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and this ancillary activity was eluted just before the acetyl- 
transferase peak in the Sephacryl profile. 

The stabilities of this and other aminoglycoside-modifying 
enzymes (R. G. Coombe and A. M. George, unpublished 
results) to gel filtration on Sephadex columns in which there 
is substantial loss of enzyme activity have been reported 
(Williams & Northrop, 1976; Umezawa et al., 1973). 

In these experiments, the criteria for homogeneity of the 
enzyme were (a) elution of the purified enzyme from Sephacryl 
and DEAE-Sephacel columns in superimposed activity-protein 
peaks and (b) a single protein band coincident with acetyl- 
transferase activity in acrylamide gel electrophoresis. 

Stability studies and definition of buffer and ion require- 
ments established limits for the successful purification of 
AAC(3)-V with maximal retention of activity, and for its 
subsequent employment in kinetic, pH, and substrate studies. 
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Effects of Inositol Hexasulfate on the Oxygen Affinity of Hemoglobin: 
Verification of the Integral Function Theory of Thermodynamic Linkage+ 
Gary K. Ackers,* Ruth E. Benesch, and Rohinton Edalji 

ABSTRACT: A detailed series of experimental measurements 
have been carried out to investigate the effects of inositol 
hexasulfate (IHS) on the oxygen binding curves of human 
hemoglobin. The data provide a critical test of the integral 
function theory for the mutual interaction of two ligands 
binding to a nondissociating macromolecule [Ackers, G. K. 
(1979) Biochemistry 18, 3372-33801. This theory, which is 
required for cases where the fractions of bound and unbound 
ligands are of comparable magnitude, was found to predict 
quantitatively the observed effects. The experimentally de- 

I n  many physiological circumstances, as well as in vitro ex- 
perimental situations, there is a need to understand the mutual 
influence of several small molecules in their binding reactions 
to a macromolecule. A frequently encountered case is that 
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termined variation of the median oxygen concentration with 
IHS concentration was analyzed by least-squares methods to 
determine the IHS binding constants for unliganded and fully 
oxygenated hemoglobin. The derived constants are in good 
agreement with independent estimates of their values, pro- 
viding further verification of the theoretical treatment. General 
aspects of the integral function approach to thermodynamic 
linkage are briefly outlined. The importance of this approach 
for treating physiological situations is discussed. 

where the binding curve of one ligand, X, to a macromolecule, 
M, is influenced by the presence of a second ligand molecule, 
D, which also binds to M. Heterotropic effects in the regu- 
lation of allosteric proteins (Monod et al., 1965; Benesch & 
Benesch, 1967) are common examples of these phenomena. 

Until recently there has been no theoretical treatment of 
this problem applicable to conditions where the concentrations 
of the “regulatory” molecule D in its bound and unbound 
forms are of comparable magnitude. This condition seems 
likely to be common under physiological circumstances and 
is certainly the case for in vitro experiments with regulatory 

0 1982 American Chemical Society 



876 B I O C H E M I S T R Y  A C K E R S ,  B E N E S C H ,  A N D  E D A L J I  

oxygen molecules onto the hemoglobin tetramer. In the case 
where a second ligand D (e.g., organic phosphate) also binds 
to the macromolecule M, the value of X,, corresponding to 
any specified concentration of D, is related in an exact way 
to the thermodynamic constants of the linkage scheme 

M \ O x o  MD 

molecules of high affinity. Recently an exact thermodynamic 
theory has been developed to account for the effects of a 
"regulatory" ligand (e.g., organic phosphate binding to hem- 
oglobin) upon the binding curve of a second ligand (e.g., ox- 
ygen) in terms of total concentration of the "regulatory" ligand 
(Ackers, 1979). This treatment follows a general approach, 
termed the integral function theory of thermodynamic linkage 
(cf. Ackers & Halvorson, 1974; Johnson et al., 1976; E. G. 
Clawsey, B. W. Turner, and G. K. Ackers, unpublished re- 
sults), which extends the previous approaches to the theory 
of linked functions (e.g., Wyman, 1948, 1964; Weber, 1972, 
1975). A brief discussion of the principal differences of ap- 
proach is presented under Discussion of this paper. For the 
case of the two ligands X and D, this theory opens up the 
possibility of interpreting experiments in previously inaccessible 
ranges of the experimental variables where concentrations of 
M-D complexes and unbound D are of comparable magnitude. 
In this paper we present the results of an experimental study 
aimed at testing this new theory. 

The experimental system studied is that of human hemo- 
globin binding both oxygen and the organic phosphate inositol 
hexasulfate (IHS).' Interest in the influence of organic 
phosphate interactions on hemoglobin oxygen binding has a 
2-fold motivation: (a) certain organic phosphates, notably 
DPG, IPP, ATP, and GTP, act as potent regulators of hem- 
oglobin function under physiological conditions; (b) these 
compounds are very effective tools for probing and manipu- 
lating the quaternary structural transitions which accompany 
the cooperative interactions in hemoglobins [for a general 
review, see Benesch & Benesch (1974)l. For purposes of the 
present study, IHS was chosen because its binding affinities 
to deoxyhemoglobin and oxyhemoglobin are sufficiently high 
to exhibit the special features predicted by the new linkage 
treatment. A previous study of IHS effects on oxygen binding 
by human hemoglobin has been presented by Benesch et al. 
(1977). An especially desirable feature of the IHS molecule 
is that all six sulfate residues are completely ionized in the 
region of neutral pH, permitting convenient independent de- 
termination of the binding constants by the proton absorption 
method (Bucci, 1974). 

Theoretical Considerations 
The detailed theoretical treatment related to the present 

experimental study has been presented elsewhere (Ackers, 
1979). Here we summarize briefly the thermodynamic rela- 
tionships used in the analysis of our data. 

From an oxygenation curve of hemoglobin, measured under 
any particular set of conditions (temperature, pH, ionic 
strength, presence of various ligands, etc.), a rigorous deter- 
mination of the hemoglobin's affinity for oxygen is provided 
by the median oxygen concentration, X, (Wyman, 1964): 

where (X) is the concentration of unbound oxygen, X, in 
equilibrium with tetrameric hemoglobin, M, and P is the 
fractional saturation with oxygen. The median X,,, measures 
the total free energy AG required to saturate the oxygen 
binding sites under the specified conditions: AG = 4RT In 
X,, where R is the gas constant and T the absolute temper- 
ature. Thus z,,, is an equilibrium constant for binding four 

Abbreviations: DPG, 2,3-diphosphoglycerate; IHP, myo-inositol 
hexaphosphate; IHS, myo-inositol hexasulfate; Bis-Tris, [bis(2- 
hydroxyethyl)amino] tris(hydroxymethy1)methane; ATP, adenosine tri- 
phosphate; GTP, guanosine triphosphate; IPP, myo-inositol penta- 
phosphate. 

MX4 \4 M D X 4  
K D  

where K4 and KD4 are equilibrium constants for binding four 
oxygens by tetrameric hemoglobin in the absence of D and 
in the presence of saturating amounts of D, respectively. These 
constants are directly calculable from the median concentra- 
tions of the oxygen binding curves in the absence of D and 
with saturating amounts of D by the relationship (X,)-" = K4 
or K D ~ ,  respectively. OKD and 4KD are the respective equilib- 
rium constants for binding 1 mol of D to the tetramers in the 
unliganded and fully oxygenated forms [cf. Ackers (1979) for 
more detailed definitions and derivations]. The fundamental 
relationships between these constants and the experimentally 
determined median ligand concentration X, are given in eq 
3 and 4 for a solution of hemoglobin tetramers (concentration 
of M, in molar heme) in the presence of organic phosphate 
at total concentration, (D,): 

1 OKD 
log P, = log P,O + - log - + 

4 4Kn 
Y 

c 

' K D K D ~  = K 4 4 K ~  (4) 
whereAI = [(I + @OKD)' ( M , ) ° K ~ ] ' i 2 ,  A2 = [(I d4K0)' 
+ (Mt)4K~]1/2,  Cp = (D,) - (Mt)/4, P, is the median partial 
pressure, related to X ,  through Henry's law constant, KH = 
X,/P,, and Pmo is the median pressure in the absence of 
phosphate. Equation 4 is merely a statement of conservation 
of energy around the linkage scheme. Equation 3 is the 
principal result from the new theory. A special case of this 
theory expresses the variables in terms of the concentration 
of unbound organic phosphate: 

1 1 + OKD(D) 
log P, = log P,O + - log 

1 + 4KD(I)) 

In eq 5 (D) is the concentration of unbound phosphate in 
equilibrium with the hemoglobin at the median point P,. 
Equation 5 and equations of similar form can be used to derive 
values of the constants OKD, 4 K ~ ,  and Pmo from experimental 
measurements of P, as a function of organic phosphate con- 
centration provided the binding of D is sufficiently weak that 
the approximation (D) (D,) may be used (Benesch et al., 
1971, 1976, 1977; Bare et al., 1974; Edalji et al., 1976; 
Baldwin, 1975; Szabo & Karplus, 1976). A major prediction 
of the theoretical treatment that leads to both eq 3 and 5 is 
that for a regulatory ligand of high affinity, most of the ob- 
servable variation of P, with (D,) will occur in a region of the 
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FIGURE 1 :  Oxygenation curves of hemoglobin in the presence of inositol hexasulfate (IHS). Hemoglobin concentration 1 mM (as tetramer); 
total IHS concentration from left to right: 0, 0.1, 0.3, 0.5, 0.7, 1.0, and 1.8 mM; all measurements at 25 "C in 0.05 M Bis-Tris buffer, pH 
7.3; total chloride concentration 0.1 M. 

experimental variables not describable by eq 5 when it is used 
with the approximation (D) N (D,). Prior to the present study, 
no series of experimental values [P, vs. (D,)] has existed which 
would permit critical testing of this prediction or of the 
quantitative validity of eq 3. In order to evaluate eq 3, it was 
necessary to obtain oxygenation curves which were densely 
spaced throughout the region where P, is most sensitive to 
(D,). From results of the previous experimental study (Benesch 
et al., 1977) and theoretical calculations (Ackers, 1979), we 
were able to design such a series of experiments. 

Methods 
Hemoglobin was prepared as described previously (Benesch 

et al., 1972) from adult human blood. myo-Inositol hexasulfate 
(IHS) was prepared by Terra Marine Bioresearch, La Jolla, 
CA, by the method of Fatiadi (1970). The concentrations of 
solutions of IHS were determined by direct weighing on the 
basis of a molecular weight of 924. All measurements were 
made at 25 "C in 0.05 M Bis-Tris buffer, pH 7.3, with a total 
chloride concentration of 0.1 M. 

Oxygenation curves were determined by using a modified 
Hemoscan oxygen analyzer (Aminco). Each oxygenation 
curve was automatically recorded and subsequently digitized 
manually. The data points from each curve were analyzed 
for the median oxygen concentration according to eq 1 .  This 
and all other calculations were performed on a Hewlett- 
Packard 1000 system. The median values were converted into 
partial pressures P, by using a value of 1.69 X lod M mm-' 
for Henry's law constant (Wilhelm et al., 1977). The values 
of P, of each IHS concentration were subjected to nonlinear 
least-squares analysis by using a fitting program described 
elsewhere (Johnson et al., 1976; Ackers & Johnson, 1981). 
This program determines confidence limits for the estimated 
parameters as well as their values. 

Independent determinations of the binding constants for IHS 
to unliganded and oxyhemoglobins were carried out by the 
proton absorption method (Bucci, 1974; Benesch et al., 1976; 
Edalji et al., 1976). 

For all oxygen equilibrium experiments, the hemoglobin 
concentration was 4.0 X M (in units of molar heme). At 
this concentration the fraction of dimers was negligible (Mills 
et al., 1976). 

Results and Discussion 
Oxygenation Curves. A series of 22 oxygenation curves were 

obtained in the presence of various concentrations (D,) of IHS, 

pll 
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[IHSI,/[Hb tetramer] 
FIGURE 2: Effect of IHS on affinity for oxygen. Circles are median 
values, P,, of partial pressure. Each median value was determined 
from the oxygenation curve measured at the total concentration of 
IHS, [IHS],, against which the median is plotted on this graph. The 
solid curve through the median points represents the best fit to eq 
3. The solid curve to the left shows the predicted variation of P, with 
IHS concentration according to eq 5 (see text). The dashed curve 
shows the fraction of [IHS], which is bound to the hemoglobin at an 
O2 pressure equal to P,. The upper limit value for P, is 25.2 mmHg 
(see text). 

ranging from 1 X lo4 to 2.0 X M, Le., 0.1-2.0 mol/Hb 
tetramer. In addition, 1 1  oxygenation curves were measured 
in the absence of IHS to obtain an accurate estimate of Pm0. 
The value of Pm0 was found to be 4.8 f 0.2 mmHg. A subset 
of the oxygenation curves is shown in Figure 1 ,  illustrating 
the principal features observed. It can be seen that IHS has 
a dramatic effect on both the positions and shapes of the 
oxygenation curves. The curves are highly asymmetric in 
general. At intermediate ratios of IHS to Hb, they exhibit 
a pronounced bimodality. Thus the approximation, commonly 
employed, of substituting in thermodynamic equations partial 
pressures at half-saturation, P50, rather than the median values, 
P,, is clearly to be avoided. In these data the Pso values differ 
from corresponding P, values by as much as 10% (2 mmHg), 
with the largest deviations being at IHS/Hb ratios greater than 
0.8. 

In Figure 2 the values of P,,, are plotted as a function of the 
molar ratio of IHS to hemoglobin tetramers. These data were 
fit to eq 3 and 5 by nonlinear least-squares analysis, yielding 
the estimated parameters shown in Table I. Equation 3 was 
found to provide an excellent fit to the data, as judged by the 
variance of the fit, the randomness in the distribution of re- 
siduals to the best fit, and the agreement between values of 
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limit value of 25.1 mmHg, corresponding to K D 4  of eq 2. Such 
a slow approach of the full-saturation value could lead to errors 
in attempts to evaluate KD4 from experimental values of P, 
at high concentrations of IHS. Even at an IHS concentration 
of 3 mM, P, is only 23.2 mmHg. 

Efforts to analyze the median values solely according to eq 
5 under the approximation (D) = (Dl) were highly unsuc- 
cessful. OKD and Pm0 were found to be essentially infinitely 
correlated with each other in this data set, and the pair (OKD 
and 4KD) was almost as unresolvable. All fits gave high 
variances and extreme skewing of residuals (Johnson et al., 
1976). The most reasonable result was obtained when Pm0 was 
fixed at  4.6 mm and OKD at 1 . 1  X lo6, and the data were 
analyzed for 4KD alone. A value of 6.33 X lo3 was then 
obtained. When the correct values of Pmo, OKD, and ‘KD (Table 
I)  were used in eq 5, the resulting predicted variation of P, 
with (IHS) is shown in Figure 2 as the solid line to the left 
of the data points. It is strikingly clear that eq 5 does not 
provide an adequate description of the data when used with 
correct values of the constants. These findings confirm the 
predictions made earlier regarding the conditions where eq 3 
is required (Ackers, 1979) and provide strong verification of 
the thermodynamic treatment which has been deduced to 
account for these effects. 

Under normal physiological conditions within the red cell, 
the concentrations of hemoglobin tetramers and DPG mole- 
cules are nearly equal, Le., about 5 mM (Rapoport & Guest, 
1941), so that total DPG cannot be equated to free DPG and 
eq 5 is not applicable. Therefore eq 3 should make it possible 
for the first time to predict the effect of changes in DPG level 
on oxygen delivery under normal and pathological conditions. 
This would apply to situations where the red cell DPG level 
is elevated, such as anemias (Oelshlegel et al., 1972) or sojourn 
at high altitudes (Lenfant et al., 1968), and especially where 
the opposite is the case, as in transfusion of stored blood 
(Valeri, 1974) and certain glycolytic enzyme deficiencies 
(Metcalfe & Dhindsa, 1972; Rosa et al., 1978). 

Finally, we wish to draw attention to certain aspects of the 
theory of linked functions which are illustrated by this study. 
The thermodynamic treatment of eq 3 is based on an approach 
we have called the integral function theory. This approach 
extends substantially the Wyman theory of linked functions, 
which has formed a useful basis for much understanding of 
linked reactions in macromolecular systems. The Wyman 
theory is based upon derivative relationships between the 
various experimental parameters. In the case of two linked 
binding functions, the Wyman theory provides a means of 
predicting, from derivative relationships, the directions of in- 
fluence by the several ligands upon each other’s binding curves. 
Other linked processes, such as subunit assembly and con- 
formation change, are similarly treated. The derivative re- 
lationships of the Wyman approach have the virtue of pro- 
viding a quantitative understanding of the rates of mutual 
variation among the linked processes. They do not, however, 
provide a framework for describing the actual variations 
among the experimental quantities. In order to do this, it is 
necessary to have relationships between the experimental 
parameters rather than their derivatives. One way of solving 
this problem is to attempt a “brute force” integration of the 
derivative relationships for the conditions of a particular ex- 
perimental situation. An alternative method, which we have 
termed the integral function approach (E. G. Clawsey, B. W. 
Turner, and G. K. Ackers, unpublished results), is based upon 
the use of generalized functions which have the form of re- 
action constants, e.g., for subunit assembly (“K,), for ligand 

~~~ ~ 

Table I .  
IHS Binding to Hemoglobin 

Derived Values o f  Interaction Conutants for Oxygen and 

independent 
fitted valuesa (confidence limits) estimates 

1.25 X I O 6  
2.5 X l o3  

OKD 

4 K 2  pm 4.60 (4.36, 4.85) 4.88 i 0.20 

1.12 X I O 6  (6.49 X l o 5 .  1.92 X l o6 )  
1.27 X l o3  (6.73 X lo‘, 2.39 X I O 3 )  

variance of f i t :  9.4 x 
Median values, P,, derived from 22 oxygenation curves cor- 

responding to various concentrations of IHS were analyzed by 
least-squares analysis according to  eq 3. Values taken from 
Benesch et al. (1977) were measured under identical buffer con- 
ditions to experiments of this study but pertain to a temperature 
of 20 “C and hemoglobin concentrations of 0.01 (‘KD) and 0.04 
mM t4k’n). 

all estimated parameters and their independently determined 
values [cf. Johnson et al. (1976) for a discussion of these 
criteria]. Table I shows the best-fit values obtained by allowing 
Pmo, OKD, and 4KD to “float“ simultaneously in the fitting 
procedure. The confidence limits corresponding to 65% 
probability are also given for the estimated parameter values. 
It was found that, within these confidence limits, the constants 
Pmo and OKD are identical with the independently estimated 
values, while the estimated values of 4KD differ by a factor 
of 2. The least-squares program employed has been discussed 
extensively in previous publications (Johnson et al., 1976; 
Ackers & Johnson, 1981; Turner et al., 1981). The values 
shown in Table I represent unique fits to the data and are 
independent of all initial guesses within a factor of at least lo2 
of the value shown. 

The statistical precision with which any of these parameters 
can be estimated is of course increased when one or more of 
them can be solidly anchored at  independently estimated 
values, which are then held fixed in the fitting procedure. The 
present data set was found capable of defining any one of the 
three parameters to within a few percent when the other two 
were held fixed. Additionally, we carried out tests of the 
sensitivity of eq 3 and these data to variations in the hemo- 
globin concentration, (MI). Values of Pmo, OKD, and 4KD were 
held fixed at  their best-fitted values (Table I), and the data 
were fit by eq 3 to the best value of (MI). The program 
converged on 4.04 X M with confidence limits of rt0.25 
X M and an excellent variance of 8.35 X By 
contrast, when (M,) was fixed at  1 X M and the data 
simultaneously fitted for Pmo, OKD, and 4KD, the variance in- 
creased to 1.3 X lo-*, the distribution of residuals was highly 
skewed, and the estimated parameters were far outside the 
ranges of the independent estimates (Le., OKD was 4 X 
4KD was 6 X 10’5 and Pmo was lo5  mmHg). These results 
indicate a high degree of sensitivity to hemoglobin concen- 
tration in the analysis of data according to eq 3 .  

The solid curve of Figure 2 through the median points was 
calculated from eq 3 by using the estimated constants given 
in Table I. It is seen that the major shift in P, effected by 
IgS occurs in the range of IHS/Hb ratios below 1 .O, and the 
transition is 84% complete at  a ratio of 1.5. This nearly 
equimolar region is where bound IHS and unbound IHS exist 
in comparable proportion, as shown by the dashed curve of 
Figure 2. This fractionfD of bound IHS was calculated by 
combination of eq 3 and 5; i.e., once the correct values of all 
parameters except (D) are known from analysis of the data 
in terms of eq 3, then eq 5 which is rigorously correct can be 
used to determine (D). The fraction,fD, of bound IHS is then 
calculated as 1 - (D)/(DJ. An interesting feature of the solid 
curve of Figure 2 is the slow asymptotic approach to the upper 
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binding (Xmcd, xKD) or for conformation change (“KI). Such 
a generalized constant is formulated in terms of its variation 
with (a) concentrations of the various molecular species com- 
prising the system of interest, e.g., the variation of xK2 with 
X etc., and (b) the microscopic reaction constants of the 
system. When these functions are used, relationships are then 
established which permit interpretation of the various overall 
reactions (e.g., binding isotherms, assembly reactions corre- 
sponding to experimental constraints, ligands, etc.). An ex- 
tensive discussion of this approach and its various uses will 
be presented elsewhere (E. G. Clawsey, B. W. Turner, and 
G. K. Ackers, unpublished results). Its application to ex- 
perimental data on the ligand-linked subunit assembly of 
hemoglobin has been described previously (Mills et al., 1976). 
The present study demonstrates the successful application of 
the integral function approach to the mutual interactions of 
two ligands binding to a nondissociating macromolecule. 
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