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are binding simultaneously whereas in the presence of ATP, 
only one head binds at  a time. In this regard jt is of interest 
that subfragment 1, a further tryptic digestion product of 
HMM which has only one active site, has been reported to 
bind more weakly to actin than does HMM (Lowey et a/., 
1971). To clarify this point we are presently carrying out 
further studies directly comparing the binding of actin to 
subfragment 1 in the presence and absence of ATP. 
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Equilibria of Organic Phosphates with Horse Oxyhemoglobint 

Bo Hedlund, Constance Danielson, and Rex Lovrien* 

ABSTRACT: Organic phosphates, ATP, AMP, and 2,3-di- 
phosphoglycerate (DPG) were interacted with horse oxyhemo- 
globin. Binding parameters were obtained by means of 
dialysis equilibrium in buffers at 5 " ,  and from calorimetry 
at 5 and 25", all in the pH range 6.5-7.3. The calorimetric 
results were evaluated assuming a single strong site, and 
assuming that the pH shifts which occur in the absence of 
added salt are due to electrostatic effects and not to changes 
in side-chain titration, upon mixing samples previously ad- 
justed to the same pH. There was obtained for ATP and 2,3- 
diphosphoglycerate, respectively, AGO = - 6.5 and -4.9 
kcal mol-', AH" = -5.2 and -9.1 kcal mol-', and A S o  
= + 5  and -14 cal deg-1 mol-', at pH 6.9 and 25". These 
binding parameters are for the case of no added salt. In 
dialysis equilibrium experiments, buffer and supporting elec- 
trolyte were used. In that case, the results indicate strong 

T his paper reports on organic phosphate binding to 
horse oxyhemoglobin, Hb02.1 The binding of a variety of 

- 
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1 Abbreviations used are: HbOn, oxyhemoglobin; ATP, adenosine 
5'-triphosphate; AMP, adenosine 5'-monophosphate; DPG, 2,3- 
diphosphoglycerate. 

4660 B I O C H E M I S T R Y ,  V O L .  1 1 ,  N O .  2 5 ,  1 9 7 2  

competition by inorganic phosphate, lesser competition by 
chloride, while cacodylate possibly is noncompetitive or 
nearly so. Competition by salt ions also is manifest in calorim- 
etry of organic phosphate binding. Equilibria of AMP, in 
the presence of orthophosphate, may engage in a somewhat 
different mechanism involving the protein. There appears to 
be chemical linkage between binding sites, when AMP is the 
substrate. There are indications that for organic phosphates, 
there exists more than one site available on oxyhemoglobin. 
However there is only one strong site. Certain of the pH-de- 
pendent phenomena were roughly accounted for by electro- 
static effects using the smeared charge model. Calorimetry 
at 5 " ,  compared to 25", indicates a ACp of binding of t 2 6 0  
cal deg-' mol- for ATP-deionized oxyhemoglobin interac- 
tion, and a ACp of about f l O O  cal deg-1 mol-' for DPG in- 
teraction. 

organic phosphates to both oxy and deoxy forms of hemo- 
globin has been rather widely studied and reviewed. How- 
ever, there is considerable controversy regarding the extent 
of binding to both forms of hemoglobin. The actual difference 
in free energy between organic phosphate binding to the two 
forms of hemoglobin, i.e., the amount of free energy that 
is available for control of oxygenation by these compounds, 
has not been satisfactorily determined. 

The data presented here for organic phosphate binding 
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to horse HbOz are comparable to those reported by Chanutin 
and Hermann (1969) for human HbOy. Comparison between 
data here and results obtained by others using human HbOe 
should be done with care. However, in certain respects, 
especially with regard to current understanding of DPG- 
hemoglobin interaction, horse and human hemoglobin are 
similar (Bunn, 1971). 

It is impractical to measure dialysis equilibrium of organic 
ions without supporting electrolyte. The membranes bind 
the organic ions, equilibrium is difficult to achieve, and Don- 
nan effects occur. Yet if electrolytes are used at  reasonable 
concentrations, 0.01 M or greater, they often compete for 
binding sites, although their association constants are of the 
order of lo2 or lo3 M - ~ .  This pertains to  numerous proteins 
and enzymes, and especially so to hemoglobin. 

Because of the fragility of HbOz, and the length of time 
needed to reach equilibrium, dialysis equilibrium experiments 
were carried out at 5" with cacodylate buffer in most exper- 
iments. This buffer was employed by Chanutin and Hermann 
(1969). From their results and ours, it appears that cacodylate 
is less competitive for HbOz ion binding sites than other com- 
monly used systems. Support for this view is provided by 
calorimetry with deionized HbOn. In the calorimeter, equilib- 
rium can be reached with low or zero competing electrolyte 
concentration, depending on pH. The data from calorimetry 
can then be compared to dialysis equilibrium results with 
buffer. In both kinds of studies, the HbOe was equilibrated 
with air to keep the protein saturated with oxygen. 

The notations used are: y = (mol of substrate added)/ 
(mol of HbOz tetramer, mol wt 64,460); KBpp = apparent 
molar association constant from a Scatchard plot; n = ab- 
scissa intercept on a Scatchard plot; K = overall association 
constant; nl = number of sites of class i; k A , ,  ka, = associa- 
tion constants for substrate A in classes 1, 2 . . . . ; kBI, k g ,  . , . 
= association constants for competitor B in sites 1, 2 . . . . ; 
CA = molar concentration of nonbound A ;  Cg = molar 
concentration of nonbound B; AT = total concentration of A ;  
BT = total concentration of B; PT = total concentration of 
protein; V A ~ ,  V B ~ .  . , = mol of A bound into site class 1 per 
mol of protein, mol of B bound in site class 1, etc., vAr = 
V A ~  + VA? = experimentally observed value of V A ;  Q = cal- 
orimetric heat ; w = electrostatic interaction parameter 
(simplified model); ZP = charge on the protein; ZA = charge 
on the substrate; rH+ = number of H+ bound relative to 
the isoionic pH. 

Experimental Methods 

Materials. The oxyhemoglobin was isolated from fresh 
horse erythrocytes, initially collected in citrate. The isolation 
was carried out at 5". The steps were: centrifuge, discard 
plasma; wash erythrocytes three times with 1 .O % NaC1, lyse 
with one volume of water-ethyl ether (50 :50, vv), shake gently 
for 1 min; centrifuge at 10,OOOg; decant off ether, pump with 
an aspirator, and blow a gentle air stream over the hemoly- 
sate while gently stirring; add NaCl to 5%;  centrifuge; 
remove floating debris by suction ; dialyze three times against 
0.05 M NaCl to remove ether, then against water to remove 
chloride; again centrifuge and decant. The HbO, solution is 
then ready for resin deionization, also in the cold, using the 
method of Dintzis (1952) over about 16 hr. The first quarter 
of the hemoglobin was discarded. 

Hemoglobin thus prepared is free from phosphate, as 
determined on digested hemoglobin by standard total phos- 
phate assay (Bartlett, 1959). When the protein is converted to 

TABLE I :  Molar Absorption Coefficients for Met- and Oxy- 
hemoglobin; Phosphate Buffer, p H  6.0, p = 0.05; from 
Anusiem (1966). 

MHb, HbOz, 
1 (nm) M-' cm-1 x M-' cm-l x 

500 
510 
542 
577 

3.60 2.02 
3.40 1.91 
2.14 5.68 
1.27 6.04 

methemoglobin by twofold molar excess K3Fe(CN)6, it 
gives the optical density ratios (570 nm/630 nm) reported by 
Cameron and George (1 969). Native HbOl concentration 
was determined using extinction coefficients from Anusiem's 
(1966) work with human HbOz listed in Table I. In this, we 
assume also with Anusiem that the absorption spectra of 
horse and human HbOz are very similar. The molecular 
weight used here is 64,460. The molar extinction coefficients 
from Table I were also used to determine methemoglobin 
content in HbOz preparations, which usually was 2 in new 
HbOl and increased to 10-15x upon storage at 5" for three 
weeks. Stock solutions were routinely centrifuged to remove 
precipitated material from deionized Hb02.  

Dry weight, iron analysis by Stookey's (1970) method for 
Fe" and Cameron's (1965) digestion method, and disc gel 
electrophoresis gave results which, in summary, indicate 
the presence of up to 3 %  of other proteins in our deionized 
HbOz preparations. Therefore, absorption spectra were 
routinely used to determine HbOs concentration itself. 

ATP and AMP were used as received from Sigma Co.;  
ezjg = 1.54 X lo4 at neutral pH (Dunn and Hall, 1970). 
2,3-DPG, pentacyclohexylammonium salt, came from Boeh- 
ringer-Mannheim. 

Methods. Dialysis equilibrium methods used the apparatus 
from Lovrien and Anderson (1969). It was found that pre- 
treatment of the Visking cellulose membranes according to 
Chanutin and Hermann (1969) is indeed necessary for the 
present kind of work. The membranes were treated with bi- 
carbonate and EDTA over steam overnight, thoroughly 
rinsed, and then equilibrated with the buffers being used in 
the experiments for about a day, before installing them. 
Hemoglobin concentrations were usually in the 4-8 x 
M range (constant in a series of experiments). It usually re- 
quired about 48 hours at 5" to achieve equilibrium; air was 
present in each cell. DPG was determined colorimetrically 
by Bartlett's (1959) assay for total phosphate. 

Microcalorimetry used a twin reaction cell batch instru- 
ment, an improved version of an earlier model (Lovrien and 
Anderson, 1969). The present instrument was used in the 0- 
to 10-mcal range, error 1 0 . 2  mcal in a single run. Chemical 
calibration was used : Tris-HC1 and KOH-HC1 reactions. 
The heats for these calibrating systems are by Nelander (1964) 
and Leung and Grunwald (1970), respectively. 

In a typical series of experiments a constant amount of 
protein (2.00 ml of 0.8-1.4 x M) was mixed with 1.00 
ml of organic phosphate solution containing up to 3.0 pmol 
of ligand. In the second reaction cell either protein or organic 
phosphate is mixed with solvent. This heat of dilution is 
automatically subtracted from the heat produced in the reac- 
tion cell. Under most conditions employed the heats of dilu- 
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FIGURE 1 : Scatchard plot of ATP binding to horse oxyhemoglobin. 
Hemoglobin concentration: 5.2 X M. 

tion are negligible and can be substituted with solvent-sol- 
vent mixing in the blank cell. The calorimeter is connected 
through an amplifier to an integrating recorder. The heat 
produced is proportional to the area under the curve. 

Calorimetry of pentacyclohexylammonium chloride with 
Hb02  showed that about 5 %  of the total DPG interaction 
heat with HbOz was probably due to the cation interaction, 
and corresponding corrections were made for cation binding 
heat production. 

Calorimetric data were plotted as a function of ligand con- 
centration added. Plots of this type were fitted with a least- 
squares method similar to the method used by Olofson (1969) 
to yield both association constant and the enthalpy change. 
It was assumed that, under the conditions employed, there 
is only one binding site for the ligand in question. The method 
was satisfactory only under conditions where moderately 
strong and well-defined binding seemed to occur. In the pres- 
ence of competing ions or with very weakly binding com- 
pounds the method cannot be used. The pH was measured 
before and after mixing. A Beckman Research pH meter 
was used and temperature was controlled to within 0.5". 

Results 

ATP-Horse HbOn Dialysis Equilibrium Data. The data 
were plotted according to Scatchard's method, vA=/CA us. 
vAT. The large majority of the data were concentrated in the 
region vAT < 1, which gave apparently quite linear plots in 
some cases. These were calculator fitted by least squares. If 
there were a single site, an abscissa intercept of unity should 
occur. Despite the apparent linearity over the concen- 
tration ranges in which we worked, abscissa intercepts 
greater than one were consistently obtained, indicating 
at  least one weaker site, in agreement with Chanutin and 

TABLE 11: Parameters from ATP-Hb02 Scatchard Plots; 
0.005 M Pi Buffer, 0.04 M C1-, 5 '. 

HbOs Abscissa 
Concn Inter- (nK) pH 6.9 

(M x 104) PH cept, n (nKlapp Calcd 

5 . 4  6.50 j= 0.05 1.40 21 X lo3 8 X lo3 
5 . 7  6.75 + 0.05 1 .50  13 X lo3 10 X lo3 
5 . 8  7 . 1 0  + 0.10 1 .45  5 x lo3 7 X l o3  

TABLE III: Parameters from ATP-Hb02 Scatchard Plots, 5 '. 

Abscissa 
c1- Inter- (nK) pH 6.9 

Pi (M) (M) p pH cept (nK),,, Calcd 

0.005 0.04 0.046 7 . 1  1 .45  4 . 4  X lo3 6 . 7  x l o3  
0.025 - 0.048 7 . 1  2 . 7  2 . 5  x lo3 3.8  x l o 3  
0.050 - 0.073 6 . 6  3 . 4  3 . 1  x l o3  2 . 0  x l o3  

Hermann (1969) for human HbO?. Figure 1 illustrates a typical 
plot. Scatchard's equation is V.~, /CA = Kini - K ~ V A  for each 
class of sites i. We measure vAT. Hence in cases of the kind 
here, the intercepts on the axes are unresolved averages of 
n and Kn for whatever sites there are. Such values are listed 
in Table 11, for a series in which pH was varied. As expected, 
the product, nK, and Kitself, increases rapidly with decreasing 
pH in the neutral pH region. 

The buffer system listed in Table I1 is quite competitive 
with the ATP substrate for HbOl binding sites. Table 111 
lists results from Scatchard plots in which Pi concentration 
varied considerably. The data for Table I11 were partly gathered 
in the presence of 0.04 M chloride which probably also com- 
petes. Some salt has to be present in dialysis equilibrium 
experiments. Both Pi and C1- decrease apparent association 
constants for the ATP-Hb02 interaction. Benesch et ul. 
(1969) found that a variety of buffers and salts similarly in- 
fluence the 2,3-DPG-deoxyhemoglobin binding process. 
By starting with cacodylic acid and adding base, one can ob- 
tain a buffer without chloride. Cacodylate buffers alone seem 
nearly noncompetitive, which perhaps accounts for some of 
the alignment between our results and those of Chanutin 
and Hermann (1969), although such a comparison should be 
made cautiously, since they used human HbO, and ours was 
from horse. Our dialysis equilibrium K values in cacodylate, 
on the other hand, also are comparable to K values generated 
in fitting of calorimetric data described below. 

All the data are pH dependent, and in order to make com- 
parison of various data, it is of some interest to try to nor- 
malize results to the same pH. As shown in the discussion, 
if we assume that some of the pH dependency of binding is 
of the classical electrostatic variety, we obtain 

and use this expression with experimentally determined values 
to correct (nK),,, to pH 6.9. Table I1 shows that reasonably 
consistent corrected values for the value of nK at pH 6.9 are 
obtained in this way, with 0.005 M Pi. Table I11 shows that 
as the Pi concentration increases, such a correction is not 
even roughly adequate. The correction factor represented in 
eq 1 is only semiquantitative at best, but is perhaps better 
than no correction at all. It has been applied by us to some 
of the DPG data from Benesch et a/. (1969), with results com- 
parable to those obtained in Table 111. We do not consider 
in this, that all pH dependence reflects only electrostatic 
effects. The latter is only one of the more obvious effects 
which are under pH control. In fact, Table I11 indicates that, 
even after normalization of all K values as best we can, to 
pH 6.9, there is still considerable variation in Kapp. 
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TABLE IV: Parameters from ATP-Hb02 Scatchard Plots, 5 O ,  

0.05 M Cacodylate. 

Abscissa 
c1- (M) M pH Intercept (nmBDD 
- 0.033 6.5 1.12 1.44 x 104 

0.012 0.045 6.5 1.23 6.0 x 104 
- 0.043 7 .0  1.27 1 .6  x 104 

0.012 0.055 7.0 1.40 0 . 5  x 104 
0.067 0.107 6.8 1.18 1 .5  x 104 

Table IV reflects three matters: (i) the expected pH de- 
pendency of the binding data; (ii) the decrease in binding 
caused by chloride, in a way rather unlikely due to minor 
ionic strength variations ; (iii) the binding constants for ATP 
to horse HbOz in the absence of competitive ions such as Pi 
and C1-. The association constant at pH 6.5, 5 "  is probably 
best summarized by : 

ATP + HbO2 e ATP.Hb02 
K~ = 1.3 x 1 0 5 ~ - 1  (2a) 

in which B is a competing salt ion. The value of KaPp depends 
on the nature and total concentration of B, which is BT. 

Dialysis Equilibria of 2,3-DPG and Pi With Horse HbO2. 
The principal results from experiments with these ions, in 
cacodylate buffer, are summarized in Table V from data 
as in Figure 2 and 3. In the DPG systems there was also pres- 
ent a certain amount of chloride used in adjusting the buffers. 
Hence the apparent K values, Kapp, are probably lower than 
the true values which probably exist for the noncompetitive 
binding case. As in the case of ATP, the abscissa1 intercepts 
of the Scatchard plots for DPG binding were between 1 and 
2, indicating participation by a weaker second site at the 
higher DPG concentrations, y > 1. 

Similar experiments with Pi itself, with 0.05 M cacodylate 
buffer and no chloride at pH 6.8 and 5", gave significant 
association, 400 + 200 M - ~ .  The association constant for Pi 
is estimated to be 800 + 200 M-~ ,  at pH 6.5, in the same sol- 
vent. 

Dialysis Equilibria of AMP with Horse Hb02.  Binding data 
for AMP, with Pi present are plotted in Figure 4. In this case, 
unusual Scatchard plots result, with no possibility of obtain- 
ing slopes and intercepts in the usual way. The experiments 
were repeated, examined with various HbO2 preparations, 

~ _ _ _ _  

TABLE v: Parameters from DPG-Hb02 Scatchard Plots, 5", 
0.05 M Cacodylate. 

Abscissa 
c1- (M) IJ. pH Intercept (nK),,,  

0.012 0.045 6 . 5  1.33 3 .7  x 104 
0.012 0.055 7 .0  1.28 0.9 x 104 
0.10 0.131 6 . 4  1.08 1 . 3  x 104 

FIGURE 2: Scatchard plot for DPG binding to horse oxyhemoglobin. 

and so on. We cannot assign this behavior to obvious experi- 
mental errors, at least in the sense of doing anything differ- 
ent from the ATP experiments which led to normally behaving 
plots. As it turns out, other protein-substrate interactions 
probably give qualitatively the same behavior upon using 
Scatchard's method of plotting ; this is amplified below. 

Calorimetry of Organic Phosphate-Horse HbOz Interaction. 
Data points from calorimetry of mixing ATP with deionized 

I I I I 1 

4.0 t DPG-Hb02 , 5" 
0.012 M CI- 
0.05 M cacodylate 

0 0.4 0.8 1.2 
wA 

FIGURE 3 :  Scatchard plots for DPG binding to horse oxyhemo- 
globin at two different pH values. 
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FIGURE 4: Scatchard plot for AMP binding to horse oxyhemoglobin 
in a competing buffer system. 

HbO, at  25",  with no added salt in either component, are 
plotted in Figure 5 .  The ATP solutions were adjusted to the 
same p H  as that of the HbO, before mixing (pH 6.93 i 0.02) 
by use of carbon dioxide free KOH. On the same plot, calori- 
metric data are illustrated from the case in which both solu- 
tions were 0.10 M in KCI before mixing. Figure 5 shows that 
chloride considerably decreases the heat evolved, relative to 
the case for no added KCI. Equivalent effects are wrought 
by Pi, in concentrations ca. 0.01 M. There are two general 
ways in which this probably occurs: (i) prevention of ATP 
binding by Pi, or by C1-; (ii) endothermic displacement of 
Pi or C1-, upon exothermic ATP binding. The instrument, 
of course, measures the sum of the heats. 

The calorimetric mixing process was performed in a twin 
instrument. The "blank heat" is automatically subtracted 
out. When a protein in zero salt is mixed with an  inorganic 
salt, besides the binding heat there will be produced some 
heat of tumbling and mixing the two solutions, in addition 
to the heat of dilution of the salt. Deionized HbO, was mixed 
with aqueous KCI (Figure 6) with the blank for the experi- 
ments that of mixing corresponding volumes of neat water 
in the second mixing vessel. This protocol would not sub- 
tract the heat of KCl dilution. A second set of experiments 

l6 t 

0.1 M KCI 

-0-- 
pH SHIFT 

0 
0 I 2 3 4 

prnoles ATP 

FIGURE 5: Calorimetry of mixing ATP with 2.1 pmol of deionized 
horse oxyhemoglobin at 25". pH of the solutions were within 0.01 
pH unit of one another before mixing. Solid circles and squares: 
right ordinate. Lines only connect data points. 
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FIGURE 6 :  Calorimetry of chloride interaction with 1.35 pmol of 
deionized horse oxyhemoglobin and calorimetry of KC1 dilution 
at 25". See Resnlts section for additional details. 

was performed with no protein, i.e., dilution of KCI, 
in the same way, cs. a blank of water-water mixing. The 
results from those experiments are also plotted on Figure 6. 
The difference between the two plots is presumably caused 
by chloride-HbO, interaction. The difference quantity can be 
gotten by a single set of experiments, mixing deionized HbO, 
with KCI, and using as a blank the dilution of a corresponding 
amount of KCI. Figure 6 shows that, with the weak but finite 
interaction in which chloride probably engages, the heats 
of dilution are comparable in magnitude to whatever in- 
trinsic heats of binding actually occur in the association of C1- 
with HbO?. Also it is found that the heat production from KCI 
dilution is quite similar to that which would be expected from 
the thermal properties of aqueous electrolytes (Parker, 1965). 
The total heat of dilution of 1 ml of 0.15 M KCI, under the 
conditions used here (dilution to 0.05 M), is calculated to be 
-2.4 + 0.2 mcal. The data gave -2.1 * 0.2 mcal, for a 
single run. The C1- interaction heats with H b 0 2  are ascribed 
to binding at CI- at an unknown level of B. At 0.10 hi KCI, 
about 74 mol of CI- are mixed with each mol of HbO, (1, = 
74). Further work is necessary to determine binding constants 
of C1- with HbO,. 

The continuous lines on Figure 5 simply connect data 
points. The data were fitted later with parameters using 
Olofsson's method (1969). In Olofsson's method, the calori- 
metric heats yield the intensive quantity k .  u and h are con- 
centrations of the reactants after mixing; K and AH are the 
molar association constant and enthalpy change for forma- 
tion of a simple bimolecular complex. The extensive quantity 
Q ,  the calorimetric heat developed in a volume V ,  is related 
to /z by k = Q/uV. By keeping the amount of ATP relative 
to protein sufficiently low, i.e., by keeping J' low, there can 
be held conformity to the restrictions involved in Olofsson's 
method, namely, that only one association complex forms. 
The equation used is 

Upon gathering enough data points, reasonably consistent 
values for A H  and K finally were obtained. There is, of course, 
some latitude in the fitting parameters for Olofsson's eyua- 
tion, eq 3, which is manifest as error in the values for A H  and 
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TABLE VI: Thermodynamic Parameters' from Calorimetric Studies of ATP-Hb02 Interactions. 

Temp 
Initial pH cl-(M) ( "c )  KI (M-') AH (kcal mol-') AG (kcal mol-') AS (eu) 

6 .93  f 0.03  - 25 6 . 3  f 2.0  x 104 -5 .2  f 0 . 2  -6.5 i 0 . 2  4 . 5  + 1 . 5  
-1 .5  zt 2 . 5  7.05 f 0.03  0.10 25 8 .0  iz 0 . 2  x 102 -4.5 i 0 . 5  -4 .0  f 0 . 2  

7.32 i 0.04  - 5 6 . 0  + 2.0  x 103 -10.4 f 1 . 4  -4 .8  f 0 . 2  -20 f 6 
6.50 i 0.05 0.005 5 1 . 3  f 0 . 5  X lo5 -10.3 f 0 . 2  -6.4 f 0 . 3  -14 f 2 

a These are standard overall quantities. The free energies and entropies may be converted to unitary values according to Gurney 
(1953). 

TABLE VII : Thermodynamic Parameters from Calorimetric Studies of DPG-Hb02 Interactions. 

Temp 
A S  (eu) Initial p H  cl-(M) ("c)  K (M-') AH (kcal mol-') AG (kcal mol-') 

6 .93  zt 0.03 - 25 4 . 0  f 1 . 0  x 103 -9.1 i 0 . 6  -4.9 i 0 . 2  -14 f 3 
7.05 f 0.03  0 .10  25 4.0 k 1 . 0  X lo2 -8 .5  f 0 . 8  -3 .5  * 0 . 2  -16 f 6 
7.32 f 0.04 - 5 2 . 0  zt 1 . 0  x 104 -10.8 + 0.8  -5.4 f 0 . 3  -19 f 4 
6.50 i 0.04 0.005 5 2 . 2  i 1 . 4  x 105 -11.2 i 1 . 0  -6 .7  A 0.4  -16 A 5 

K.  Table VI summarizes these for the ATP system, and Table 
VI1 summarizes them for DPG. 

Two other potential contributions to the interaction heats 
need consideration. Even if the solutions before mixing are 
fairlypreciselyadjusted tothesame pH( kO.01 pH unit,usually) 
and the work was carried out to insure that that was the 
case, there still occurred pH shifts upon mixing horse HbOg 
and some of the substrates. The magnitude of such shifts, 
ApH, for the system ATP-Hb02, in which the initial pH for 
both components was 6.93, is shown in Figure 5, with the 
right-hand ordinate. The mixtures were drawn from the in- 
strument after the calorimetric run, and were measured for 
pH value in the same way that the separate components were 
measured beforehand. 

There may be, therefore, proton ionization shifts by both 
the substrate and protein, attending their interaction. The 
view we take of this, as a contributor to the overall heat, is 
in the Discussion section. In the meantime, there also was 
carried out (B. Boman and R. Lovrien, unpublished data), 
point by point potentiometric H+ titration and calorimetry 
of H+ addition to horse HbO, in the same pH region. The 
change in protonation on the protein as a function of pH was 
d r ~ + / d p H  = -9.5, centered on pH 7 at 25", in 0.02 M KC1, 
in fair agreement with Antonini et af. (1965). The enthalpy 
of adding H+ to HbO, under the same conditions was -7.3 f 
0.3 kcal/mol of H+, from 15 measurements. This is in agree- 
ment with the values expected for human hemoglobin; Tan- 
ford and Nozaki (1966) consider it to be -7 to -8 kcal per 
mol, from van? Hoff methods. 

The resin deionized H b 0 2  had a pH close to 6.9 at 25", 
with no added salt, acid, or base. At 5 " ,  the corresponding 
pH was 7.3. It was assumed that such HbO, samples have all 
their sites open to anion binding, in the calorimetric measure- 
ments in which no supporting electrolyte was used. 

It is of interest to see how consistent some of our DPG bind- 
ing data is, from two different methods, upon correcting in a 
simple way to conditions corresponding to more physiolog- 

ical conditions. These are at about 25", 0.1 M chloride (pH 
7.0). Using our dialysis equilibrium results, at pH 6.4 and 5", 
in 0.1 M chloride, from Table V, we start with Kapp = 1.3 
f 0.1 X lo4. By correcting this to pH 7 aia the exponential 
electrostatic factor (Discussion section), and then using the 
van't Hoff equation with the enthalpy from Table VII, we 
arrive at K = 6 f 2 X lo2 M-' for DPG binding. The K value 
from calorimetry fitting under quite similar conditions (Table 
VII) is 4 f 1 x lo2 M-I. This leads to -3.5 f 0.3 kcal of 
free energy for DPG binding to horse HbO, under these 
conditions. 

Discussion 

It is impractical to compare our results to more than a 
fraction of the literature of organic phosphate binding to 
hemoglobin. For human Hb02,  with various temperatures 
and salt concentrations, Luque et al. (1969), Garby et al. 
(1969), and Chanutin and Hermann (1969) have reported 
that such phosphates do in fact bind. Keeping in mind the 
mammalian species differences, and that solvent parameters 
are often quite different, we generally agree most closely with 
the results of Chanutin and Hermann. Benesch et af. (1969) 
have considered that organic phosphates engage in negli- 
gible or zero binding with human HbOz, in 0.1 M chloride at 
20" and physiological pH. 

In Chanutin and Hermann's results, it is evident that if 
they had extrapolated the steeply rising branch of their 
Scatchard plots back to the abscissa, they also would have 
intercepted on the abscissa between 1 and 2. They fitted their 
results with the standard polyequilibrium expression for more 
than one site. We agree that there probably exists more 
than one anion binding site. Their cacodylate buffering sys- 
tem is especially useful in that it is either noncompetitive, 
or less so than most other common electrolytes. 

Competitive equilibria between inorganic electrolyte anions 
and organic phosphate anions is a topic previously discussed 
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by other authors. Benesch et a/. (1969) found that at  suffi- 
ciently high NaCl concentrations, the influence of DPG on 
hemoglobin's oxygen affinity disappears. Our results, at  least 
for Pi, indicate that supporting electrolyte anions bind with 
association constants of the order of 102 to lo3 ;  K, = 400 
+ 200 M-' for P, at  p H  6.8, 5 " .  Such values are lower than 
those for the organic phosphates by two to three orders 
of magnitude. However, in many in citro experiments, and 
perhaps in riro, chloride concentrations are in fact two to 
three orders of magnitude greater than those of endogenous 
organic phosphates. It is the product terms of K and C for 
the ions which are of central importance in governance of 
binding processes. Hence salt ions may exert considerable 
influence beyond their usual Debye-Huckel ionic strength 
effects, it they bind at all. 

Let us consider a protein with two independent kinds of 
binding sites, n, and n? of them, and that both kinds engage in 
independent equilibria with substrate A and competitor B. 
The notation used is in the introduction above. There are 
n]PT total sites of class nl in solution, leaving nlP free sites 
available to bind A and B. Likewise n2P free sites are available 
to bind A and B. The equilibria are : 

k A i  
nlP + A PIA 

k B l  

HIP + B If PIB 
(4) 

kA? 
u ~ P  + A PzA 

kB2 
M ~ P  + B J_ P?B 

The total amount of B, BT is known if one used deionized 
protein and adds all salt. Mass conservation and site conser- 
vation lead to 

Standard competitive binding equations may be utilized 
(Steinhardt and Reynolds, 1969), which in our notation are 

with similar expressions for U A %  and UB?.  

Combination of eq 4, 5 ,  and 6 yields 

(7) 

Scatchard plots may be calculated on the basis of equations 
(7), after choosing k.4,. ka? .  . . . , . , BT. PT: and n, and n?. The 
solutions depend on starting with a value for C.4 and iterating 
until the expression for BT is satisfied. At that point, all v 
values are determined. Hence, since u.1, -1 vi! = v . ~ ~ ,  V . L ~ : C . ~  
cs. V A ~  may be plotted. Upon varying CA and repeating the 
process, BT is held constant, as is usually done in an experi- 
ment. AT, the total amount of substrate. is readily calculated 
if desired. 

In the present case, we let n,  = n? = 1 ,  and utilize calues 
listed in Figure 7 to construct Scatchard plots. Two aspects 
are immediately apparent. (4) Even if the binding constants 
of competitor B are well below those of substrate A (An,  = 

8 x to?  and = 1.3 x 10;) at BT values of only a factor 
of about ten higher than PT ( 5  x lo-" and 3 X I O - '  v. re- 
spectively), the effect of B is to drastically drop the intercept 
on the ordinate. (ii) Most data are of poorer quality in the 
extreme ranges for Y . ~ . ; .  especially with low salt. In  the ranges 
in which the best analytical data occurs, the points lead to 
indications of one strong site, but interception occurs on the 
abscissa at IJT > 1. With the equations above, utilizing only 
two classes of sites, a rather large amount of data can be 
fitted within experimental error. Hence we have no strong 
opinions concerning the existence of more than t h o  bites, 
at  least for very specific sites. Chanutin and Hermann (1969) 
invoke up to four total sites for some organic phosphates. 
Their total substrate concentrations ranged over values 
markedly higher than ours: [.e.: over higher J '  values. 

The AMP equilibria with HbO: (Figure 4) probably repre- 
sents a different kind of problem than that of multiple but 
completely independent sites. The strongly positive sloping 
Scatchard plot as in Figure 4 actually occurs, however, with 
other proteins. We have recalculated binding data for other 
proteins reported in the literature, and find that if Scat- 
chard's method is used, plots similar to Figure 4 occasionally 
ensue. Some Scatchard plots already in the literature obviously 
partake of the same behavior. e .g . ,  in the cytochrome c 
dodecyl sulfate system studied by Burkhard and Stolzenburg 
(1972). 

It is likely that, no matter what the totalnumber of bind- 
ing sites, nor what the levels and ratios of substrates, com- 
petitors, and proteins, only negative sloping Scatchard plots 
will occur for those cases in which all binding sites are tr~ily 
independent throughout the accessible range of u l , .  The pro- 
duction of positively sloping Scatchard plots probably in- 
dicates intramolecular linkage between available and poten- 
tially available sites, governed by the extent of binding and 
kind of ions which bind. The term linkage is used in the sense 
of Edsall and Wyman (1958). We shall not analyze Figure 4 
further here, except to remark that i t  is especially striking 
compared to other such cases, and probably is rather de- 
pendent on total competitor level, BT. 

The pH shifts with deionized protein, ApH in Figure 5 ,  for 
example, should be considered with respect to possible con- 
tributions to calorimetric enthalpies upon changes in state 
of protonation, by both substrate and protein. The pK and 
standard enthalpy of ionizations for H2P04- and HATP? 
are at 25". 6.78 and -0.80 kcal per mol, and 6.95 and -1.68 
kcal per mol, respectively (Alberty, 1969). Thus, in the 
pH 7 region, an increase in pH might produce a few hundred 
small calories of exothermic heat from the reaction HATP.3 
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a H+ + ATP4- but not nearly enough heat to account for our 
observations. In the case of the protein, one might initially 
assume that upon binding of an anion, with ApH - +0.1, 
about one imidazole side chain becomes protonated, accord- 
ing to the titration curve, This could, at first sight, produce 
- 7 kcal of heat/mol of substrate, leaving a OH- behind which 
increases the pH. However, in the first place, about +13 kcal 
of heat is involved in the reaction HzO 8 H+ + OH-, hence 
the net heat from such a course should be endothermic by 
about +8 kcalJmo1. Secondly, the origins of the pH shift 
are rather likely those produced by changes in protein elec- 
trostatic interaction with its surroundings, which in turn de- 
pends on the binding process. 

The ApH effect may have the same origins that Scatchard and 
Black studied (1949) in the serum albumin system. Binding of 
charged substrates may lead toappreciable pH shifts, according 
to Scatchard and Black's expression ApH = - 0 . 8 6 8 ~ 2 ~ ~ ~ ~ .  
This is derived on the basis of no appreciable shift in side-chain 
titration upon binding, and has been reinvestigated by Cassel 
and Steinhardt (1969). The matter can be summarized in the 
following way. With 10-4 M protein, even if only one imid- 
azole side chain possibly were involved, there would be lop4 
M imidazoles to be titrated. But at pH 7, even if ApH N +1, 
only 10-7 M H+ exists in free solution. Therefore, without 
an external source of H+ or OH-, major shifts in the state 
of side-chain ionization cannot occur from binding per se, 
unless a source were a proton transferring from HzP04- 
or HATP3- and which binds to the protein side chain. We 
have no way of deciding about that, and leave it open as a 
possibility. Therefore in sum, there is a fair chance that the 
observed enthalpies are due to binding itself, and not to 
imidazole protonation, pH shifts during binding notwith- 
standing. 

The pH dependency of organic phosphate binding to hemo- 
globin perhaps should be viewed using the simplest model 
available. We assume that there exists general Coulombic 
interaction between charged protein and charged substrate, 
with pH control of both these charges, Zp and ZA, respectively. 
The interaction treated here does not involve details of bind- 
ing sites, as in the case of Rigg's (1971) treatment, but con- 
siders only the cruder model of a charged spherical macroion 
with interaction parameter w.  If the intrinsic binding constant 
with z p  = 0 is KO, and the pH-dependent binding constant 
is Kz ,  in general (Tanford, 19611, kz  = k O e - 2 w Z p z . a .  The charge 
Z p  is a function of pH, and also changes sign over the pH 
range of interest. For DPG and ATP, we may use ZA = -4 
and -3 ,  respectively, from Benesch et al.3 (1969) analytical 
data. Under our conditions, where = 0.033, we obtain ,w 
= 0.046 for the hemoglobin tetramer, with radius 30 A. 
If ko  is pH independent, then upon differentiation, 6 log 
Kz/GpH = -(2/2.303)wz~6Z~/6pH, which is eq 1 ,  above. 
It is assumed ZP E ZH+. From the foregoing values for w 
and ZA, and the slope of the titration curve, we obtain 6 log 
Kz/6pH = - 1.5 as a calculated value under these conditions. 
We observed a value of about - 1.2 in the pH 6.5-7 region, 
from the data of Table V. Benesch et al. (1969) obtain in 
0.1 M NaCl, for deoxyhemoglobin, about -1.3 in the pH 
7.0-7.8 region using their Table I data. Because of differing 
salt concentrations these can be only rough comparisons, but 
they serve to indicate the effects of invoking the simplest 
available Coulombic interaction model. Since the charge on 
the organic phosphates is rather large, the sign and mag- 
nitude of the ZPZA term changes rapidly over relatively small 
pH ranges in the isoionic pH region. Roughly at least, some 
of the pH dependency of ion binding processes to hemo- 

FIGURE 7: Calculated plots using eq 7. The following parameters 
were chosen: nl = n2 = 1, kAL = 1.3 X lo5, kAp = 1.0 X lo', 
k g , = 8 . 0 X 1 0 2 , k B  = 4 . 0 X 1 0 z , P ~ = 3 . 0 X 1 0 - 4 M .  

globin probably can be accounted for from simple Coulombic 
effects, expressed oia the e - 2 w z p s ~  term. Consideration of Cou- 
lombic interactions probably can help in understanding some 
of the pH, ionic strength, and buffer-dependent binding of 
organic phosphates to HbO,. However, even if some sorting 
out of pH dependency of binding can be made using the ex- 
ponential factor as it was employed above, what one inserts 
into w for the radius remains a question. We assumed that 
the whole protein should be encompassed, but perhaps a more 
restricted constellation of charges as invoked by Riggs 
(1971) is more appropriate, with a smaller effective Z p  but 
also a smaller radius which would increase w. At the same 
time, the precise placement of charges in various discrete 
charge models with the same net charge, may represent large 
and variable electrostatic energy contents, as shown by Tan- 
ford (1961 a). 

From the temperature dependency of the calorimetric 
binding enthalpies for ATP and DPG to HbOe (Tables VI and 
VII), heat capacity changes accompanying binding may be 
estimated. That is, we assume bAHJbT 'v AAHJAT over the 
20" temperature range, 5-25", The value of ACp for the DPG 
reaction is $90 i 70 cal deg-1 mol-', using deionized pro- 
tein with no salt added. In ATP association, ACp = f260 i 
80 cal deg-l mol-l. 

This cannot readily be assigned to some mechanism simply 
involving transfer of a substrate moiety from a polar to a non- 
polar solvent. The sign of ACp is positive, and the adenosine 
group hardly resembles the model compounds for which 
numbers have been tabulated (Tanford, 1970; Wishnia, 1969). 
The following are possibilities. (i) ATP binding involves a 
macromolecular change, perhaps a loosening of structure. 
(ii) ATP binding induces a conformation change which is 
accompanied by exposure of nonpolar groups to water. (iii) 
The heat capacity effects stem from polar parts of ATP, trans- 
ferred from water to a new environment. (iv) These contrast 
with the low ACp of DPG binding. It perhaps fits into a site 
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without many requirements for reshuffling, whereas ATP 
requires some protein rearrangement. All such possibilities 
are open to question; we are dealing with HbOe here and not 
deoxyhemoglobin. Possibly the discussion of Perutz (1970), 
regarding the fitting of organic phosphates to deoxyhemo- 
globin, partly extends to HbOz, but again this is speculation. 

The A H  and A S  parameters for binding are fairly typical 
for anion binding to proteins in general, especially in the 
exothermic enthalpies. They quite likely are sums of values 
for perhaps numerous individual processes, needing dissection. 

Likewise, the data of Figure 4, with AMP, probably rep- 
resents the sum of several events. Whatever they are, some 
of them may well be different in kind from those of ATP and 
DPG. Such a plot probably is not the result of static binding 
to multiple sites, competition or not. i t  indicates some kind 
of chemical linkage, between sites set in motion upon binding 
the first AMP, making binding of more than one AMP 
progressively easier. If there is more than one site available, 
the species HbOz.(AMP), tends toward a population in 
which n is either zero, or n > 1, dependingon the total amount 
of AMP which is present. The plot in Figure 4 does not neces- 
sarily extrapolate to zero, but probably has some intercept 
on the ordinate. 
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