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Mechanism of Cooperative Oxygen Binding to Hemoglobin:

Equilibrium Aspects®

Teresa Ree Chay* and David K. Brillhart

ABSTRACT: The sequential theory of D. E. Koshland, G.
Nemethy, and D. Filmer [(1966), Biochemistry 8, 2580] is
extended to explain the influence of 2,3-diphosphoglycerate
and inositol hexaphosphate on the oxygen-binding proper-
ties of hemoglobin. The modification of the theory is made
on the basis that organic phosphates can bind to hemoglo-
bin molecules in intermediate stages of oxygenation and

TLe molecular mechanism for the cooperative oxygen-
ation of hemoglobin (Hb) has been a subject of intense re-
search during the past 70 years and has also been used as a
model for understanding the actions of regulatory enzymes.
There are enormous amounts of experimental data in the
literature on both equilibrium and kinetic studies of this
protein (Huisman and Schroeder, 1971; Antonini and Bru-
nori, 1971). Human adult hemoglobin is a protein molecule
consisting of four subunits, namely two « chains with 141
amino acid residues each and two §8 chains with 146 amino

* From the Department of Biophysics and Microbiology, University
of Pittsburgh, Pittsburgh, Pennsylvania 15260. Received April 29,
1974. The work was supported by the Health Research and Services
Foundation Grant P-67. T.R.C. is a recipient of the Career Develop-
ment Award from the National Institutes of Health (5 KO4 GM
70015-03).

BIOCHEMISTRY, VOL.

that the ligand affinities of the o and @ chains differ from
each other when the hemoglobin molecule forms a complex
with the organic phosphate. This model is applied to equi-
librium oxygenation studies of hemoglobin and is seen to
accurately represent the published data with a minimum of
parameters.

acid residues each (Huisman and Schroeder, 1971). In
1910, Hill (1910) fitted the experimental data on the oxy-

genation of hemoglobin by using the empirical relations

Hb + 70, == Hb(0,),

Yo, = k"/(1 + kp") 1

where Yo, is the fraction of oxygenation, k is the associa-
tion constant, p is the partial pressure of oxygen, and » is
the Hill coefficient which is an empirical measure of the
cooperativity of the oxygenation of hemoglobin. For a pro-
tein molecule consisting of four subunits, the maximum
value of n is 4. The Hill coefficient in eq 1 would be unity if
the four subunits were identical and noninteracting and if
there were no quaternary structural change in the protein
molecule. The Hill coefficient for the oxygenation of hemo-
globin has been found to be approximately 3 (Antonini and
4579
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Brunori, 1971). This suggests that the oxygenation of he-
moglobin occurs in a cooperative manner. In 1925, Adair
(1925a,b) obtained a better fit to the experimental oxygen-
ation curve of Hb with four parameters, which are the suc-
cessive affinity constants of oxygen molecules to the four
heme groups in a hemoglobin molecule.

In the past, two phenomenological models have been pro-
posed to account for the oxygenation of Hb: (i) the alloste-
ric transition model proposed by Monod et al. (1965) and
(ii) the sequential model proposed by Koshland er al.
(1966). In the allosteric transition model, it is assumed that
the binding of a ligand to one subunit does not affect the re-
activity of the neighboring subunits and that the protein ex-
ists in two conformational states or quaternary structures
(namely T and R) which differ in their ligand affinities.
This model postulates the existence of an equilibrium be-
tween the two states of the protein even in the absence of a
ligand. The sequential model, on the other hand, assumes
that the ligand binding to one subunit in an oligomeric pro-
tein induces a conformational change in that subunit which
in turn affects the interactions and the ligand affinities of
the neighboring subunits. Thus, in an oligomeric protein,
each subunit exists in one of the two conformations, A or B,
where A and B are in equilibrium and the conformational
state B is induced by binding of the ligand L to the state A.
In the sequential theory (Koshland et al., 1966), the inter-
actions between the subunits may be represented by a set of
three equilibrium constants; namely, Kaa = 1 (chosen as
an arbitrary reference), Kap = (AB)(A)/(AA)(B), and
Kgs = (BB)(A)(A)/(AA)(B)(B). Here, the concentration
terms with double letters indicate interacting subunits and
those with single letters indicate noninteracting subunits. In
addition, K = (BL)/(B)(L) is the ligand binding constant,
and K. = (B)/(A) is the equilibrium constant for changing
the subunit in A conformation to that in B conformation.
Attempts to distinguish these two models on the basis of the
available information have not been very successful, al-
though a number of illuminating papers relating certain ex-
perimental results to one model or the other have been pub-
lished (Ogawa and McConnell, 1967; Ogawa et al., 1968;
Ogawa and Shulman, 1971; Edelstein, 1971; Minton,
1971).

In recent years proton nuclear magnetic resonance (nmr)
studies have shown that the o and # chains in the human
adult Hb are nonequivalent (Davis et al., 1969, 1971; Lind-
strom and Ho, 1972; Ogawa and Shulman, 1972). Very re-
cently, Johnson and Ho (1974) have found that O, exhibits
a very slight preferential binding to the « chain in the ab-
sence of phosphate, marked preferential binding to the «
chain in the presence of 2,3-diphosphoglycerate (DPG),!
and almost exclusive binding to the « chain in the presence
of inositol hexaphosphate (IHP). In contrast, CO exhibits a
possible, but very slight preference to the « chain in the
presence of DPG and a small but definite preferential bind-
ing to the « chain in the presence of IHP. The allosteric
transition theory of Monod er al. (1965) and the sequential
theory of Koshland er al. (1966) both assume that the four
subunits in Hb are equivalent. Consequently, a ligand
shows no preferential binding to the « or 8 chain. Thus,
these experimental findings imply that a simple version of
the allosteric transition model and of the sequential model
is quite unsuited to represent the oxygenation process of Hb.

! Abbreviations used are: DPG, 2,3-dephosphoglycerate; IHP, inosi-
tol hexaphosphate; OP, organic phosphate; Hb, hemoglobin.
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Earlier, Ogata and McConnell (1972) proposed the gen-
eralized concerted transition model, which is essentially the
same as the allosteric transition model, except that the «
and g chains are treated as nonequivalent. This theory con-
tains the five parameters, k,7, kg7, kR, and kgR (the lig-
and dissociation constants of the « and 8 chains in the T
and R states), and L = [T]/[R] (the allosteric transition
equilibrium constant). The Hill plot for nonstripped Hb ob-
tained from this theory, however, does not fit the experi-
mental data of Tyuma er al. (1971a,b). A similar model has
been proposed by Szabo and Karplus (1972a,b), in which
they have considered the Bohr effect explicitly according to
the stereochemical mechanism proposed by Perutz (1970).
Janssen and DeBruin (1973) have modified the sequential
theory of Koshland er al. (1966) to include the fact that the
8 chains are constrained to the A form by bound DPG, and
thus in the presence of DPG the interaction constant K aa
between two (§ chains is different from that between two «
chains or between « and 3 chains. The four Adair constants
obtained from their theory are in agreement with experi-
mental work of Tyuma er al. (1971a,b). However, this
theory implies that the « chains will be liganded preferen-
tial to the 3 chain whether the ligand is O, or CO, and thus
is in contradiction to the experimental finding of Johnson
and Ho (1974).

In this paper, we propose a new model, which accounts
for the observed DPG and THP effects. In the absence of or-
ganic phosphates (i.e., stripped Hb), our formulation fol-
lows exactly that of the sequential theory (Koshland et al.,
1966; Chay and Ho, 1973). In the presence of organic phos-
phate (hereafter referred to as OP), we modify the sequen-
tial theory according to the following two assumptions. We
assume that (i) an equilibrium exists between Hb(O>), and
Hb(03), - OP (OP-Hb complex), where the index n runs
from 0 to 4; and (ii) the ligand affinity of the 3 chain in OP-
Hb complex is different from that of the « chain in the
complex and both are different from that of DPG-free Hb.?
In the latter part of our work, we apply our theory to the
equilibrium oxygenation studies of hemoglobin.

Model

Using the lattice statistical argument, Chay and Ho
(1973) have shown that for hemoglobin (which is tetragon-
ally arranged) the generating function (Wyman, 1968;
Szabo and Karplus, 1972a,b) of the sequential model can
be written as

4
i=0

where A is the activity of oxygen, and H; is the canonical
ensemble partition function having I B units and may be ex-
pressed as

H, = 4H,Z%Q
H, = 61‘1024&)2
393 @)
H, = H,Q"

Here, Q measures the relative stability between the confor-
mations A and B and is related to the parameters in the se-

2 This assumption may be restated as follows: we introduce the two
new parameters, @, and Qg which measure the ligand affinities of the
o and 8 chains in the OP-Hb complex.
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FIGURE 1: Diagrammatic sketch of the oxygen-binding mechanism of hemoglobin in the presence of organic phosphate. The equilibrium constants
for each step are shown in this figure. The equilibrium constants between the organic phosphate and the partially oxygenated species are given by eq

9 and 10.

quential theory by
Q = K K (Kpp/Kyn)'? (4a)

In eq 3, Z is a measure for K ap relative to Kgp and is,
therefore

Z = KAB/(KAAKBB)UZ (4b)

From this generating function, one may obtain the fraction
of ligand bound to hemoglobin by the relation

%[a In Z/3 In A] (5)
It is implicitly assumed in eq 3 that all four subunits are
equivalent; hence, eq 3 is applicable only to stripped hemo-
globin.

The generating function for nonstripped hemoglobin (i.e.,
hemoglobin in the presence of OP) can be formulated with
the following plausible assumptions: (i) 1 mol of OP (such
as DPG and IHP) can combine with 1 mol of hemoglobin
tetramer in any oxygenation stage in a reversible manner;
(ii) the ligand affinity of the 8 chain of OP-Hb complex is
different from that of the a chain of the complex and both
are different from that of OP free Hb;?2 (iii) the strength of
the subunit interactions, Z, of OP-Hb complex is the same
as that of OP free Hb. (This assumption is made to simplify
the mathematics.) The oxygenation process of hemoglobin
in the presence of organic phosphate is depicted in Figure 1.

According to assumptions (ii) and (iii), the canonical en-
semble partition functions for OP-Hb complexes in various
oxygenation stages may be written as

HY = HyK,{OP]
Hil(B) — ZHOIZBQB

Y, =

H/(a) = 2H,/Z%Q,,
Hy(aa) = Hy'Z'Q.%,
Hy'(aB) =4H)'Z'QoQs, Hy' (B8) = Hy'Z'Q4’
H(aaB) = 2H)'Z%Q,’Qs, Hy'(aoB) = 2H,'7%Q, Q4
r_ 4H0'Qa2QBZ

In the above equations, H;’(a), for example, is the partition
function of one «-liganded hemoglobin which formed a
complex with OP, k., is the binding constant of deoxyhem-
oglobin-organic phosphate complex, and [OP] is the con-
centration of organic phosphate.

The generating function for nonstripped hemoglobin then
is written as

(6)

BIOCHEMISTRY, VOL.

4 4
== D HAP ¢ D HN
i=0 -0

From this generating function, one may obtain the fraction-
al saturations of ligand and of OP by relations 8a and b, re-
spectively:

(7

={o1n =/6 In 2}, (8a)
Y,, = {8 In /8 In [OP]}, (8b)

The binding constant of organic phosphate to hemoglobin
in various oxygenation stages can be obtained from eq 3 and
6. As an example, the binding constant of organic phos-
phate to one a-liganded Hb species can be found from the
relation, H 1’ (a){H («)[OP]}~! = kopQ /0. Thus, in gen-
eral, for the following chemical reaction (eq 9), the binding

04(0,)iB,(0,); + OP == 1,4(0,);8,(0,);0P i,j = 0,1,2
(9)

constant can be written as
Mij = kop(Qa/Q)i (QB/Q)J (10)

where M()o = kop.

Results and Discussion

In Figures 2 and 3, we compare the oxygen binding
curves obtained from the present theory with the experi-
mental data (Gibson, 1970; Tyuma et al., 1971a,b). Gib-
son’s experiment on stripped Hb was with 53 uM in heme at,
20° in 0.05 M bis-tris buffer (pH 7.0), and his experiment
on nonstripped Hb' was with 41.5 uM in heme at 21.5° in
0.1 M phosphate buffer (pH 7.0). The Tyuma experiment
used 15 uM human hemoglobin in either 0.01 M Tris-HCI
or 0.05 M bis-Tris-HCI buffer (pH 7.40) at 25°, where both
buffers gave the same results.

We note that, in the case of stripped hemoglobin, the
theory has been fitted to experimental data with just the
two parameters, Q and Z. In the case of nonstripped hemo-
globin, the three parameters, Q. Qg and kop[Op], have
been used to fit the data with Q and Z fixed from stripped
Hb data. K,,[OP] could also be fixed from experimental
results (e.g., Deal, 1973), so that there are only two inde-
pendent parameters, O, and Q. The model parameters ob-
tained from the oxygenation curve of Figures 2 and 3 are
given in Table I. The parameters are obtained by a nonlin-
ear least-squares fit (Bevington, 1969). Uncertainties quot-
4581
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TABLE 1: Hemoglobin Model Parameters.

Tyuma et al. (1973)

Param- Gibson (1970) No Salt 0.1 M NacCl
eters Stripped Nonstripped Stripped 2mMDPG 1.7 mMm IHP Stripped 2 mM DPG
VA 0.573 £ 0.015 0.5388 = 0.0132 0.443 £ 0.011
Q 0.566 Torr—! (0.325 0.5954 = 0.0319 0.176 = 0.0014
= 0.018 um™1) Torr—! Torr !
Qa 0.157Q 0.1005 += 0.0513 = 0.1435 =
0.0088 0.0341 0.0075
oF 0.06280Q 0.0102 =+ 0.00120 += 0.0167 *=
0.0025 0.0006 0.0005
kop[OP] 1.01 x 108 2.229 x 105 1.356 x 10° (3.41 = 0.02)
X [2 mMm] X (1.7 mm] X 104[2mm])
100 1.0
[OR°] od
90 ——— Stripped /
0.8 —— 2mMDPG
80 & —-=— 1.7mM IHP
Sor
UB’
§70 £ 06
[ O Non-stripped H
S 60 o Stripped %o‘s
: c
2 S04
2 50 $
3 So3
40 o
® 02
30 0.1
) 2% Jadi\ ! | | I I 1 L
20 0O 01 02 03 04 05 06 07 08 09 10
Saturation of Oxygen
10 FIGURE 4: Fractional « and $ subunit saturations Y, and Y as a
function of the oxygen saturation. The parameters used to calculate the
curves are given by the third column of Table I.
OL ol 1 1 - p—|

A 1
30 40 50 80
Oxygen Pressure (M)

10 20 60 70

FIGURE 2: A comparison of the oxygen-binding curve between the ex-
periment [dots; Gibson (1970)] and the theory (solid line).

4
————— Stripped P
3r —— 2mM DPG g
—-— 1. TmMIHP
— 2—
»
~ 1=
<
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o
o
4 4=
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-3 Pl i 1 L
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FIGURE 3: A comparison of the Hill plot between the experiment
(Tyuma et al., 1971) and the theory (the solid line).
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ed for parameters are defined as the amount of change in
one parameter required to increase the x? of the fit (a mea-
sure of goodness of fit) by one (after optimizing other pa-
rameters), assuming that all parameters are independent
(Bevington, 1969). The parameters Q, and Q4 in Table I
may not be entirely unique, as they sometimes can be made
to fit another set of values, though Q, is always greater
than Q3. As an example, the Hill plot of Tyuma ez al. (2
mM DPG) can also be fitted with the parameters: kppg =
2.525 X 106 Mm~}, @, = 0.1428 Torr, and Qg = 0.00013
Torr. The parameters, @, = 0.1428 and Qg = 0.00013,
suggest that oxygen binds exclusively to the o chain of
DPG-Hb complex and that the 8 chain in the complex
hardly binds oxygen. This is consistent with Perutz stere-
omechanism (Perutz, 1970, 1972). However, other experi-
ments (Johnson and Ha, 1974; Gibson, 1973) suggest that
the 8 chain of DPG-Hb complex can also be oxygenated
during the oxygenation process.

In Figure 4, we show the preferential binding of oxygen
by the « and § chains by using the parameters in the third
column of Table 1. According to the present model, the dif-
ference in saturation between the a and @3 chains in the
presence of 2 mM of DPG is 13% at 50% of total saturations
and in the presence of 1.7 mM of IHP is 38% at 40% of total
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FIGURE 5: Relation between P> and DPG concentration. The circles
are experimental {Benesch et a/. (1971)] and the lines are calculated
from the theory with the parameters given by the second column of
Table I.

saturations. Based on their nmr work, Johnson and Ho
(1974) have found that in 32-35 mM of DPG and 11-17
mM of IHP, the differences in the partial fractional satura-
tions for the « and @ chains are, respectively, 15.0 + 4.2%
at 50% of total saturation and 60.2 + 4.4% at 40% of total
saturation.

The values of k ppg in Table I seem to be consistent with
experimental values. The theoretical kppg =~ 2.2 X 106
M~! in the fourth column agrees exactly with that obtained
by Deal (1973), and kppg =~ 3.4 X 10* M~ in the last col-
umn also agrees with 3.1 X 104 M~! obtained by Tyuma et
al. (1973). The large binding constant for IHP in the third
column of Table I is as expected, since THP binds very
strongly to deoxy-Hb (Gray and Gibson, 1971; Janig et al.,
1971; Tyuma et al., 1971a,b).

Figure 5 shows the partial pressure of oxygen at the half-
oxygen saturation point, Py, vs. the DPG concentration in
the absence of salt. Here, the free DPG concentration is ap-
proximated as the total DPG concentration. Since experi-
ments done in the absence of salt are not available in litera-
ture, the present theory is compared with data of Benesch et
al. (1971), which was done in the presence of 0.1 M of CI7!,
The value of k,, obtained from this figure is 2.2 X 108, The
experimental and theoretical P, /,’s, in the presence of salt,

TABLE I1: Partial Pressure of Oxygen at Half-Saturation Point
and Maximum Hill Coefficient in the Presence of 0.1 M NaCl.”

(];I; S; Ps/, (mm) Hnax

(mm) Exptl  Theoretical Exptl  Theoretical
0.0 5.8 5.7 2.98 2.97
0.2 8.9 9.4 3.14 3.14
0.5 12.6 11.5 3.05 3.08
1.0 15.1 13.4 3.18 3.00
2.0 15.5 15.2 3.05 2.89

¢ Parameters used are given in Table I under Tyuma et al.
(0.1 m NaCl).
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FIGURE 6: Relation between the organic phosphate saturation and the
oxygen saturation. The curves are calculated with the parameters given
by the third cdlumn of Table I.

are compared in Table II. In the same table, we also com-
pare the theoretical and experimental maximum Hill coeffi-
cients, nmax’s. We find a fair agreement between the theory
and experiment for both P13 and nmax.

Figure 6 shows the plots of the fractional saturations of
DPG and of IHP vs. the oxygen saturation by using the pa-
rameters given in the third column of Table I. We note that
the plot deviates considerably from linearity and that nearly
all organic phosphates have been freed from OP-Hb com-
plex during the oxygenation process.

Figure 7 illustrates the fractions of Hb(O;), (n =
0,...4) as a function of oxygenation. As shown in this fig-
ure, the dominant contribution comes from the deoxy and/
or fully liganded hemoglobins for all values of Yo, The
partially oxygenated species are relatively small for all Yo,,
except that one liganded species are important in the low
Y o,. For stripped hemoglobin, the three liganded species are
also important for the high Yo,. It is clear that DPG has

1.0
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I\ //
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RN ——— Stripped // b
N //
L AN / 1
£ \ 4
~ \ /
e - \ / ]
N\
2 N A
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5 05 \\\ 4 n
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° r AN 7 h
o e
w . N
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F ) -, ~ b
A i > 3
L 2225 st J
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’/—/ _,:” — \\
0 1 L ] 1 L I !
o] 0.5 1.0
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FIGURE 7: Fractional contribution of species Hb(O2), (n =0,1...4)
as a function of oxygen saturation for both stripped and nonstripped
hemoglobins. The parameters used to calculate the curves are given by
the second column of Table I.
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TaABLE 111: Concentration of All the Intermediate Species as a Function of Oxygen Saturation.®

H,' H' H,’ H' Hy' Hy' H'
Yo, Hy' Hy (o) ¥ Hi  (aa) (off) (88 H, (ccf) (eB88) Hj H,' H,
0.0 1.0 0.00 000 0.00 000 0.00 000 0.00 000 000 000 000 0.00 0.00
0.1 0.76 000 0.1% 004 000 001 002 000 000 001 000 001 0.00 0.03
0.2 0.62 000 013 005 000 002 003 000 0.00 0.01 000 0.02 0.01 0.09
0.3 0.51 000 013 005 000 002 004 000 001 002 000 0.03 002 0.16
0.4 041 000 012 005 000 0.03 004 0.00 001 0.03 000 0.04 002 0.24
0.5 0.32 000 O.11 004 000 003 0.04 000 001 003 000 004 0.03 0.33
0.6 0.24 000 0.09 004 000 003 004 000 001 0.04 001 0.05 0.04 0.42
0.7 016 000 007 003 000 0.02 004 000 0001 004 0.0 0.05 0.05 0.51
0.8 0.09 000 005 002 0.00 0.02 003 000 000 004 001 005 006 062
0.9 0.03 000 002 001 000 001 002 000 000 003 001 004 007 0.73
1.0 0.00 000 000 000 000 000 000 000 000 000 000 0.00 009 0.91

@ Parameters used are given in Table I under Gibson (Nonstripped).

the effect of lowering the concentrations of the partially ox-
ygenated species, while it increases those of deoxy and full
liganded hemoglobins. In Table III, we list the concentra-
tions of each species, i.e., the DPG-Hb complexes or DPG
free species in each oxygenation stage. The dominant con-
tributions are due to the deoxyhemoglobin which formed
complex with DPG and/or a fully liganded DPG free Hb
hemoglobin. At low oxygen saturation, one o oxygenated
DPG-Hb complexes are present in significant amounts.

Our theory can easily explain why the fourth Adair con-
stant, k4, is about the same for both stripped and non-
stripped hemoglobins. The fourth Adair constants of our
theory may be expressed as

ky = Q/4Z° (11a)
for stripped Hb and
Q' + 1,|0P]Q42Q;?
. o ~ Q/42°
V2 T T R NN (11b)

for nonstripped Hb, where the approximation follows from
the fact that k ,,[Op]Q is relatively small.

Comparison with Other Theories

A comparison of the present theory with other theories is
of interest. The present formulation, in the absence of OP,
is based on the sequential theory of Koshland et al. (1966).
In the presence of OP, however, our theory is somewhat
similar to the generalized concerted transition model
(GCT) of Ogata and McConnell (1972). Although in our
theory the conformational changes occur in a sequential
manner, our DPG-Hb complexes and DPG free species
seem to correspond to the species in the T and R states in
GCT, respectively. With this correspondence, the following
similarities and differences between the two theories are
noted. (i) The strength of the subunit interactions Z (or
K aa, Kap, Kpp) is taken to be unity in GCT but less
than unity in our theory. (ii) In GCT the allosteric transi-
tion constant L is taken to be Lo(1 + kp[OP]). In the pres-
ent theory, the constant corresponding to L is simply taken
to be kop[OP]. (iii) We distinguish, as in GCT, the ligand
affinity constants of the o and # chains in the DPG-Hb
complexes (or the T state). Unlike GCT, however, the lig-
and affinity constants in the DPG free species (or the R
state) are the same for the @ and 8 chains.
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The present theory is also consistent with some aspect in
Perutz’ model (1970, 1972). Perutz, from his X-ray diffrac-
tion studies, has suggested that the deoxy- and oxyhemoglo-
bins are predominantly in the DPG-Hb complexes and
DPG free species, respectively. The values listed in Table
IIT are in agreement in this respect. Perutz has also suggest-
ed that only after two « chains in DPG-Hb complex are ox-
ygenated, DPG will be expelled and the two 3 chains will be
oxygenated. The second set of parameters we have found by
fitting the data of Tyuma et al. (1971a,b), Q. = 0.1428
and Qg = 0.00013, indicate that this is so in equilibrium.

The advantage that the present theory has is that it uses
fewer parameters than other theories to completely describe
the system. For example, in the case of stripped Hb, the al-
losteric transition model (Monod et al., 1965) has three pa-
rameters, L, Kr, and K1, whereas the present approach
uses two parameters, ¢ and Z. It should be noted that these
two parameters contain the same information as the param-
eters in the sequential theory, since only two out of the
three parameters, K K., Kap, and Kpp, in the sequential
theory, are independent. In the case of nonstripped Hb, the
present theory also has fewer parameters than other
theories (Ogata and McConnell, 1972; Szabo and Karplus,
1972). That is, the present theory has two adjustable pa-
rameters, O, and Qp, and three fixed parameters, Q, Z,
and kop. The present theory also has the advantage that it is
based on the sequential theory of Koshland et al. (1966),
which gives a good physical picture of the mechanism of the
hemoglobin molecule, and it also incorporates some useful
ideas from the allosteric transition model.

In summary, our present theory predicts that in the case
of stripped Hb, the positive cooperativity in the Hill plot
(see Figufe 3) is due to Z < 1 (Chay and Ho, 1973) and
that in the case of nonstripped Hb the positive cooperativity
is due not only to Z < 1 but also the differences in Q, and

Qg from Q.3

3 This can be explained by taking the simple case where Z = 1. For
this case, our generating function becomes Z = (1 + QN4 + L'(/ +
QN1 + QM) where L’ = kop[OP]. One can see that, like in the
allosteric transition theory, the Hill plot exhibits no cooperativity when
Q = Qa = Q@p. On the other hand, if Q@ = Q, and/or Q > Qg, then
the Hill plot shows positive cooperativity. Hence, in the presence of
OP, the positive cooperativity isdue to Z < 1 and Q = Q,and Qp.

1974



COOPERATIVE BINDING TO HEMOGLOBIN

Acknowledgment

We would like to thank Professor C. Ho for very helpful
comments during the progress of this research.

References

Adair, G. S. (1925a), Proc. Roy. Soc., Ser. A 108, 627.

Adair, G. S. (1925b), J. Biol. Chem. 63, 529.

Antonini, E., and Brunori, M. (1971), Hemoglobin and
Myoglobin in their Reactions with Ligands, Amsterdam,
North Holland Publishing Co.

Benesch, R. E., Benesch, R., and Renthal, R. (1971), Na-
ture (London), New Biol. 234, 174.

Bevington, P. R. (1969), Data Reduction and Error Analy-
sis for the Physical Sciences, New York, N. Y., McGraw-
Hill, Chapter 11.

Chay, T. R., and Ho, C. (1973), Proc. Nat. Acad. Sci. U. S.
70, 3914,

Davis, D. G., Charache, S., and Ho, C. (1969), Proc. Nat.
Acad. Sci. U. §. 63, 1403,

Davis, D. G., Lindstrom, T. R., Mock, N. H., Baldassare, J.
J., Charache, S., Jones, R. T., and Ho, C. (1971), J. Mol.
Biol. 60, 101,

Deal, W. J. (1973), Biopolymers 12, 2057.

Edelstein, S. J. (1971), Nature (London) 230, 225.

Gibson, Q. H. (1970), J. Biol. Chem. 245, 3285.

Gibson, Q. H. (1973), Proc. Nat. Acad. Sci. U. S. 70, 1.

Gray, R. D., and Gibson, Q. H. (1971), J. Biol. Chem. 246,
7168.

Hill, A. V. (1910), J. Physiol. (London) 40, 190.

Huisman, T. H. J., and Schroeder, W. A. (1971), New As-
pect of the Structure, Function, and Synthesis of Hemo-
globin, Cleveland, Ohio, Chemical Rubber Publishing
Co.

BIOCHEMISTRY, VOL. 13, NO. 22, 1974

Janig, G. R., Ruckpaul, K., and Jung, F. (1971), FEBS
(Fed. Eur. Biochem. Soc.) Lett. 17, 173.

Janssen, L. H. M., and DeBruin, S. H. (1973), Int. J. Pep-
tide Protein Res. 5, 27.

Johnson, M. E., and Ho, C. (1974), Biochemistry, 13,
3653.

Koshland, D. E., Nemethy, G., and Filmer, D. (1966), Bio-
chemistry 8, 2580.

Lindstrom, T. R., and Ho, C. (1972), Proc. Nat. Acad. Sci.
U S.69, 1707.

Minton, A. (1971), Nature (London), New Biol. 232, 145.

Monod, J., Wyman, J., and Changeux, J. P. (1965), J. Mol.
Biol. 12, 881.

Ogata, R. T., and McConnell, H. M. (1972), Biochemistry
11, 4792.

Ogawa, S., and McConnell, H. M. (1967), Proc. Nat.
Acad. Sci. U. S. 58, 19.

Ogawa, S., McConnell, H. M., and Horwitz, A. (1968),
Proc. Nat. Acad. Sci. U. S. 61, 401.

Ogawa, S., and Shulman, R. G. (1971), Biochem. Biophys.
Res. Commun. 42, 9.

Ogawa, S., and Shulman, R. G. (1972), J. Mol. Biol. 70,
315.

Perutz, M. F. (1970), Nature (London) 228, 726, 734.

Perutz, M. F. (1972), Nature (London) 237, 495.

Szabo, A., and Karplus, M. (1972a), Biochem. Biophys.
Res. Commun. 46, 855.

Szabo, A, and Karplus, M. (1972b), J. Mol. Biol. 72, 163.

Tyuma, I, Imai, K., and Shimizu, K. (1971a), Biochem.
Biophys. Res. Commun. 44, 682,

Tyuma, 1., Imai, K., and Shimizu, K. (1973), Biochemistry
12, 1491.

Tyuma, 1., Shimizu, K., and Imai, K. (1971b), Biochem.
Biophys. Res. Commun. 43, 423,

Wyman, J. (1968), Quart. Rev. Biophys. 1, 35.

4585



