisting conformational states. 
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and last oxygen molecules. The resolution is accurate to within 
approximately f 0 . 3  kcal. To within this limit the isolated di- 
mers are  found to bind oxygen noncooperatively and with the 
same affinity as  isolated cy and /3 chains. Equally good fits to 
the data are obtained when dimers are slightly anticooperative. 
At least three major energetic states are  apparently assumed 
by hemoglobin tetramers, with respect to the alp2 contact 
region, corresponding to (a)  unliganded, (b) singly liganded, 
(c) triply and quadruply liganded species. The results do not 
establish whether these states may be assumed by a single 
molecule, or whether they arise as averages over a distribution 
of conformational states. They do provide unequivocal evidence 
against a concerted transition a t  any particular binding step 
in a system with only two energetic states of tetramer (i.e., an 
all or none switchover between T and R states a t  a particular 
binding step). 

teractions involved. Of particular interest is the determination 
of changes in intersubunit contact energy’ and the corre- 
sponding changes in energy for binding ligand a t  each suc- 
cessive step. By comparing these quantities it is possible to 
establish what fraction of the cooperative energy is reflected 
at  each step within the intersubunit contact region. Funda- 
mental thermodynamic characterization of this type provides 
important constraints which must be met by any models pur- 
porting to explain the mechanism of action of hemoglobin. 

The contact region of primary interest in the present study 
is that separating cy]P’  and a2p2 dimer pairs within the tetra- 
mer. It is this contact plane where the major changes in qua- 
ternary structure are inferred from x-ray analysis to occur upon 
oxygenation (Perutz, 1970; Perutz and Ten Eyck, 1971). This 
is also the contact plane where noncovalent bonding interac- 
tions are destroyed upon dissociation of the tetramer into di- 
meric species in dilute solution near neutral p H  (Rosemeyer 
and Huehns, 1967; Soni, 1973; Hewitt et al., 1972). Deter- 
mining the energetics of hemoglobins with specific structural 

The term “contact energy” wil l  be used here to denotc the bonding 
strength between a specified pair of subunits (each subunit m a y  be <I 

combination of polypeptide chains, e.g., an CY@ dimer). Operationall) it 
equals the free energy for dissociation of the complex into i t a  constituent 
subunit species. A bond of this type will in general arise from a combination 
of many microscopic interactions within the region of contact between thc 
subunits, and will also contain contributions attributable to wlvc‘nt  i n -  
teractions. These microscopic contributions to thc bond may chanpc i n  
strength, number, or kind, in response to conformational perturbation5 
associated with changes in environmental conditions, or with ligand binding 
at sites remote from the region of contact between subunits. I t  i \  thcsc 
changes that we are  interested in measuring. The term “contact encrgl“ 
is thus a useful term for grouping energies of intersubunit interaction u hich 
contribute to the strength of association between subunit pair\. 
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modifications within this contact region may permit identifi- 
cation of pairwise interactions with cooperative events. Figure 
1 shows the relationships between subunit dissociation and 
oxygen binding. The oxygenation-linked free energy of disso- 
ciating tetramers into dimers (4AGz - OAG2, Figure 1) has 
been known for several years to be substantial, Le., on the order 
of 6-8 kcal (Kellett, 1971b; Thomas and Edelstein, 1972, 
1973). Recently we have succeeded in determining a value of 
6.34 f 0.2.kcal for this free energy coupling3 under one set of 
conditions, from independent estimates of the dissociation 
constants for unliganded and fully oxygenated hemoglobin (Ip 
et al., 1976). In this paper we are  concerned with the problem 
of how the oxygenation-linked free energy is partitioned with 
respect to the successive binding steps. 

W e  report here a study of oxygenation curves determined 
as a function of hemoglobin concentration. The object of these 
experiments was to obtain saturation data representing the 
linkage function (Ackers and Halvorson, 1974): 

where Z2 and Z2’ are  functions of the binding constants to 
dimer and the oxygen concentration [XI, and Z4 and Z4’ are  
corresponding functions of the tetrameric binding constants 
(see Appendix for exact definitions). Equation 1 also defines 
the relationship between oxygenation state r a n d  the hemo- 
globin concentration [P,]. 

Using this linkage function, the oxygenation data obtained 
in this study have been analyzed, in combination with inde- 
pendently determined free energies for dissociation of oxy- and 
deoxyhemoglobin, to estimate the free energies for dissociating 
tetramers into dimers in successive stages of ligation. The  re- 
sults also provide a determination of the sequential oxygen 
binding energies for dimeric and tetrameric species. Knowledge 
of all these quantities permits a calculation of the changes in 
intersubunit contact energy within the tetramer upon binding 
of the first, middle two, and last oxygen molecules (Ackers and 
Halvorson, 1974). These differences (6AG’s) may be writ- 
ten:4 

6AGol ‘AGz - OAG2 = AG41 - AG21 ( 2 )  

Free energies for dimer-tetramer association reactions determined 
in this study are based upon a reference state of I mol of dimer per I .  at 
21.5 O C  and are not corrected to unitary values. Conversion to a molar 
heme basis requires adding RT In 2 to the association free energies. Dif- 
ferences between subunit association energies (e.g., 4AG2 - “AG2) are of 
course independent of the concentration units, and expressed simply in  
kilocalories. The reference state for oxygen binding reactions in  this study 
is 1 mol of dissolved 0 2  per I., also at  21.5 “C.  Oxygen concentrations in 
the experimental solutions were calculated from the measured oxygen 
tensions and the Henry’s law constant: 1.77 X IO-h mol of Oz/mmHg. 

It is possible to separate the total free energy change 6 A G ) i t h e  
two middle binding steps in terms of an apparent free energy 2AC2 for 
f o r m a t i o ~ d o u b l y  liganded tetramer: - IAG2 S G 4 2  - AG22; 
‘AG? - 2AG2 = AG43 - AGzl.  However, the quantity *AG2 is a combi- 
nation of the formation free energies for the two kinds of doubly liganded 
tetramer t u a y  be formed with respect t o t h e n t a c t  region of interest. 
It equals 2AGf’ - RT In ( I  + K I ) ,  where 2AG2A is the free energy for 
forming the “asymmetric” tetramer (i.e., with both ligands on an a lp1  
dimer) and K I  is the constant defining the distribution between this species 
and the “symmetric” doubly liganded tetramer (i.e,, with one ligand on 
each side of the alp2 contact region). The quantity 6AG13 is rigorously 
equal to the change in bonding strength between dimers in going from the 
singly liganded to triply liganded states. 

4AG, 

~ I G U R E  1 : Linkage diagram for subunit dissociation and oxygenation 
of human hemoglobin. The energetic quantities represented have been 
defined previously (Ackers and Halvorson, 1974). OAGz and 4AC2 are free 
energies for tetramer formation (from dimers) in the unliganded and fully 
liganded states, respectively. IAG2 and 3AG2 are respective association 
energies for formation of singly liganded tetramers (from combination 
of singly liganded and unliganded dimers) and triply liganded tetramers 
(from combination of singly and doubly liganded dimers). Energies for 
the successive binding steps to tetramer are AG41, AG42, AG4;. AG44. For 
dimer, the successive free energies of oxygenation are AG2l and AG22. The 
free energies for saturation of tetramer and dimer, respectively, are AG4 
and AG2. The successive differences (‘rlG2 - OAG2). (3AG2 - AGl),  and 

- 3AG2)  are measures of the intersubunit contact energy changes 
accompanying the first, middle two, and last binding steps, respectively. 
A G I  is the average free energy for oxygenating 2 mol of a chains and 2 
mol of B chains. 

The approach we have used differs entirely from that of 
previous oxygenation studies which have been aimed a t  de- 
termining the tetrameric binding constants. Our primary focus 
of interest is upon the changes in dimer-dimer contact energy 
within tetrameric hemoglobin which accompany the successive 
binding steps. Although these are  calculable from knowledge 
of the six binding constants to tetrameric and dimeric species 
and any one of the subunit association constants (e.g., that of 
unliganded hemoglobin), we have analyzed our data  directly 
for the differences in dissociation energies. It should be noted 
that dimer binding isotherms for human hemoglobin A near 
neutral p H  have never been determined and are  not directly 
measurable by any known methods. Kinetic indicators (An- 
derson et al., 1971; Kellett, 1971a,b) suggest that dimer coo- 
perativity may be very low, but do not permit quantitative es- 
timation of the limits for such noncooperativity. Since the re- 
lationships between energetic quantities are of primary interest 
rather than their absolute values, we have felt it necessary to 
carry out as complete a determination as  possible of the ener- 
gies depicted in Figure 1 .  Equilibrium constants for all reac- 
tions denoted by the solid lines in this linkage scheme have been 
determined under the same conditions, so that accurate com- 
parisons can be made. In a preliminary note (Ackers et al., 
1976), we have summarized some of the principal results. Here 
we present a detailed description of the oxygenation studies. 
Methods and results of numerical analyses necessary to the 
interpretation of these experimental results are  described in 
the following paper (Johnson et al., 1976). 
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T A B L E  I: Enzyme Reduction System Used in Oxygenation Experiments.u 

Concn of Stock ml Used per Concn in Hemoglobin Sample 
Working Unit Source 5 ml of Hemoglobin Working Unit 

Component Molar Concn and Type Sample Molar Concn 

Glucose 6- 5 X IO-' 16.1 rng/ml 

Glucose-6- 4 X I O +  200 IU/ml 
phosphate 

phosphate 
dehydrogenaseh 

h A D P  1.2 X IO-?  i o  rng/mI 
Ferredoxin 8.6 -17.2 1-2 mg/ml 

x 10-5 

0.1 1 x I O - '  0.32 mg/rnl Calbiochem or 

Calbiochem yeast These two components I .6 X 0.81 unit/ml 
Sigma 

lyophilized, were stored together; 
grade A 0.02 ml of this so- 

lution was used 
Sigma 4.8 X 0.04 mg/ml 
Sigma,  type 111 0.02 3.4 -7.8 X IO-'  4-8 wg/ml 

~~ 

Ferredoxin N A D P  1.5 X lo-' 2 units/ml Sigma from 0.02 6 X 0.064 unit/ml 
reductaseh spinach 

lyophilized 
Catalase 8 x 10-5 1 X lo6 I U / m l  Calbiochem 0.002 3.2 X 4000 IU/ml 

f i  Based on the enzyme reduction system described by Hayashi et  al. (1973). These components were apparently inactivated when stored 
with EDTA. Therefore they were stored in EDTA-free buffer. 

T A B L E  11: Pso's for Deoxygenation and Reoxygenation Curves. 

Hemoglobin 

( M H e m e )  X(nm)  (mmHg)  (mmHg)  % M e t u  
Concn Wavelength, P ~ o  Deoxy P50 Reoxy 

3.82 X 

7.65 X 

5.4 x 10-6 
2.7 X IO-?  
8 x 10-8 
4 x 10-8 
4 x 10-8 

7.65 x 10-5 

3.82 x 10-5 

610 4.99 
480 4.81 
610 4.82 
563 4.80 
415 4.35 
415 2.85 
415 2.35 
415 2.00 
41 5 1.95 

4.78 1.5 
4.66 0.5 
4.12 0.5 
4.62 0.02 
4.18 0.02 
2.45 3 
2.45 8 
1.35 1 1  

1 1  

The  amount  of oxidation occurring during deoxygenation of the 
sample as  determined from spectral scans. The  amount  of methem- 
oglobin initially present before deoxygenation was less than 0.5% for 
the highest five concentrations and less than 1% for the others. 

Experimental Section 

Materials 

Hemoglobin Preparations. Hemoglobin was prepared from 
the blood of a nonsmoker by the method of Williams and Tsay 
(1973). This method purifies the major A0 component of he- 
moglobin, and also removes organic phosphates. Immediately 
after preparation, the hemoglobin was frozen in small droplets 
in liquid N2 and stored in liquid N2 until use. This procedure 
eliminated previously observed deterioration in the quality of 
the hemoglobin which occurred upon prolonged storage in 
solution at  4 "C. A single preparation of hemoglobin was used 
for each complete series of concentration-dependent oxygen- 
ation curves. 

The hemoglobin was found to migrate as a single band 
during electrophoresis on linear gradient polyacrylamide gel 
electrophoresis in tris borate EDTA5 buffer, p H  8.4. The  
preparation was checked for organic phosphate by the method 
of Ames and Dubin (1960) and found to contain no phosphate 

' Abbreviations used: EDTA, ethylenediaminetetraacetic acid; PMB, 
p-mercuribenzoate; Tris, tris(hydroxymethy1)aminomethane. 

to within a resolution of 5 phosphate molecules per 100 he- 
moglobin tetramers. 

Isolated a and /3 chains were separated by the p-mercuri- 
benzoate method of Bucci and Fronticelli (1965). The p -  
mercuribenzoate was removed by the method of Tyuma et al. 
( 1966), with the modification that the 0-mercaptoethanol was 
used for the PMB removal from both a and /3 chains. Complete 
reduction of the chains into their SH forms was verified by the 
method of Winterhalter and Colosimo (1971). 

Buffers. The buffer used in all oxygenation experiments was 
0.1 M Tris, 0.1 M NaC1, 1 m M  NalEDTA, titrated to pH 7.4 
with HCI. Trizma base and NazEDTA were from Sigma. The 
NaCl and HCI were obtained from Fisher. Double-glass-dis- 
tilled water was used to make up the buffer. 

Enzyme Reductase System. An enzymatic reduction system 
(Hayashi e t  al., 1973) was used to minimize hemoglobin oxi- 
dation during the oxygenation experiments. Table I shows the 
composition of this system. 

Instrumentation and Methods 
Automatic Oxygenation System.  The course of deoxyge- 

nation and subsequent reoxygenation of hemoglobin solutions 
was followed spectrophotometrically while the change in 
oxygen tension was monitored with an oxygen electrode (Imai 
et al., 1970). An oxygenation cell similar to that of Imai was 
made of 18-2 grade 3 16 stainless steeL6 Hemoglobin in this cell 
became oxidized a t  about the same rate (Table 11) as in an 
oxygenation cell made entirely of glass.' However, a similar 
oxygenation cell made earlier of grade 304 stainless steel8 
caused so much oxidation of the hemoglobin that experiments 
were rendered impossible, even in the presence of the reductase 
system. 

Using a Cary 118C spectrophotometer, changes in hemo- 
globin solutions were measured during the oxygenation ex- 
periments. The oxygenation cell was mounted in a thermos- 
tatable cell holder. The sample compartment was fitted with 
an aluminum tower, which allowed electrical lines, gas, and 
cooling lines to be attached to the oxygenation cell without light 

(' Composition (maximum percent by weight): C, 0.1; Mn,  2.0; Si. 1 .O; 
Cr,  16-18; Ni, 10-14; Mo, 2-3: Fe, balance. 

Designed by Dr. Donald Atha, University of Texas (Austin). 
Composition (maximum percent by weight): C, 0.08; Mn, 2.0; Si, 1 .O; 

Cr. 18-20; Ni, 8- I 1 ; Fe, balance. 
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leaks. The analogue absorbance output of the spectropho- 
tometer was fed into the Y axis of an Esterline-Angus 2417TB 
X -  Y recorder. 

A Beckman 39065 oxygen electrode was used to monitor the 
oxygen tension of the hemoglobin sample. Thin Teflon mem- 
brane (10 Fm) used with the electrode was a gift of Dr. W. B. 
Elliot, Department of Biochemistry, State University of New 
York, Buffalo. Polarization current was supplied by a 9-V 
battery and the voltage impressed across the electrode was 
adjusted to 0.8 V with a potentiometer. The current output of 
the electrode was amplified by a Keithley 150B microvolt 
ammeter and the voltage output of the amplifier was recorded 
on the X axis of the recorder. 

Control of Temperature and Hydration. Temperature 
control was accomplished by circulation of water from an ex- 
ternal water bath (Neslab PBC-4) through the thermostating 
jacket of the oxygenation cell. The temperature of the hemo- 
globin solution within the cell was measured with a Digitex 
thermometer (United Systems Model 1501) and found to 
fluctuate less than 0.03 ‘C during the course of an experiment. 
To  ensure that there was no change in the concentration of the 
protein solution during an experiment, gas used for deoxyge- 
nation and oxygenation was bubbled in succession through two 
thermostated hydrators before entering the oxygenation cell. 
The hydrators, oxygenation cell, and the spectrophotometer 
sample compartment were all connected to the same water 
bath. 

Performance Characteristics of the System. Periodic checks 
were made on the performance of the Cary 118C spectro- 
photometer. Linearity of the instrument was tested by mea- 
suring the absorbances of weighed dilutions of a standard so- 
lution of dichromate (Haupt, 1952). The instrument was found 
to maintain linearity to within 0.005 absorbance unit up to an 
absorbance of 2.0. The drift in absorbance readings of the 
oxygenation system when the cell was filled with water or 
buffer was less than 0.0005 absorbance unit/h. The slit width 
was adjusted to give a 1-nm band-pass for all experiments. 

Performance characteristics of the oxygen-measuring sys- 
tem were also determined. Linearity of the system was tested 
by equilibrating with several 02-N2 gas mixtures (Matheson) 
in succession and noting the pen position on the X axis of the 
recorder. Taking the air point to be 155 mmHg, the deviations 
of points from linearity were found not to exceed f 0 . 2  apparent 
rnmHg. 

It was found that the pen on the X-Y recorder always re- 
turned to the initial air point on the X axis after an experiment, 
indicating a high degree of stability. 

Preparation of Samples for Oxygenation Experiments. 
Before each experiment, a small quantity of frozen hemoglobin 
stock was thawed. The concentration of this stock solution was 
calculated from measured absorbance in the visible region of 
a ‘/IOO volume dilution (Benesch et al., 1973). For the experi- 
ments reported in detail here, its value was 2.67 m M  heme. 
Except for concentrations above M heme, a portion of 
stock solution was diluted into the experimental buffer and the 
concentration of that sample calculated from the dilution 
factor. Since the stock solution was in a different buffer from 
the one used in these experiments, samples with concentration 
higher than M heme were prepared by passing the he- 
moglobin stock solution through a G-25 column equilibrated 
with the experimental buffer, and then making the necessary 
dilution. The concentrations of these samples were determined 
by measuring their absorbances in a 0.1-cm path length cell 
in the visible region. 

Procedure for Oxygenation Experiments. Five milliliters 

of sample was placed in the oxygenation cell. At  least 15 min 
was allowed for equilibration of the system while the sample 
was being stirred and air was being flowed over its surface. The 
experiment was begun when the absorbance reading of the 
spectrophotometer and the output of the oxygen electrode 
reached constant values. Deoxygenation was begun by flowing 
Nz gas over the surface of the sample. At  protein concentra- 
tions below approximately M (heme) it was necessary to 
mix an 02-N2 gas mixture with N2 gas when the fractional 
saturation was in the range of 95 to 25% in order to slow the 
progress of the experiment. Otherwise reading of the 0 2  

electrode was observed to lag appreciably behind the true pO2. 
Once the fractional saturation was below 25%, pure Nz gas was 
flowed over the solution until the oxygen electrode gave a 
constant reading indicating complete deoxygenation of the 
sample. At  high protein concentrations the release of oxygen 
from the hemoglobin solution was sufficiently slow that pure 
nitrogen could be used throughout the experiment. Pure N2 
gas was also used to deoxygenate the hemoglobin chains. 
Reoxygenation of samples a t  all protein concentrations was 
accomplished by mixing increasing amounts of an Or-Nl  gas 
mixture with the N2 until the  fractional saturation reached 
approximately 95%. Further reoxygenation was then carried 
out with air. The time required for either deoxygenation or 
reoxygenation varied between 40 rnin and 2.5 h, the longer 
times being required for deoxygenation at  the highest protein 
concentrations. The time course of oxygenation-reoxygenation 
was recorded using the time base for the strip chart recorder 
of the Cary 118C spectrophotometer. Spectra of the herno- 
globin sample were recorded before and after each oxygenation 
or deoxygenation in order to assess the amount of rnethemo- 
globin formed and the overall reversibility. 

Since the experiments were carried out over a protein con- 
centration range of four orders of magnitude, it was necessary 
to use several different wavelengths to obtain workable full 
scale absorbance changes in going from oxygenated to de- 
oxygenated samples. For all wavelengths used the slit width 
was adjusted to give a 1-nm band-pass. 

Digitization and Processing of Data. Numerical values for 
the X and Y coordinates of each oxygenation curve were re- 
corded manually a t  30-50 points and punched on cards for 
computer processing. Calculations were performed on a C D C  
6400 computer using methods described in the following paper 
(Johnson et al., 1976). Data for deoxygenation curves only 
were used in the analyses presented here, in order to minimize 
the effects of oxidation and protein denaturation. 

In experiments carried out a t  hemoglobin concentrations 
below M (heme) a small and approximately constant 
linear decrease in absorbance with time was observed on the 
portions of the time base recording prior to, and after the 
deoxygenation-reoxygenation sequence. A correction to each 
point of these lowest concentration deoxygenation curves was 
therefore made, based upon the observed “baseline” slope. No 
such variations were observed nor corrections needed for the 
experimental results a t  concentrations higher than 

Determination of End Points. The 100% saturation end 
point was determined for each curve by extrapolating a plot 
of absorbance vs. l/pO2 to infinite oxygen tension. The zero 
percent saturation end point was taken to be the point where 
the pen ceased to move on the X axis of the recorder when pure 
N2 gas was flowed over the sample. This point corresponded 
closely with the N2 end point established by calibration of the 
electrode. 

Additional Controls. A series of studies were carried out tn 
determine: (1) reproducibility of the data; (2) whether the 

M. 
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F I G U K E  2: Oxygen binding curves at  hemoglobin concentration of 5.4 
X I 0-6 M (heme) in 0.1 M Tris-HC1,O. 1 M NaCI, 1 mM NazEDTA, pH 
7.4,21.5 OC. ( 1 )  Deoxygenation curve; (2) reoxygenation curve. Experi- 
ments were carried out using the automatic oxygenation method of Imai 
with the methemoglobin reductase system of Hayashi. 

enzyme reduction system appreciably perturbs the oxygenation 
curves; (3 )  whether the oxygenation curves are  wavelength 
dependent under the conditions employed; and (4) whether 
differences in subunit association properties exist before and 
after an experiment, such as would arise from denaturation or 
irreversible dissociation to monomers (Kellett and Schachman, 
I97 1). These tests were made by performing "large zone" gel 
chromatography experiments (cf. Ackers, 1975) before and 
after the deoxygenation-reoxygenation cycle. 

Results 
Oxygenation Curues. Oxygenation-deoxygenation curves 

spanning a protein concentration range between 4.0 X lop8  
and 3.82 X M (heme) were successfully measured. A 
typical pair of curves is shown in Figure 2 for a concentration 
of 5.4 X I O p 6  M. For solutions above lop6 M heme, deoxy- 
genation and reoxygenation curves were quite close (Figure 
2)  while for curves a t  lower concentrations, the separation 
became progressively greater. 

Table 11 gives the P50 values for the separate deoxygenation 
and reoxygenation curves as  well as the amounts of oxidation 
a t  the end of each experiment. The closeness of the P50 values 
for each pair of curves (their greatest separation generally 
being near the point of half-saturation) was taken as a measure 
of the reproducibility of the data (Imai, 1973). Curves were 
generally reproducible between separate experiments to within 
these same limits (Table 11). 

The enzyme reduction system was found not to alter de- 
tectably the P50 values for the deoxygenation curves and was 
therefore deemed innocuous for the purposes of these experi- 
ments. 

Variation of Wauelength. Four wavelengths were used to 
monitor the fractional saturation in these experiments: 610 and 
480 nm for high concentrations (3.82 X 7.65 X M 
heme), 563 nm for intermediate concentrations (3.82 X lo-' 
M heme), and 415 nm for the low concentration curves (5.4 
X 1 O-h, 4.0 X lop8 M heme). Plots of Y axis pen deflection at  
one wavelength vs. Y axis pen deflection at  another wavelength 
for curves a t  the same concentration were highly linear. These 
results indicate that the oxygenation curves were independent 
of the wavelengths used to within limits of experimental pre- 
cision (i.e,, --f 1%) in these buffer conditions. 

Concentration Dependence of Oxygenation Curves. Data 
points from the deoxygenation curves are  shown in Figures 3 
and 4 as a function of hemoglobin concentration (Figures 3 and 
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3 :  Oxygenation curves determined as a function of hemoglobin 
concentration and comparison between calculated curves (case A,?able 
V) and experimental data. ( A )  vs. [O,] as a function of hemoglobin 
concentration [P,]. Each symbol type represents experimental data from 
an oxygenation curve measured at  a given protein concentration and 
wavelength. The hemoglobin concentrations are the same as those given 
in Table 11 and decrease from right to left. The solid lines are the calculated 
curves for case A (Table V) at the experimental protein concentrations. 
Curves D and T are for dimer and tetramer, respectively. ( B )  Residuals 
of the best fit for all curves a t  various hemoglobin concentrations. The 
residuals were normalized to the variance of the fit, which was 1.01 X 
This fit yields slightly anticooperative oxygen binding by a/3 dimers. 

4 show the same data points compared with different sets of 
solid curves, to be described below). It can be seen that pro- 
nounced changes in both shape and position occur as  the he- 
moglobin is progressively diluted. The experimental curves 
bear a striking qualitative resemblance to the behavior pre- 
dicted earlier for a linked dimer-tetramer system (Ackers and 
Halvorson, 1974). 

Standard Indicators of Hemoglobin Function. Table I11 
shows the values of PSO, median ligand concentration [XI, Hill 
coefficient nmax, and Wyman free energy of interaction AGI 
a t  each protein concentration. The asymptotic limbs for Hill 
plots in a dimer-tetramer system are  calculated from the fol- 
lowing limiting forms (see Appendix for derivation): 

The Wyman interaction energy AG[ (Wyman, 1964) is cal- 
culated from these asymptotes as: 

The quantity AG[ is seen to vary with protein concentration 
[ P,] and to contain information on all of the equilibrium con- 
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T A B L E  III: Standard Indicators of Hemoglobin Function. 

Median Wymanb 
Protein 0 2  Pressure," Hill Interaction 
Concn p50 Xmed  Coeff, Energy, 

( M  Heme) ( m m H g )  (mmHg)  nmax AGI (kcal) 

3.82 x 10-4 4.99 4.89 3.28 2.79 
7.65 X 4.82 4.61 3.20 2.77 
3.82 X 4.80 4.52 3.32 2.76 
5.36 X l o d h  4.35 4.14 3.23 2.71 
2.7 X lo-' 2.85 2.70 2.48 2.42 
8 x 10-8 2.35 2.07 2.40 2.21 
4 x 10-8 2.00 1.72 2.21 2.06 

These values were converted into median oxygen concentrations 
mol of Oz /mmHg.  

The  value of AGI for tetrameric hemoglobin was determined in this 
[XI using the Henry's law constant: 1.77 X 

studv to be -2.8 kcal. 

stants of the system. In practice its evaluation from experi- 
mental data is subject to large error and it does not provide a 
useful transformation of the linkage function eq 1 for estima- 
tion of parameters. In  fact, the values of AGI listed in Table 
111 were obtained by the reverse procedure: we first evaluated 
all the equilibrium constants (described below) and then cal- 
culated A G I  analytically using eq 5 and 6. 

The Hill coefficient for tetramer under these experimental 
conditions is near 3.3, probably reflecting the influence of 
EDTA and chloride anions which are  present in molar excess 
in the system. The EDTA is used to minimize oxidation and 
irreversible dissociation into chains (Kellett and Schachman, 
1971; Rifkind, 1974). It also appears to exert some of the ef- 
fects of DPG and other organic polyanions such as those 
studied by Shimizu and Bucci (1974). We have found that the 
presence of 1 m M  EDTA shifts the Pso for a hemoglobin so- 
lution (2.5 X lo-' M heme) from 3.75 to 4.75 mmHg under 
present experimental conditions. 

Analysis of the Oxygenation Data 
The principal aim of our analysis was to determine the dif- 

ferences in subunit dissociation energies for tetrameric species 
corresponding to changes in state of ligation. W e  proceeded 
toward this goal by first determining independently some of 
the parameters necessary to define the linkage system (Figure 
1) and then estimating the remaining ones by least-squares 
analysis of the oxygenation data. The reader should refer to 
the following paper (Johnson et al., 1976) for definitions of 
terminology, a description of the numerical methods used, and 
an assessment of their reliability for this problem. 

Calculation of the Free Energies for  Totally Oxygenating 
Tetramers, Dimers, and Monomers. The equilibrium constant 
K44 for binding four oxygens to the tetramer was calculated 
from the median ligand concentration [XI of each oxygenation 
curve according to the formula (see accompanying paper for 
derivation): 

where 
( 1  + 44Kz[P,])1/2 - 1 

24K2[Pt1 
(1 + 4'K2[P,I1/' - 1 

2°Kz[Pil 
, O f 2  = f 2  = 

The dimer-tetramer association constants OK2 and 4K2 for 
unliganded and fully oxygenated hemoglobin, respectively, 
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Analysis of concentration-denendent oxveenation curves in  
terms of case B (Table V)  assuming noncooperativkhimer. (A) Com- 
parison between experimental data points and calculated curves (solid 
lines) from the best fit to the dimer-tetramer linkage scheme (Figure 1) 
assuming noncooperative dimer (case B, Table V). Curves D and T are 
for dimer and tetramer, respectively. (B)  Residuals of the f i t  for all the 
data normalized to the variance of fit: 2.24 X 

TABLE Iv: Median Oxygen Concentration and Total Binding 
Energy. 

Hemoglobin Concn, [P,], Median, [XI Calcd" K44 X l oz0  
( M  Heme X 1 06) (M 0 2  X lo6)  (M-4) 

382 8.67 1.60 
76.5 8.21 1.76 
76.5 8.16 1.80 
38.2 8.01 1.78 

5.4 7.32 1.60 
0.27 4.78 1.53 
0.08 3.67 1.53 
0.04 3.05 1.68 
0.04 3.17 1.44 

Mean Adair constant for four oxygens 

AG = -27.16 f 0.05 kcal /4  mol of 0 2  

1.64 f 0.04 

Calculated according to eq 4, using the independently determined 
values: OK2 = 9.81 X lo5 M-I (dimer). In these calculations& is as- 
sumed that activity coefficients a re  near unity, so that the [XI does 
not differ amreciablv from the median ligand activitv. 

were determined separately under conditions identical with 
those of the present study, and with hemoglobin samples pre- 
pared and handled in precisely the same manner ( Ip  et al., 
1976). The  values obtained were: OK2 = 5.11 X 101° M-l 
(dimer), 4K2 = 9.81 X l o 5  M-' (dimer). Values of K 4 4  esti- 
mated for all the oxygenation curves, shown in Table IV, were 
found to be in good agreement. The average energy AC4 cor- 
responding to these constants is -27.16 f 0.05 kcal/4 mol of 
0 2  bound. Estimation of this energy is independent of the de- 
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TABLE V :  Detailed Analyses of Concentration-Dependent Oxygenation Data .  

Case A Case B Case C 

Value Range Value Range Value Range 

Fixed parameters 
"K2 5.108 X 10'" 
" 2  9.810 X 10' 
K44 1.640 X I O z o  
K?? 2.922 X 10l2 

Estimated parameters 
' K d ' K 2  146.3 
j K d 4 K ~  0.773 

v ~ J ?  -8.64 X IO" 
KC"op? 1.950 

K2 I 6.667 X I O h  
Kd I 4.557 x 104 

K-42 3.873 x 10-70 

K43 2.892 X 10l4 

6 x 0  I 2.91 

dAC34 -0.15 
6 I C ,  3 3.58 

Variance of fit 
1.01 x 10-4 

a 
a 
a 
a 

( I  19.1, 205.3) 
(0.516, 1.080) 
(1.647, 2.187) 
(-1.10 x 1049,  

4.26 x 1049) 
b 
b 

b 

b 

(-2.79, -3.1 I )  

(-0.39, -0.04) 
b 

5.108 X 1 O ' O  a 
9.810 X 10' a 
1.640 X 1 020 a 
2.922 X 10" a 

71.67 (57.28, 91.69) 
1.737 (1.008, 2.759) 
1.000 c 

-4 50 x 1014 (-2.02 x 1022. 
1.62 X 1 022) 

3.419 X I O 6  C 

4.770 X l o 4  b 

2.427 X h 

4.920 X I O 5  b 

2.49 (-2.36, -2.64) 
3.35 b 
0.32 (0.01, 0.59) 

2.24 x 10-4 

5.108 X 
9.810 X I O 5  
1.71 X IO2('  
2.98 X 10" 

75.35 
1.245 
1.000 

651.5 

3.454 x 106 
4.583 X I O 4  

5.800 x lox 

2.462 X 10l4 

2.52 
3.69 
0.13 

2.25 X 

a 
a 
a 
(I 

(68.31, 81.37) 
(1.042. 1.527) 

(385.8,  1361.0) 
C 

C' 

(2.560 X IO4 .  
6.78 X I O 4 )  

(-3.257 X IO', 

(-0.166 X 10". 
5.319 x I O i J )  
(2.46, 2.57) 

b 
(0.02. 0 .25)  

4,1 1 I x l o g )  

"Evaluated independently (see text). Derived quantities. Only fitted quantities have confidence ranges, corresponding to one standard 
deviation. Values for assumed noncoouerative dimer. 

tailed shapes of oxygenation curves and is not highly correlated 
with the other energies necessary to describe the linkage sys- 
tem. 

From the free energies OACz, 4AC2, and AC4 (corresponding 
to equilibrium constants OK2, 4K2, and K 4 4 ) ,  the energy for 
binding two oxygens to the dimer was calculated as: 

ic3 = ( A G ~  + OAG* - 4 ~ ~ ~ ) / 2  = 

-16.75 f 0.25 kcal l2  mol of 0 2  

The free energies for binding oxygen to isolated chains were 
determined by fitting each of their oxygenation curves to a 
rectangular hyperbola, giving -8.20 f 0.05 kcal/mol of 0. 
for cy chains and -8.30 f 0.05 kcal/mol of 0 2  for the /3 chains. 
These energies sum to - 16.5 f 0.1 kcal/2 mol of 02, in good 
agreement with AG 2. 

The difference between the oxy and deoxy subunit associ- 
ation free energies (bAGo4) is 6.34 f 0.2 kcal (OAGz = -14.38 
kcal/mol of dimer, 4AG1 = -8.05 kcal/mol of dimer). This 
represents the total oxygenation-linked subunit contact energy, 
which must be partitioned into energy differences for the 
successive stages of ligation. Determination of this partitioning 
requires further analysis of the oxygenation data, including 
information contained in the shapes and positions of the sat- 
uration curves. 

Analysis of the Oxygenation Data f o r  the Remaining Free 
Energies. The oxygenation data were analyzed by least-squares 
minimization to the saturation function for a dimer-tetramer 
hemoglobin system (Ackers and Halvorson, 1974; Johnson et 
al., 1976). W e  initially fixed the values of OK*, 4K2, and K44 

and estimated values for several different sets of the four re- 
maining independent parameters. A useful parameter set for 

such analyses includes Kcoop2, "K2/ 'K2,  'K214K2, and 
(see the following paper in this issue). From the seven pa- 
rameters listed above, all energies associated with the dimer- 
tetramer linkage scheme may be calculated. 

We first analyzed all of the oxygenation curves to obtain the 
best fit over the widest concentration range available. Results 
of this analysis are  listed in Table V.  The energy distribution 
estimated by this type of four parameter analysis is designated 
case A. The analysis yielded a slight negative cooperativity for 
the dimer oxygen binding and little or no difference between 
' K l  and 4K2, corresponding to the last step of oxygen binding 
by tetramer. The fit of this energy distribution to the experi- 
mental data is illustrated in Figure 3. 

The finding of small apparent anticooperativity in the dimer 
is suspect on the basis of (1 ) the near equality between ACz and 
the summed oxygenation energies for the isolated chains, (2) 
previous kinetic indicators (Anderson et al., 1971; Kellett, 
197 la,b), which strongly suggest dimer noncooperativity, (3) 
the findings of Hewitt e t  al. (1972) demonstrating noncoop- 
erativity in isolated dimers of des-Arg-141 hemoglobin. (4) An 
entirely independent set of oxygenation curves yielded results 
highly consistent with those of the data sets described in detail 
here, with the exception that the dimers had slight positive 
cooperativity. ( 5 )  It seems likely that small amounts of oxi- 
dation of one of the binding sites on some of the free dimers 

'J " K  2 ,  ' K : .  ' K ? .  and ' K 2  are dimer-tetramer association constants for 
formation of unliganded, singly, triply, and quadruply liganded tetrainera. 
rcspectively. is a parameter equal to K 2 1 / ( 2 6 )  shere  K : ,  and 
K22 are product Adair constants for oxygen binding onto dimers. k i l  is 
the sequential constant for the third binding step to tetramers. For further 
discussion of the quantities used here, see the following paper (Johnson 
et al., 1976). 

5356 B I O C H E M I S T R Y ,  V O L .  1 5 ,  N O .  2 4 ,  1 9 7 6  



H E M O G L O B I N  O X Y G E N A T I O N  

1.0 

.8 

.6 

- 
Y 

.4 

I 1 I I I 
13 19 25 31 

Elution Vo,urn&l) 

FIGURE 5: Leading boundaries of large zone gel chromatography ex- 
periments carried out on hemoglobin solutions before (dashed lines) and 
after (solid lines) oxygenation-deoxygenation. Hemoglobin concentrations 
were: (A)  5 X M (heme); (B) 5 X IO-' M (heme). Experiments were 
carried out with a Sephadex G-100 (Pharmacia) column, 1.5 X 40.0 cm, 
at 21.5 "C. Effluent was monitored with a Gilford spectrophotometer. The 
irreversibility shown in  curve B results in shifts of centroid position from 
19.36 to 19.50 ml in the elution profiles. No such irreversibility is observed 
at  the higher concentration. 

could produce an apparent negative dimer cooperativity by 
lowering the net concentration of second-oxygen binding sites. 
Therefore we explored the analysis using a fixed ratio between 
K Z I  and K22 so as  to give a noncooperative dimer (Le., Kcoop2 
was set equal to unity). W e  then fitted the oxygenation curves 
for only three remaining parameters O K ~ / ' K Z ,  3K2 /4K2 ,  and 
G, having fixed the other four quantities necessary to de- 
fine the system. This gave a best fit with a variance only slightly 
greater than that obtained when four parameters were floated. 
The resulting free energy distribution, designated case B, is 
shown in Table V and the fit to the data  illustrated in Figure 
5. 

Based on extensive simulation and analyses of the fitting 
problem a t  hand (some of which is described in the following 
paper in this issue), both cases A and B are  found to represent 
good fits to the experimental data. However, there are  clearly 
systematic differences in both cases (Figures 3 and 4) between 
the experimental data  points and curves calculated from the 
estimate of parameters from the composite of all data points. 
The possible sources of these deviations may be divided into 
three categories: ( 1 )  the basic linkage scheme is incorrect; (2) 
the linkage scheme is correct but the true minimum was not 
found in the least-squares calculations, so that a false estimate 
of the parameters was obtained; (3) there are systematic errors 
in the data. Although possibilities 1 and 2 cannot be ruled out 
categorically (see Discussion), there is ample reason to believe 
that most of the deviations are attributable to systematic errors 
in the data  for the four lowest hemoglobin concentrations. 
These curves, below 1 p M  heme, were associated with dra- 
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FIGURE 6: Analysis of oxygenation data for highest hemoglobin con- 
centrations between 5.4 (heme) and 382 KM (heme). (A) Solid curves are 
calculated from best fit, case C (Table V) .  (B)  Curves D and T are cal- 
culated binding isotherms for dimer and tetramer, respectively. Distri- 
bution of residuals normalized to the variance of the fit: 2.55 X 

to2] x 105 

matically greater oxidation (Table 11), required correction for 
apparent drift (as described in Methods), showed detectable 
alterations in their gel chromatography profiles (shown in 
Figure 5), and were generally subject to greater experimental 
uncertainty (e.g., denaturation and surface adsorption ef- 
fects). 

We therefore tried fitting simultaneously to the five data sets 
corresponding only to the highest concentrations, Le., 5.4-382 
pM. It should be noted that, in principle, a single oxygenation 
curve a t  sufficiently low hemoglobin concentration to en- 
compass appreciable subunit dissociation could be analyzed 
to yield all of the energies. The effects of error levels on anal- 
yses of oxygenation curves are explored in the following paper 
(Johnson et al., 1976). Results of the best fit to the five highest 
concentration curves, designated case C, are  shown in Table 
V and in Figure 6. It can be seen that the variance is lower by 
an order of magnitude as compared with case B, and the dis- 
tribution of residuals (Figure 4) appears to be random.1° It is 
shown in the following paper (Johnson et al., 1976) that the 
variance of fit obtained in case C is well within the limits for 
meaningful estimation of parameters when the errors are  
randomly distributed. It should also be noted that the energy 
distribution of case C is essentially the same as case B and, to 
within error limits, the same as case A. Estimation of K42 and 
K43 is subject to large uncertainty as expected (see Discussion). 
In  general these cases serve to illustrate the limits of resolution 

"' Although the composite of all oxygenation curves appears essentially 
random, the successive data points for any single oxygenation curve will 
inevitably exhibit some correlation in deviations from the best fit, due to 
the manner i n  which the data are determined. Thus, even these data will 
not pass the most stringent tests for randomness. In experimental systems 
of this kind, values of the dependent variable must be collected using a 
random order in values of the independent variable in order to eliminate 
this problem. 
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t I G U R E  7: (A) Comparison between low concentration data points and 
case C analysis (Table V). Solid lines were calculated for the experimental 
concentrations and the derived case C energy distribution. Curves D and 
T are calculated isotherms for dimers and tetramers, respectively. (B)  
Distribution of residuals normalized to the variance: 8.2 X 

presently obtainable. We have found, by extensive further 
analyses and simulation, that a “tolerance” of approximately 
f0.3 kcal can be accommodated nearly anywhere on the 
scheme (Figure 1) with approximately equally good fit to  the 
data. W e  thus conclude that the energy distribution can be 
resolved only to within these limits, although we prefer the 
noncooperative dimer on the basis of arguments mentioned 
above. Analyses carried out using three entirely different sets 
of parameters (described in the following paper) were found 
to converge to the same energy distribution. An entirely in- 
dependent set of oxygenation curves, covering a slightly nar- 
rower concentration range, yielded results highly consistent 
with those of the data  sets described in detail here. 

In Figure 7 the four lowest concentration data sets are  
compared with the oxygenation curves (solid lines) calculated 
from analysis of the highest concentration data ,  case C. It is 
seen that the general shapes and positions of the calculated and 
experimentally derived data a t  these lowest concentrations are 
in good agreement although systematic derivations in detailed 
shape are  clearly evident as  with cases A and B. 

Comparison between the isolated chain data  and the oxy- 
genation curve for dimer corresponding to case C is shown in 
Figure 8. It can be seen that the agreement is close, with a 
slightly higher affinity for the dissociated dimers (solid curve). 
Figures 9 and I O  show the derived distribution of the succes- 
sively liganded species of tetramer and dimer under conditions 
of this study. The fraction of hemoglobin present in the form 
of dimers as a function of saturation is shown in Figure I 1 for 
the hemoglobin concentrations used in this study. 

Table VI lists the derived free energies corresponding to the 
case C analysis for ligand binding by dimers and tetramers, and 
for subunit association. Values of these quantities after cor- 
rection for statistical factors are also listed. It is these resulting 
intrinsic quantities, denoted by primed symbols AG’, which 
are  of greatest interest in assigning free energy changes to  
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FIGURE 8: Comparison of oxygen binding data measured for OL chains 
(0) and P chains ( A )  with dimer binding isotherm (solid curve on left) 
calculated from independent estimates of OK2, 4K2, and K 4 4 ,  and assuming 
noncooperative dimer. 
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FIGURE 9: Relative abundance of tetrameric hemoglobin in  various l i -  
ganded states under conditions of this study. Distributions were calculated 
from the case C equilibrium constants and tetramer Adair equation. 
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F I G U R E  IO: Relative abundance of dimeric species under conditions of 
this study. (-1 Noncooperative dimer (case C results); ( -  - -) anticoop- 
erative dimer (case A results). 

molecular events. For example, the Wyman interaction energy 
for tetramers (commonly taken as a fundamental measure of 
cooperativity) is calculated from values listed in the right hand 
column of Table VI: AG44‘ - AG41’ = 2.8 kcal (Saroff and 
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TABLE V I :  Free Energies of the Linkage System. 

Macroscopic Statistical Intrinsic 
AG Term” AG’ 

Subunit Association Energies 
OAG* -14.38 f 0.2 RTIn 1 -14.38 f 0.2 
‘AG? - 1  1.86 f 0.3 RT In 2 -1 1.46 f 0.3 
ZAG; -9.40 f 0.3 RT In 6 -8.36 f 0.3 
3AG2 -8.18 f 0.25 RT In 2 -7.78 f 0.25 
4AG2 -8.05 f 0.2 RT In 1 -8.05 f 0.2 

.25 

Intersubunit Contact Energy Changes 
6AGoi 2.52 f 0.30 RT In 2.92 f 0.30 .oo 

.oo .25 .50 .75 1.00 f3AG I 2  2.46 f 0.32 RT In ’13 3.10 f 0.32 
1.23 f 0.32 RT In 3 0.59 f 0.32 6AG23 

6AG34 0 . 1 3 f 0 . 3 0  R T l n 2  -0.27 f 0.3 v 
Binding Free Energies 

AG?‘ -8.78 f 0.28 RT In 2 -8.38 f 0.28 
A 6 2 2  -1.97 f 0.21 RT In ‘12 -8.38 f 0.21 

aG42 -5.51 f 0.54 RT In ’12 -5.28 f 0.54 
AG47 -7.56 f 0.63 RT In % -7.80 f 0.63 
AG44 -7.85 f 0.42 RT In 5/4 -8.25 f 0.42 

AG41 -6.26 f 0.21 RT In 4 -5.45 f 0.21 

a The statistical term when subtracted from the macroscopic free 
energy yields the intrinsic free energy. 

Minton, 1972). - 
The apparent subunit association energy 2AC2 corre- 

sponding to the formation of doubly liganded tetramer has also 
been listed in Table VI,  although this quantity does not rep- 
resent a simple average of the association energies for the two 
kinds of doubly liganded tetramer (see footnote 3). It is possible 
to make estimates based on the limits of. if only one type of 
doubly liganded tetramer exists, then 2AGz will represent that 
species. If  on the other hand a purely random distribution exists 
(i.e., equal intrinsic binding constants to form the two types 
of species), then K I  will equal 4, and 2AG2S = 2AG2A = -8.46 
kcal/mol of dimer. 

The Intersubunit Contact Energies. Using the case C 
analysis the changes in intersubunit contact energy associated 
with the successive stages of oxygen binding by tetramers may 
be calculated. Based on the intrinsic subunit association 
energies (corrected for statistical factors), we have for the three 
stages of oxygenation: 

first step: 6ACol’ = ‘AG2’ - OAG2’ = 2.92 f 0.3 kcal 

middle steps: 6AC13’ = 3AG2‘ - IAG2’ = 3.69 f 0.4 kcal 

last step: BAG34’ = 4AG2’ - AG2’ = -0.27 f 0.3 kcal 

Thus the 6.34 kcal of oxygenation-linked subunit interaction 
energy is partitioned so that approximately 2.9 kcal of “con- 
straining” energy is released within the contact region upon 
binding of the first oxygen, and approximately 3.7 kcal during 
the second and third binding steps. There appears to be no 
significant intersubunit contact energy change at  the last 
binding step. 

Discussion 
The Automatic Oxygenation Technique. From the results 

obtained in this study we have been able to confirm that the 
rapid automatic oxygenation method of Imai (Imai et al., 1970; 
Imai, 1973) does permit reproducible measurements of highly 
precise oxygenation curves under carefully controlled condi- 
tions. The present study provides new information on the limits 
of the technique for measurements at  the lowest protein con- 

FIGURE 1 1 :  Fraction of dimer present in  hemoglobin solutions used in 
this study as a function of hemoglobin oxygenation state. 

centrations. At concentrations below approximately 1 pM 
heme, the quality of data obtained deteriorates appreciably 
by comparison with the highly precise (ca. f0.5%) values ob- 
tainable at  the higher concentrations. The limiting factors 
appear to be oxidation and/or denaturation under these con- 
ditions, even in the presence of EDTA and the enzyme re- 
ductase system. The data obtainable down to concentrations 
of 4 X IOw8 M heme (the lower limit in our experience) nev- 
ertheless appear to contain a considerable amount of useful 
information. Their positions and shapes are nearly correct as 
judged respectively by the constancy of K44 values calculated 
from the median oxygen concentrations, and the comparisons 
with calculated curves of Figure 8. The development of this 
new technique by lmai and his colleagues must be regarded 
as a singular advance of enormous value to the field of hemo- 
globin research. 

The Concentration Dependence of Oxygenation Curves. The 
experimental measurements of oxygenation curves as a func- 
tion of hemoglobin concentration under carefully controlled 
conditions clearly demonstrate a pronounced concentration 
dependency effect. The curves are shifted to higher binding 
affinities with decreasing concentration and also exhibit low- 
ered cooperativity. These results verify previous conclusions 
regarding the need for caution in  analyzing data at a single 
concentration for the tetramer Adair constants (Ackers et al., 
1975). I f  tetramers alone were present in the hemoglobin 
samples, no such concentration dependency would exist. 

Understanding the source of the observed concentration 
dependency centers around the question of what molecular 
species are actually present under conditions of these experi- 
ments. We have postulated only dimers and tetramers to be 
present in appreciable abundance and analyzed the data in  
terms of the linkage scheme for such a system. The high degree 
of consistency obtained between the predictions of such a 
linkage and the experimental data lends credence to this in-  
terpretation. In  addition, the existence of “clean” reversible 
equilibria between dimers and tetramers at  the two ends of the 
linkage scheme (i.e., for unliganded and fully oxygenated he- 
moglobins) is well established by independent studies (Ro- 
semeyer and Huehns, 1967; Chiancone et al., 1968; Anderson 
et a]., 1971; Kellett and Gutfreund, 1970; Kellett and 
Schachman, 1971; Thomas and Edelstein, 1972; Ip et al., 
1976). 

There remains the possibility that stoichiometries different 
from dimer - tetramer exist under partially oxygenated 
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conditions. This again seems unlikely in view of the consistency 
of our results. Preliminary studies on direct measurement of 
subunit dissociation at  partial saturation have been carried out 
in this laboratory using the equilibrium gel permeation tech- 
nique with a single-photon counting spectrophotometer 
(Ackers et al., 1976). The  subunit dissociation curve and 
equilibrium constant obtained at  a pO2 of 5 mmHg are in 
agreement with predictions made from the present analysis of 
the concentration dependent oxygenation curves. Equilibrium 
sedimentation studies of partially liganded hemoglobin solu- 
tions are also consistent with the dimer-tetramer stoichiometry 
(Williams, 1976). Further studies of these types will be highly 
valuable. 

Changes in state of oxidation and/or denaturation associ- 
ated with concentration changes could, in  principle, cause 
changes in shape and position of oxygenation curves. However, 
it is unlikely that such effects would mimic an oxygenation- 
linked dimer-tetramer system; nor would they be reversible. 
Furthermore, these processes have been carefully controlled 
in the present experiments to levels below that required for 
appreciable effects of the type described above. Based upon 
the degree of control over such factors, the independent in- 
formation on reaction stoichiometries, and the high degree of 
consistency obtained in our analyses, we believe the dimer- 
tetramer linkage scheme to be essentially correct. 

Are the Deriued Constants Physically Meaningful? It is 
possible that, although the linkage scheme is correct, the de- 
rived equilibrium constants are  computational artifacts, and 
do not have physical significance. This could arise from a 
failure to estimate the true values of parameters in the least- 
squares minimization procedure through, e.g., convergence 
to a local minimum i n  residual space. Although such a possi- 
bility cannot be totally excluded in any fitting problem of this 
type, we have taken elaborate precautions against this even- 
tuality by ( I )  exploring the nature of residual spaces for the 
fitting problem at  hand (see the following paper in this issue), 
(2) using large numbers of widely varying initial guesses, which 
yield convergence to the same minimum, (3)  fitting to three 
different sets of parameters from the linkage scheme, which 
were found to converge to the same solution for the energy 
distribution. 

An additional possibility is that the derived equilibrium 
constants may be invalid due to systematic errors in the data. 
For this reason we have eliminated the lowest concentration 
curves and based our estimates upon the data which is judged 
on independent grounds to have the highest accuracy and 
freedom from competing phenomena. These data show es- 
sentially random deviations from the best fit to the dimer- 
tetramer linkage scheme and have a variance which is well 
within the limits for meaningful solution, based on extensive 
numerical analyses of the problem (see the following paper). 
Thus, unless the linkage scheme itself is incorrect, the derived 
constants are valid to within limits of estimated error. 

In  sum, we believe these experimental results and analyses, 
taken together with independently derived information, provide 
strong verification of the basic linkage relationships postulated 
to be operative in human hemoglobin under these conditions, 
and that the derived constants are  physically meaningful. 

Resolution of Species Distributions. The distributions of 
hemoglobin species derived in this study are shown in Figures 
9 ~ -  I 1 for isolated tetramers, isolated dimers, and dimers in the 
complete linked system, respectively. The tetramer distribution 
(Figure 9) includes only very small amounts of doubly and 
triply liganded forms, consistent with the high cooperativity 
under these conditions (nmax = 3.3) and with the difficulty in 

estimating the constants K42 and K 4 ) .  

The limits of resolution for dimeric species distributions are 
illustrated in Figure IO.  A consequence of the small dimer 
anticooperativity found in the case A analysis is seen to be an 
increase in the population of singly liganded dimers, relative 
to the noncooperative case (case C). Although previous work 
(Anderson et al., 197 1; Kellett, 197 l a )  has shown dimer coo- 
perativity to be low, the present study is the first one which 
permits any quantitative estimates to be made on the limits of 
such cooperativity. Noncooperativity of isolated dimers of 
course does not imply them to be noncooperative within the 
tetramer. 

The fraction of hemoglobin present as dimers (in all states) 
is depicted in Figure 1 1  as a function of hemoglobin concen- 
tration. It can be seen that, at the lowest protein concentrations 
used in this study (4 X M), the fraction dimer covers 
nearly the entire range from zero to unity during the course of 
oxygenation. 

The Energy States Assumed by Tetrameric Human He- 
moglobin. Based upon the results obtained in this study, there 
appear to be at  least three major energetic states assumed by 
tetrameric hemoglobin as a function of oxygenation state: (a) 
unliganded, (b) singly liganded, (c) triply and quadruply li- 
ganded species. The energetic partitioning between the second 
and third binding steps cannot be resolved by present methods 
into changes at  the contact region alone (Ackers and Halvor- 
son, 1974). The average values, which sum to 6AC13’ are listed 
in Table VI along with the contact energy changes for the first 
and last steps. It should be noted that 6AGol’ and 6AC34’are 
well-defined energy changes for the contact region separating 
( y t P 1  dimer pairs within the tetramers. The results provide 
unequivocal evidence against a concerted transition a t  a par- 
ticular binding step in a system with only two energetic states 
of tetramer (e.g., a “switch” from T to R states a t  a particular 
binding step). 

We wish to emphasize that the thermodynamic quantities 
we have determined are  entirely independent of molecular 
models of hemoglobin action but impose constraints that must 
be met by any model purporting to explain the behavior of 
human hemoglobin. Results of this study by themselves, 
however, suggest a fascinating picture of the energy balance 
between heme binding sites and dimer-dimer contact sites. 
During the oxygenation-deoxygenation cycle, successive 
changes i n  ligand binding energy (i.e., the cooperative energy 
changes) are  accompanied by changes in the intersubunit 
contact energy which are equal in magnitude but opposite in 
sign, i.e. 

AGA”,r - ACl,/  = 6AGt)’ - 6AGOI’ (9) 

where 

and 

6 x 1 3 ’  = ‘/2(3AG2 - ’ACZ) 

This principle of complementarity is a consequence of non- 
cooperativity in dimeric species, established in the present 
studies to be accurate to within approximately f 0 . 3  kcal/mol 
of dimer, and strongly suggests that hemoglobin operates a t  
constant energy with respect to these two classes of interac- 
tions. 

It is not known whether this energy balance is maintained 
in a single tetrameric molecule or whether it represents an 
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average over a distribution of more fixed conformational states, 
with the distribution changing as  a function of ligation. The 
simplest case of the latter principle would correspond to the 
two-state allosteric model of Monod et al. (1965) in which the 
T state tetramers are endowed with a small negative free en- 
ergy of oxygen binding but large negative free energy of sub- 
unit interaction, and the R state tetramers have higher binding 
energies and lower subunit interaction energies. We have tested 
our experimentally derived energies for consistency with the 
M W C  (Monod-Wyman-Changeux) model and found them 
to be in reasonable agreement. It should be noted, however, 
that such agreement does not provide direct evidence in favor 
of a model; in principle the set of energies we have determined 
constitutes information capable of excluding such models. 
Clearly a wider range of conditions (temperature, pH, etc.) 
needs to be explored in this regard. 

Future Prospects. It is interesting to note that one of the 
earliest theories of hemoglobin cooperativity (Douglas et al., 
19 12) was based upon the notion that unliganded hemoglobin 
is more aggregated than oxyhemoglobin (cf. Edsall, 1972). 
Although the oxygenation-linked association-dissociation 
equilibria of human hemoglobin are  not of physiological sig- 
nificance per se, their study does provide a powerful means to 
probe the intersubunit contact energy changes which accom- 
pany cooperative ligand binding. The present work represents 
the first detailed experimental study using this approach. 

Numerical values reported here pertain only to one partic- 
ular set of conditions and the explicit results may be of less 
importance than the fact that we have now generated the ca- 
pability of solving this energy distribution problem in a variety 
of hemoglobins. Extensions of the approach we have developed 
may fruitfully proceed in several directions: to include mutant 
and chemically modified hemoglobins, and to encompass a 
wider range of conditions (temperature, pH, ionic strength, 
effectors, etc.). Knowledge of the contact energy changes in 
a variety of hemoglobins, having structural differences within 
the contact region, may permit a more detailed mechanistic 
understanding of the specific interactions responsible for 
constraints within this region, their individual energies, the 
sequence of their release during oxygenation, and their control 
by specific effectors and environmental conditions. 
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Appendix 
Definition of Parameters in the Saturation Function. The 

saturation linkage function, eq 1, is defined in terms of the 
following polynomials: 

Z2 = 1 + K21[X] + K22[XI2 

where 

For more extensive definitions of the equilibrium constants 
and the relationships between them, the reader is referred to: 
Ackers and Halvorson, 1974; Johnson et al., 1976. 

The Wyman Interaction Energy for  a Dimer-Tetramer 
System. The function F/( 1 - y)  for a linked dimer-tetramer 
system can be calculated from the saturation eq 1. The limiting 
forms of this function as ligand concentrations [XI approaches 
zero - and infinity are given by eq 5 and 6. The function F/( 1 - 
Y )  reduces to the following limiting forms in terms of protein 
concentration. 

( 1 )  At infinitely low protein concentration, where only di- 
mers would exist 

- 
Y 1 

[P,]-0 l im (-) 1 - Y [XI-0 = - K ~ ~ [ x I  2 

lim (--) 
= 2- K2 I 

- 
Y K22[XI 

[PI] -0 1 - Y [XI--  

The Wyman interaction energy AGI  corresponding to these 
limits is then 

(2) At the limit of infinitely high protein concentration, only 
tetramers would exist and 

- 
Y 1 

[PI]+,  l im (--) 1 - Y [XI-0 = - K ~ I  4 [XI 

The Wyman interaction energy then becomes 

The quantities AGl(0) and AGl (a )  are equal to the differences 
in free energies of binding (corrected for statistical factors) in 
the last and first steps for dimer and tetramer, respectively 
(Saroff and Minton, 1972). 
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