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The caP_abiIities of the two state model of Monod, Wyman and Changeux and the
sequential model of Koshland, Némethy and Filmer to"explain the influence of 2,3-
diphosphaglyceric acid on the oxygen-binding properties ofhemoglobin are compared.
It ai)peared that, after introducing some modifications into the model of Koshland
et al., the influence of 2,3-diphosphoglyceric acid on the ongen-blndl_ng can better
be described by this model than by the model of Monod et al. In addition, a method
ispresented, based entirely on oxygen-binding data of tetrameric hemoglobin, by which

the parameters of the two state model can be evaluated.

Much is known about the structure of oxy- and
deoxyhemoglobin, and a detailed stereochemical
mechanism has been published by Perutz (1) to
xplain the phenomenon of the heme-heme inter-
wotion. 1t has been shown that the two state model
of Monod, Wyman & Changeux 7512’) and the
sequential model of Koshland, Némethy &
Filmer &3), further designated as the MWC' and
the KNF model, both are able to describe a given
oxygenation curve satisfactorily. _
rg_anlc.phosghates such as 2,3-diphospho-
glyceric acid (DPG) are known to alter hemo-
globin function substantially (4, 5). Chemical and
crystallographic evidence points out that DPG is
bound mainly to deoxy_hemogilobl_n inaratio. :.,
on the dyad axis, forming salt bridges with posi-
tive groups of onlx_ the /3-chains (1, 6-9). Due to
this binding the affinity of hemoglobin for oxygen
is sharply reduced. In"this paper it is our aim to
describe in which manner the two mentioned
aDILOéterlc models can explain this influence of

Beéause for this purpose a procedure for the
determination of the parameters of the MWC
model is required, we will start with a presenta-

tion of this. As will be discussed elsewhere, the
protcedure proposed by Edelstein (10) is not cor-
rect.

Detderlmmatlon of the parameters of the MWC
mode
If Y is the fractional saturation of hemoglobin
with oxygen and p its partial pressure, then
ongen-bmdmg data around Y = 0.5 can reason-
ably be described by the Hill equation Y =
Kpn/l +Kpn where K is a constant. A plot of
log (Y/I =Y) versus log p is called the Hill plot
and its slope n in the middle portion of saturation
varies mostly between 2.5 and 2.9, at least for
normal hemoglobins; the value of the Hill par-
ameter n is a measure for the heme-heme inter-
action (11-13). Wyman {11, 12) has argued that
when'Y aﬁproaches 0or 1,n should be 1. Further-
more, he has demonstrated that from the distance
between the two asxmptotes in a Hill plot, the
interaction energy AFI per oxygen-binding site
can be calculated. _
In the Adair model (14) the total oxygenation
curve is described by four successive oxygenation
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constants. In this scheme the fractional saturation
takes the form

Y KkiP+ 3K]kD2+ 3kk&3p3+k !k kK44
1+4KiP+ 6klkh 2+ 4k kk 3+ k kkkdpd

ki, k2 k. and k. being the intrinsic association
constants, for the reactions Hb( .)i.. o -
Hb(02i (i = 1to 4).

~ Tyuma et al, f15 have shown that the follow-
ing relations will hold:

log(Y/I=Y) = log p+log kj as p-»0 (2
Io%EY/I —Yg = |08 B+Iog k{ as B -> (0 533

The Adair equation therefore predicts a unit
slope for the Hill plot at low and high degree of
saturation. It will be clear that in terms of the
Adair model AFiis equal to —RTIn(k,/k4). f(The
term “mtera(;tmﬁ ener%y” used here stems from
Wyman but it should be reco%.nlzed that it does
not represent the true interaction energy, which
should be defined in another way ése_e Saroff,
H. A. & Minton, A. P. (1972) Science 175,
1253-1255]. _ _

The MWC model is based on the assumption
that an allosteric protein can exist in two states,
called the R and the T state. The e?ugllbrlur_n
between these two states in absence of ligand is
ruled by the equilibrium constant L. The ligand
affinity” of the R state is described by the dis-
sociation constant Kr, that of the T state by Kt,
with Kr/Kt < ..

Y is given by
_ Leca(l+ca.+a(l+a,.
L(1+ca)d+ (1+a)4 0}
where ¢ = Kr/Kt and @ = p/Kr_ (). It can be

Broven that, under certain restrictions which will
e mentioned later, one can write

log(Y/I =Y) = log ac = log p—og Kt

asa‘m0 (5
log(Y/I=Y) = log a = log p—og Kr
asaMo (o)

Therefore, from a Hill plot, Kr and K+ can be
determined unamb|%uousl provided that the
measurements are extended to such p values that
the slope of the plot becomes unity. The allosteric
constant L may be obtained by trial and error
or by the relation

L = (Pil/Kr,. (7)
with pm the median oxygen pressure (for defini-
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tion see Ref. 12). This relation can be derived
from Equation 4 in the case Lc. ((1. (The mean-
ing of this condition can easily be understood if
it Is taken into consideration that Tn/Rn = Lcn,
with Tn (Rn) being the number of molecules in
the T (R) state havm%n (n = 0 to 4) molecules
of ligand bound.) If the curve Y versus log p is
symmetrical around Y = 05 then pm= pt2
where p” is the oxXEen_ pressure at half satura-
tion. Furthermore, AFiis now related to Kr and
Kt b?/ the equation AFj = —RTI*Kr/Kt)
—RTInc

_In the KNF model it is assumed that the indi-
vidual subunits of an allosteric protein can exist
either in a_non-binding conformation A or a
ligand-binding conformation B. The cooperativity
is interpreted as being caused by the fact that the
B conformation gives rise to more favorable in-
trachain interactions than the A conformation.

In the KNF model there are four constants,
KAl and Kbb, which define interactions between
subunits; Ks, a substrate-binding constant; and
Kt descrlbm?_ the equilibrium between the A and
B conformation. The reader is referred to the
original paper for the description of the methods
b; which the several constants can be determined

)In principle, the values of Kr, Kt and L may
be obtained from Equations 5, . and 7. However,
if the Adair constants describing an ox¥gen
saturation curve have been determined before-
hand, we may take advantage of these data. Th
MWC binding Equation 4 is written in the for,.
of the Adair Equation 1. The result is shown In
the second column of Table 1. This means that
if these values for kj to k. are substituted in
Equation 1, the original blndlng Equation 4 is
obtained again. The same can be done for the
equation %IVI?\F the fractional saturation of the
tetrahedral KNF model (Equation 13 of Ref. 3).
The resulting equations are shown in the third
column of Table 1. From this Table it follows that

k, = UKT (:)
provided that . +L¢, .. tL) s* ¢, and
k.= 1IKr 9)

Brovided that (1+Lc.)/(1+Lcd L It should
e noted that kt and k. are defined as association
constants and Kr and Kt as dissociation con-
stants. Hopfield, Shulman & Ogawa (16) dis-
cussmg the kinetic aspects of the MWC model
arrived also at Equation . and 9. If the condi-
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Table 1
Relation hetween the Adair, the MWC and the (tetrahedralz KNF model
X

The modified Kplgg%odelas dﬁscri ed in the text has Reen used to fit o %en-binding curves
t&R esen&,g\, PG. Note that when Ka=' = 1, W 'fh means that tfiefe Is n?lPrJere ce
or Sorf ) interaction, t emoé}ﬁea lr\llgl%o?e changes Into the model used In the
ahsence 0 .
Adair MWC KNF Modified KNF
1 1+L 1
Kj el Ra Kb KsKt - Kab (1 + l/Kaa') KsKt
Kb 1+ L t 2
1 1+ L 1 KabKhbb (Ka'a' + b)
— X eeeememee KabK bbKsK* O KsKt
Kr X T AORDORS 3 TR E1
1 1+Le
KI’ X -]_“'-l'mlr(,: KAb K 1b KsKt s X . s KsKt
2 a-a-
1 1+ Lc
o 1413 Kr Kt. K]nKsKt Kad KBBKsKt
. C

tions for using these equations are not totally
fulfilled, they can still yield approximate values
which may be used for ‘an iterative procedure in
order to obtain better values. ,

If an oxygenation curve is known in terms of
the Adair constants one can furthermore show

that
Ph = (kkk.k, . (10)

.Nis equation, combined with Equations 7 and 9,
gives a direct relation between L and the Adair
constants, viz.

L = kIKk k) (1)

Table 2 shows values of the parameters of the
MWC model obtained as described above. From
the data listed it can be confirmed that (1+Lc;/

1+L) = 101c and (L+Lc4/(1+Lcd = 097.
herefore, the relations is) and (9) hold true
within a few percent. Following the procedure

outlined by Koshland et al. (3) we found for the
same set of oxygenation data Kab = 1-0, Kbb =
41 and KsKt = 0.063. _

In Table 3 the corresponding values for the
Adair constants predicted by the MWC and KNF
model are listed. It will be clear that both models
are able to fit an oxygenation curve, although the
correspondance is even better for the KNF model.
It is worthwhile to mention here that Monod
etal. (2% have reported L = 9x 10.and ¢ = 0.014
(horse hemoglobin, pH 7).

Interaction of DPG with hemoglobin ,

DPG decreases the oxygen affinity of hemoglobin
but has no drastic influence on the cooperativity.
It binds onIY to deoxyhemoglobin if For the
MWC model we therefore expect that, due to the
binding of DPG, the T conformation is favored
resulting in an increase of L. In the absence of
DPG we estimated L = 4.7 X103 and because

Table 2
The valles of the Ada tVtalue_sofall(losteric I_?onlstantsfor thel_| MWC mﬁdel oeen teken from T "
e values of the Adair constants . (rranHg ), p . ave been taken from Tyumacet al.
( %1 ?huréan her%o |&)In,( ,p% aﬁ” Y

Wt ok h

5’.7X103
2 X 107

oW b
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. Table 3
Comparison of the MWC and the KNF model

A

Stripped
Adair MWC KNF

B

the association constant for the hemoglobin-DPG
complex is near 10, (;, 17), we expected L to be
near 5x 10 in the presence of DPG. The obser-
vation that no DPG is bound by oxyhemoglobin
very probably raeans that K r will not change by
the'addition of DPG. These facts basically explain
the lower ox Igen affinity of hemoglobin in the
ﬁresen_ce of DPG (see Equation 7). On the other

and if this were the only effect of DPG we
would expect n to be near 1 (see Fig. 1) in con-
trast with the experimental results. Therefore, b
the presence of DPG, ¢ should decrease and,
therefore, Kt should increase. The Adair con-
stants given by Tyuma et al. (15) (see Table 3)
are in agreement with these predictions. Analyzing
those constants accordlnﬂ to the principles out-
lined above we obtain the parameters listed in

.

<

log L

Figure 1

O L g 2
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Table 2 and the Adair constants according to the
MWC model listed in Table 3. The fitting of the
experimental curve as Judﬁed by comparison of
the Adair constants is, however, fairly poor.
Moreover, the Hill parameter calculated from
these constants is 3.5 (see Fig. 1) and is much
higher than the observed value of 3.0.
he KNF model, as used above to explain the
oxygen-binding data of stripped hemoglobin, also
gives a poor fit of the data. But, in this model
we can account for the specific interactions of
DPG. Since DPG hinds only to the /S-chains of
hemoglobin thereby constraining it in the deox
form or, in terms of the KNF model, in the
form, it might be expected that in the presence
of DPG the interaction constant Kaa hetween
two /S-chains is different from that between two
a-chains or between the a- and the /S-chains. W
therefore introducé a constant Ka'a' defined b>
_(AAY A A
AR (AA) (A') (A) ()
where, following the KNF notation, (A'A") and
(AA) refer to interacting pairs and (A') and (A)
to non-interacting subunits, Therefore, Ka'a' is
a measure for the interaction energy of (A'AY)
relative to the interaction energy of (AA). We
expect that Ka'a')) 1 which means that (A'A")
interaction is more favorable than (AA) inter-
action, We will assume that, only when both
[S-chains are in the A conformation, would the
Parame_ter Ka'a' be introduced, thus accounting
or the interaction between these particular chains.
This means that we assume that DPG is released
when one of the /S-chains becomes I|gianded. All
other interactions are taken to be similar to those
for stripped hemoglobin. The concentration of
the several species (usmg the KNF notation) is
given by Equations 13-16.
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ABS = (2KiB+2K IV K iB)(KEKY)(A) (13)
A.B.S. = (K iBKBB+5K A A'K iBKBB)(KsK. .
(A4 14)

(
AB.S. = 4K IV K iBKijB(KsKt). (A9 (15)
B.S. = KX<AKpBKSKL).(AY  (16)

The resulting binding equation, expressed as
Adair constants, has been listed in the last column
of Table 1.

In order to see if this model could account for
the observed Adair constants, it should be a pre-
requisite that Ks and Kt, because they are in-
trinsic constants, have the same values as in the
absence of DPG. Basically the constants Kab and
Kbb should also have the same values as found
for staned hemo?lobm but because of the bind-
ing of DPG, small distortions may occur which
are likely to change these interactions somewhat.
So using the value of 0.063 for KsKt, we found
that the experimental Adair constants ‘could very
well be simulated using Ka'A" = 190, Kab —
061 and Kbb = 25 (see Table 33 Also very
striking is the fact that this extended model is
able to account for the ratio k./k. < 1. The much
better correspondence obtained with this model
between observed and calculated Adair constants
seems to justify our assumption that DPG is
released upon 0xygen-binding b{ one of the ft-
chains. Furthermore, according to this modified
KNF model, the first and second molecules of
ixygen are mainly bound to the a-chains (to an
cxtent of more than 97%). So this model, which

gives a very good explanation for the Adair con-
stants in the presence of DPG, implies that the
a-chains are ox%genated first and that DPG is
released when the third molecule of oxygen is
bound, in analogy with the ideas proposed by
Perutz (1).

Comparmg the Adair constants of the MWC
and the KNF model in Table 3 it will be evident
that, at least in the presence of DPG, the details
of the fitting are better described by the (modified)
KNF than by the MWC model. This conclusion
depends partlally on the reliability of the figures
used. However, Gibson (182 has reported kinetic
constants for the dissociation of oxygen from
liganded stripped and non-stripped hemoglobin.

The Adair constants calculated from his data of
non-stripped hemoglobin show a nearlﬁ tenfold
decrease of k. a ratio k./k. smaller than one,
and a k. value unchanged as compared with
stripped hemoglobin, these being similar to re-
ports from Tyuma et al, (515) The absolute values
of the Adair constants differ because of the dif-
ferent experimental conditions. Finally, we want
to remark that the way in which the modified
KNF model explains the effect of DPG is easier
to understand and more in agreement with other

experiments than that of the MWC model.
REFERENCES
- pe rnuotz F. rg19703 Natg%ea%%% uz(26 -739. P 195)

B} MoFB o 19 Rt
. g@g |o&hem|stry§ %gté§56 & Filmer, D.

enesc 967) Biochem.
|0p?’|ys Res. %gmmun 6, It_“;2 1§7 (1967) Arch

anutt
glochem r@o hys. 1 Jé)
B (1968)
reg CQVSNSE r/&caﬁng Us 5§ gyf’% Scand
mmmwﬁ%%
s F ﬂ) (1970) J Clin.
nvest. 10
§ Ede?sqglnA
} Wyman, J van. Bjroteln em. 4, 407-
12 %gman, J. ( )Advan.Proteln Chem., 19, 223-

13 %wan J. (1967) J. Am. Chem. Soc. 89, 2202-

1451 %dalr G. S (1925) J BI& IChem 6 23
ﬁ/emaBmphys'Es Commu 4a§ 4{<23

t O o)

m & Ogawa S.
eBrumMOlﬁ Janssgn{5 hﬁ an 0s,
é{) Biochem. Blophys €s. Commun
18 gé éon (1970 J. Biol. Chem. 245, 3285-
AddlgeStSH M
aemaretrment ?Q/smal Chemistry
\/ecr>8||vedp mggen
erRI her andsJ

3



