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Calorimetric measurements at 25° of the differential heat of CO binding by hemoglobin trout I have been examined

together with the CO binding isotherms for the protein at 4° and 20°. Simultaneous treatment of these data setsby a
statistically rigorous technigue permits evaluation of all the thermodynamic parameters for both the Adair and the
Monod, Wyman, Changeux (MWC) models. The results show the details of the unusual temperature dependent coopera-
tivity which this hemoglobin exhibits. In the Adair formalism the increasingly favorable free energy change for successive
steps of ligand binding are nearly linearly paralleled by increasingly negative enthalpy changes for these steps. This causes
the enhanced cooperativity observed as the temperature is decreased. For the MWC case, lowering the temperature increas-
es the stability of the unligated T state relative to the unligated R state since the enthalpy of the T — R transition is 29.4
kcal mol™!. Simultaneously, the favorability of ligating R forms relative to T is enhanced since R form ligation is 14.1
kcal (ol CC)™? more exothermic than that of T. The balance between these opposing effects is to increase ligand binding
cooperativity at low temperatures. The predicted temperature dependence of the Hill coefficient for the MWC and Adair
models is identical at low and intermediate temperatures but, interestingly, would show a strong divergence at high tem-
peratures where negaiive cooperativity is suggested for the Adair case and positive cooperativity for the MWC case.

1. Introduction

Our interest in establishing therraodynamic param-
eters for ligation of hemoglobin trout 1 stems
from two perspectives. First, we desired tc know
how the thermodynamic parameters for stepwise
CO-ligation of this interesting hemoglobin compared
to the parameters assignable [1] on the basis of the
concerted MWC ¥ model. Second, we have for some

* This work was supported by NIH grant HL.22325 (S.1.G.),
by National Foundation March of Dimes Basil O’Connor
grant 5-135 (B.G.B.), and by a grant from the Missouri
Heart Association (B.G.B.).

* Abbreviations used in this paper are: MWC, Monod, Wyman
Changeux; bis-tris, bis(2-hydroxyethyl)-imino-tris-(thydro
xymethyl) methane; Psg, ligand partial pressure at 50%
saturation of protein.

time been interested in learning precisely what types
of data are necessary unambiguously to assign all

the modynamic parameters to the steps of multi-step
processes such as gas binding by hemoglobins. The
results of our early attempts were not totally satis-
factory [2,3]. .

These studies make clear that calorimetric data
alone are insufficient to establish stepwise enthalpy
changes for cooperative nrilti-step processes. On the
other hand, to evaluate such heats by van "t Hoff tech-_
niques from equilibrium constants requires a data
precision not always attainable [4,5]. We concluded,
therefore, that simultaneous measurements both of
ligand binding isotherms and of differentiai heats of
ligation would enable reaction heats and free energies
to be calculated with optimal precision. We used this
procedure in our studies of hemoglobin M Iwate
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where two sites only are available for ligand binding
and, hence, where bcth equilibrium constants can

be evaluated from measurements of pgq and the slope
of ihe Hill plot [6].

For four-site hemoglobins of reasonably high co-
operativity, stepwise binding constants are difficult
to deterrnine with precision from binding isotherms
and stepwise heats determined from calorimetry
depend critically on these binding constants. We
ultimately concluded that some method would have
to be found whereby the temperature variation of
isotherms could be constrained to represent the same
van ’t Hoff stepwise heats as those directly suggested
by calorimetry. Also and conversely, the shape of
plot of differential heat of ligand binding versus
extent of reaction at any tesnperature must be con-
sistent with the equilibrium coanstants suggested by
the binding isotherm at that temperature. How binding
equilibriurn and calorimetric data sets obtained at
different temperatures may be simultaneously pro-
cessed to yield a single set of stepwise thermodynamic
parameters is the subject of this communication.

2. Experimental

Hemoglobin-CO binding isotherms were measured
in 0.1 M sodium phosphate buffer at pH 6.8 [1,7].
Deoxyhemoglobin solutions (0.25—1 uM heme) con-
taining a slight excess of sodium dithionite were
titrated with solutions of known CO concentration
(~1 X 10~% M) [7]. Titrations were performed in
the dark in cells of 5 cm light path and 26 ml total
volume, no gas space being present. Extent of liga-
tion was determined using a Cary 14 spectrophoto-
meter by difference spectra in the 400—450 nm
region. Hemoglobin concentrations were determined
spectrophotometrically assuming 6'5'2'2’ = 12300 em™?!
for the fully oxygenated protein. Identical results
were obtained for heme concentiations of 0.25—

1.0 uM. This, taken together with the known very
small value of the dimer-tetramer dissociation constant
[8], suggests that the presence of dimers can be
neglected.

Calorimetric measurerncnt of differential heats of
CO binding to the hemoglobin were performed
generally as previously described [6.,9]. A sensitive
gas-liquid microcalorimeter [10] yielded the heat of

reaction as a function of gas uptake. The extent of
reaction was evaluated from changes in system pres-
sure at constant volume, these changes being fellowed
by a Validyne Company differential manometer.
Enthalpy changes were obtained from the internal
energy values initially obtained by subtraction of the
PV term and were corrected for the —2.9 kcal (mol
CO)‘] heat of solution of CO. Experiments were
performed at 25° in buffers of 0.2 M sodium maleate,
pH 7.1, and in 0.05 M bis-tris chioride, pii 7.5. De-
oxyhemoglobin solutions were nominally 1 mM
heme.

3. Data analysis

Suppose that we have for various temperatures
two types of thermodynamic datia sets, fractional
saturation @ of the protein as a function of free
ligand concentration x and differential heat of ligand
binding dg/d as a function of the average number
77 of moles of ligand bound per mole of protein. If
we assume that these equilibria obey the Adair [11]
scheime,

K.
HbX; ; +X ——HbX; (i=11t04). 1)
AH;
Then the experimental isotherm data should obey
the equation

1 Byx + zﬁzxz + 3ﬁ3x3 + 434.::4

0 4 2 3 47 @
where
i
o= x;. ®)
Alternatively in the MWC model,
k
T S HpTX > > HbTX,
AHT
L{| amg @
kR
HbF —— HbRX > .. > BbRX,
AHRp

The isothenin becomes
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=L ¥TXQ+ kpx)? + ALkgx(1 + kgx)®
a4

. 2 . &)
(A +&kx)* + L1 +kgx)
1t is convenient, for future purposes, to define deriva-
tives of the binding polynomials [12] of the models.
For the Adair scheme, the binding polynomial is
given by

Pp=1+B,x +B,x% + B3x3 +f,x%. ©)
For the MWC model
Py = +L) V[ +&px)* + L +kgx)*]. )

In both cases, the fcllowing derivatives of the poly-
nomials are defined

PM = 5pP/31nx, PP =32P/a(inx)?. ®

In the particular experiments performed here the
free ligand x is not measured directly but rather is
calculated from the total ligand x, by use of the rela-
tion

x=x, — 40 [Hb], ®)

where [Hb], is the total concentration of hemoblogin
tetramers.

The dependent variable 8 in the saturation experi-
ments is thus defined in terms of the independent
variable x, by eliminating x between equations (9)
and (2) or (5). The calorimetric data is not quite so
simply represented. In the Adair case if we let ;
represent the fraction of protein present as HbX;,
then we define the quantities 7; by

5—1
fHi=20 as_; 10)
=1
With this assignation, the differential heat of ligand
binding at any point in the reaction may be written

ENTL W F SN L Vs
a7~ A g T A T M gt A gm - O
The derivatives are easily evaluated from the expres-
sions from the g; by the chain mle:
i bGP — L)

a7 j=1 p, PP _pPLPD’

a2

For the MWC case we define the quantities ¢y , ¢, and

and ¢p as the fractions of all sites present on R-con-
formation molecules, of ligated sites on T-conforma-
tion tetramers, and of ligated sites on R-conforma-
tion tetramers, respectively. Then

op =L(1 + kgx)*/Py, (13)
o1 = 3kpx(1 + kyx)> [Py, (14)
o = 3Lkgx(1 + kgx)>/Py,. as)

Differentiating with respect to 77 to obtain the dif-
ferential heat of CO binding, there results

do do do
dq _ L _T R
G- AHL g7 tAHy Gt AR . (16)
wherein the derivatives are
2
d (do/dx)Py;
2. S=6p. 0. bp. (7)

an Dp)’
P PyPR - PPPY

Since 77 = 48, the dependent variable dg/d of the
calorimetric experiments is defined in terms of the in-
dependent variable 77 by eliminating x between equa-
tions (2) and (11) or between (5) and (16), respec-
tively.

In processing the data our goal is to obtain at
some reference temperature, say 25°C, the stepwise
binding constants and the stepwise binding enthalpies
which would have the highest probability of yielding
the observed data sets. We make the assumption that,
in the binding curve experiments, the standard errors
O, in 8 are much larger than those in x,; moreover,
we assume them to be normally distributed. This first
assumption is supported by observation and the second
results from 6 being calculated for the small differ-
ence in two large quantities, namely absorbances. Like-
wise we assume that, in the calorimetric data, the
errors in dg/d# everpower those in 7, are independent
of 77, and are normally distributed

2= 2225

isotherms points

* mlo§metriczp?ﬁms [(%) s (%)mc]z/ Olafer -

runs obs

(eobs - Bcﬂc)z /Ug

@18)



238 B.G. Barises, S.J. Gill/Carbon monoxide binding by hermoglobin trout I

The above equation defines the quantity x? which
must be minimized in respect to the eight adjustable
constants. The first problem is the evaluation of the
statistical weights. 64,557 iS constant within any one
data set. Moreover, it changes little regardless of
whether a data set is fitted by itself or along with
other data. Thus we asssume a plausible set of four
binding constants, fit four binding enthalpies to each
calorimetric data set alone, and note the standard
deviation of the observed data about the best-fitted
line. This estimates g2 fair for that calorimetric data
set. Similarly, we fit four equilibrivin constants to
each binding curve and evaluate 63 for those data.

This enables xz to be evaluated and the test of
the validity of the assigned weights is that x2 approx-
imately equals the degrees of freedom of the system,
namely the total number of points in all data sets
minus eight, the number of adjustable parameiers.
For example, with 102 degrees of freedom, we ob-
iained xz ranging from 95 (Adair) to 140 (MWC).
These data would suggest that relative to the MWC
formalism, the Adair model {its the data significant-
ly better at about the 90% confidence level. On the
other hand, any breakdown of symmetry in the
MWC model, such as must arise from functional in-
equivalences of a and 8 ubunits, will necessitate ad-
dition of a fourth adjustable parameter to the MWC
formalism. Such a situation does not alter the basic
MWC view of the allosierism as resulting from gross
ligand affinity differences of conformers in equilib-
rium, Thus this aspect of our data should not be
taken as supporting either model in preference to
the other. Once the weights have been evaluated for
each data set, xz is then a function of the experimen-
tla data, four heats, and four binding constants re-
ferred to 25°C. We desire to minimize x2 with re-
spect to these eight parameters subject to two condi-
tions; first, all equilibrium constanis are non-negative
and, second, any constant X ai a temperature dif-
ferent from 25°C is equal to K,9g exp[~(AH/R)
(1/7 — 1/298)]. Complete mathematical expansion
of x? shows it to be an intractable non-linear func-
tion and experience suggests that attempts to linearize
such models prove uniformly unsatisfactory. Only
when the dependent observables (6 or dg/dR) are
directly fitted in terms of the independent ones (x,
or /7) can the data be processed toward a least-
squares fit in a manner both unbiased and stable

towards oscillation. This is easily accomplished
numerically by application of the algorithm of Mar-
quardt [15], a technique which interpolates between
parabolic and gradient searches in parameter space.
Moreover, boundary conditions such as the non-
negativity of the K may be imposed, normally ad-
justable parameters may be fixed at some desired
value, and error estimates in the fitted constants are
produced.

We would like to stress that this overall approach
represents, in our opinion, the optimum practical
means of extracting free energy and enthalpy changes
at once from an ensemble of binding curve and calori-
metric experiments having the error characteristics
described above.

4. Results and discussion

The €O binding isotherms obtained at 4° and 20°
are shown in fig. 1. The smooth curves were calculat-
ed from the best-fitted thermodynamic parameters
cbtained by simulitaneous analysis of calorimetric
and equilibrium data. These curves are identical
regardless of which model, Adair or MWC, is used to
fit the data. The slight systematic right shift of the
fitted 4° curve relative to the experimental points
reflects the influence of calorimetric evidence. This
evidence contains the temperature dependence of
the isotherms, and, in particular, forces the 4° fitted
curve to the right of where the isotherm data alone
might suggest.

Fig. 2 illustrates the gas-liquid microcalosimetric
measurement of ths differential heat of CO binding
by the hemoglobin. The smooth curve is cal ulated
using both equilibrivm and calorimetric data and fits
the calorimetric data excellently with a standard devia-
tion of ~0.5 kcal (mol CO)™?! for individual differen-
tial points. The average heat of ligation is known to
much greater precision, namely —2.99 = 0.07 kcal
(mol CO)~1. Results obtained in maleate and bis-ris
buffers, with heats of protonation of 0.8 and —6.7
kcal fmole H?) ™}, respectively, cannot be distinguished
in the figure. This indicates directly that there is no
net proton release upon ligation. The same conclu-
sion was found by Binotti et al. [14] from the absence
of any influence of pH upon the CO binding isotherms.

The detailed thermodynamic functions obtained
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Fig. 1. CO-binding isotherms of Trout Hb Iin 0.1 M sodium
phosphate buffer, pH 6.8, at 4° and 20°C. The smooth
curves result from the overall data fitting procedure.

by the fitting procedures are indicated in the tables

1, 2, and 3. Table 1 gives the eguilibrium constants
both for the Adair reaction steps and for the reac-
tions of the MWC model for the three temperatures

at which various experiments were performed. The
error estimates are given directly by the Marquardt
fitting procedure and are comparable in origin to
those obtained in linear least-squares procedures [16].
As such, they certainly underestimate the actual
errors involved; but, because there are eight adjustable
parameters being fitted, the more realistic approach
to error estimation, namely application of the F-test
[15.,16] is out of the question due to the computa-
tional time and complexity which such a procedure

dq/d@ (keal/mol co)
[\
b

-6
-8
-10
12 1 L 1
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[

Fig. 2. Differential heat of CO binding to Trout Hb I at

25°C as function of average number 7z of CO molecules
bound per tetramer. Circles and triangles denote experiments
in 0.05 M bis-tris chloride, pH 7.4, and 0.2 M sodium maleate,
pH 7.1, buffers, respectively. The smooth curve results from
simultaneous analysis of all data, both isotherm and calori-
metric.

would entail in this case. The most salient feature

of these equilibrium constants is the strong difference
in the temperature dependences of the constants, this
being a striking indication of the temperature de-
pendent cooperativity which hemoglobin trout I ex-
hibits. For example, the ratio 16K4/K 1 orf, alter-
natively, kg [k, varies from 25 at 25° to 200 at 4°.
One should note that the Adair and MWC constants
presented here res:lt from independent fitting proce-
dures. While the MWC binding polynomial can be
expanded (see (1) for equations) to give quantities

20° 4°

(1.29 + 0.15) X 10° M™?
(1.2220.19) %105 M1
(4.49 £ 0.69) X 10° M™!
(3.96 + 0.33) X 10° M}
(3.05 +0.95)%x107¢

0.39 £ 0.04) X105 M1

Table 1
Stepwise binding constants for reaction of CO with hemoglobin trout 1
Equilibrium 25°

constant 2)

Ky (1.49:0.17)X 108 M1

Ko (123 0.19)x 106 M1

K3 (3.82x0.59) X 105 M!

Ka (2.85 £ 0.24) X 105 M2

A (713 £ 223) X 107°

kT (0.43 + 0.04) X 105 M™?

kp (12.99 = 0.96) X 105 M™!

(17-54 = 1.29) X 105 M~?

(0.80 = 0.09) X 10 M~?
(1.21 = 0.19) X 108 M™?
(7.80 = 1.20) X 105 M™?
(1221 2102y %108 M !
(0.16 = 0.05) X 1074
(0.27 = G.03) X 106 M™!
(49.31 = 3.64) X 10° M™?

3) The Adair X; cited here are the equilibrium constants for the reactions Hb(CO);— ; (ag) + CO(aq) = Hb(CO);(aq). The MWC
reaction parametess, kT and kg, are the intrinsic binding constants for CO to T- and R-conformation hemoglobin sites, respec-
tively, while L is the equilibrium constant for the T == Rg conformational change.
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Table 2

Adair stepwise thermodynamic parameters for reaction of hemoglobin trout I with CO at 25°C
Adair aGe P ¥, of 7AS aS®

(kcal mol™?) (kcal mol™?) (kcal mol™*) (cal deg™ mol™7)

1@ —3.42 = 0.07 4.85 035 13.27 > 0.36 445+12
2 -8.30 = 6.09 0.10 = 0.74 8.40 * 0.75 282225
3 ~8.97 = 0.09 ~557 2 0.76 340 = 0.77 114226
4 ~B.80 = 0.05 —~11.36 = 0.39 —2.56 = 0.39 8613
13D —7.60 = 0.07 4.85 =+ 0.35 12.35 + 0.36 418212
2 —~8.06 = 0.09 0.10 = 0.74 8.16 = 0.75 274 £25
3 ~8.21 = 0.09 ~5.57 = 0.76 3.64 = 0.77 122:26
4 —9.62 + 0.05 —11.36 = 0.39 ~1.74 % 0.39 -5.8=x1.3

a) The Adair reaction i cited here is defined as HB(CO);_ 1(aq) + CO(aq) == Hb(CO);(aq).

b) in these reactions the statistical entropic term equal to —R In ((5 —

formally identical to the Adair constants, the values
obtained by such calculation do not precisely agree
witk the Adair constants here presented, which result
from independent analysis.

Tothlas 2 wnencne drn 2Bun A Tnzo mémeseseIon 4l sceen o Teron noealie
3 4UIC & PACOULIED LHE AUAl]l DSICHWINT ICiU y liaisiiw

parameters for the binding of CO by the hemoglobin
at 25°C. The upper section of the table represents
the true Adair steps while the lower portion includes
corrections for the statistical entropic terms. Thus
ihe free energy changes in this pari of the iabie reiate
to the “intrinsic™ binding constants and are directly
comparable with those for k4 and kg . Several points
are apparent from this table. We note first the large
compensation effect between the widely varying
enthalpic and entropic terms to yield approximate
constant stepwise free energy changes. For example,
the enthalpy changes for binding the first and fourth
ligands are +4.9 and —11.4 keal {mol CO)™ !, respec-
tively, yet the intrinsic free energy changes are much
less dissimilar at —7.6 and —9.6 kcal (mol CO)™ 1,
respectively. A second point concerns the substantial

7}/ has been subtracted from all appropriate guantities.

increase in ligand binding free energy which occurs
between the second and third reaction steps. This
reflects the crossover point of 2.1 in the MWC model
at which the protein shifts from the T to the R mani-
fold. Finelly, enthalpic faciors are seen 10 govern

the overall thermodynamics of ligand binding, since
the variation of enthalpy changes is very nearly linear
from one reaction step to the next and in the same
direction as the free energy changes. In a gross sense,
aii the thermodynamic parameters vary more or less
linearly from step to step and in directions determin-
ed by enthalpy changes and opposed in part by en-
tropic compensation. We should underscore here

that the temperature dependence in CO-binding co-
operativity which hemoglobin trout I exhibits is due
to the great differences in ligand binding enthalpies for
the various Adair steps.

Table 3 presents the MWC thermodynamic param-
eters for CO-binding to the hemoglobin. As Wyman
et al. [1] pointed out must be the case, the thermo-
dynarmic functions for T- and R-state ligation very

" Table 3
Monod-Wyman-Changeux thermodynamic parameters for reaction of hemoglobin trout I with CO at 25°C
Reaction aGc AH® 7AS® as®
{kcal mol™1) {kcal mol™ 1) {kcal mol™?) {cal deg™* mol™)
To =Ry 4.29:0.i8 29.44 215 25.1512.16 84.427.2
Tligation 2) ~7.68 = 0.06 3.67 + 0.39 11.35 = 0.39 38.121.3
R-ligation 2} -5.70 = 0.04 -10.42 = 0.54 —0.72 2 0.54 -24:1.8

8 The thermodynamic parameters in these rows refer to the reaction of a molecule of CO witk a single arbitrary site ona T-or
R-conformation hemoglobin molecuie,
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Fig. 3. Fractions «; of tront Hb I molecules binding to 4
molecules CO (according to the Adair formalism) as func-
tion of extent @ of reaction at 20° and 4°C. The maximum
value of the species fraction o; occurs as 8 = if4.

nearly equal those for the first and fourth Adair
steps, respectively. The Ty ~ Ry conformational
transition is strongly endothermic (29.4 kcal mol“l),
which contributes to the increased cooperativity

at low temperatures. This enthalpy change is con-
siderably larger than that for human hemoglobin A
at pH 7.4 of 10.8 kcal (ol Hb)_j found using van
’t Hoff techniques by Imai and Tyuma [17] and of
9 kcal (mol Hb)_l estimnated by comparative calori-
metric studies [9]. A major consistency in this and
previous studies is the large positive entropy change
for the T — R transition at pH 7.4 which probably
reflects increased exposure to solvent of protein
hydrophobic residues in the more open or “relaxed”
R-conformation.

In fig. 3 we show the fractions of Adair species
containing various numbers of ligands as a function
of degree of reaction at two temperatures. If the
system had no cooperativity then the maxima for
the species fractions ay, @,, and a3 would be at
0.422,0.375, and 0.422, respectively. Increasing
cooperativity is manifested by the decrease in these
maxima as one passes from 20° to 4°. Complete co-
operativity would result in the limit of no intermedi-
ate species fractions. The MWC model presents a
quite different picture. This is illustrated in fig. 4.
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Fig. 4. Fractions o of lizanded and non-liganded Hb trcut 1
sites on molecules in the T- and R-conformations. Liganded
and non-liganded species are denoted by subscripts ¢ and n,
respectively, while subscripts T and R denote protein con-
formation.

In this representation the species are classed as ligated
or unligated T or R forms. The fractions of these
four groups are shown as the extent of reaction pro-
ceeds at two different temperatures. The origin of
the cooperativity lies in a series of events where first
the unligated state is dominantly T, and as ligation
proceeds, the R-ligated and T-unligated forms slowly
increase, each going through a low maximum value.
In the completely non-cooperative situation o, and
agrp, would be straight lines decreasing to zero as the
reaction runs to completion, while oy and ag, would
increase as straight lines from initial values of zero.
The differential heat of ligand binding, that is,
the heat of per mole of CO ligation, can be expressed
in terms of the contributions of the various component
reactions. In the case of the Adair representation the
reaction heats are for the stepwise processes and the
results are depicted in fig. 5. Tne differential functions
df;/di (fig. 5 bottom) which govern the contributions
of the reactions are highly symmetric and all steps
are significant. The multiplication of the differential
functions by their appropriate enthalpies of reaction
is shown in the top of fig. 5. The cumulative effects
of these contributions is the calculaied differential
heat of ligand binding shown in fig. 2. It is worth
noting that any stepwise property change, such as
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Fig. 5. (Lower): Adair functions df;/d/7 which determine
shape of differential heat of ligation versus 1z curve, The
contributions due to first through fourth ligation steps are
indicated, respectively, by y ey == = =y ATRQ e,
{Upper): Products of the Adair functions df;/dn times

the stepwise heats of CO binding AHj; Each curve repre-
sents the contribution of the enthalpy change of a single
Adair step to the observed calorimetric data, which would
be represented by the sum of the four curves presented here
(see smooth curve in fig. 2). The various Adair steps are
represented by the same line symbols as in the lower graph.

moles of proton release per moles of ligand bound,
etc., could have been multiplied times the differen-
tial functions to obtain each step’s contribution to
the total differential change in that property with ex-
tent of reaction.

The similar calculations based on the MWC model
are shown in fig. 6 (bottom). The terr: corresponding
to T-state ligation decreases from an initial value of
1 through O and ultimately becomes negative as
ligated T-conformation sites undergo conformational
change to R. The integral of this function over the
reaction coordinate is zero. The funciion representing
R ligation is symmetric with respect to the function
previously described since the sum is unity. It staris
from zero and increases to a range of values greater
than one in which range ligand-induced conforma-
tional changes yield more ligated R conformation sites
than the total moles of ligand added. This function
integrates to four. The coniribution from the confor-
mational transition is zero at both ends of the reac-
iion and, being tightly linked to ligand binding, is

e .
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Fiz. 6. (Lower): Functions representing contribution per
unit hear of reaction of the three MWC reaction processes

to the differential heat of CO binding as a function of average
number 77 of ligands bound. (Upper): Products of the above
functions times the heat changes of the respective three
MWC reaction processes (see table 3). Each curve represents
the coniribution of the enthalpy change for a single reaction
process to the observed calorimetric data. The predicted
calorimetric results would thus be represented as the sum of
the three curves presented here (see smooth curve of fig. 2).

broadly flat over the majority of the reaction. This
function integrates to unity which refilects a nearly
complete conformational transition of the tetramer
fromTtoR.

In fig. 7 we have depicted the overall thermo-
dynamic results for the MWC model for hemoglobin
trout 1. Satisfactory agreement is found with the
overall values obtained earlier [1] by a less rigorous
analysis of the experimental data. The various states
of ligation are represented by the free energy manifold
of the T and R forms at 25°C, the T, state having
been assigned zero free energy. Since the T, and R,
Ievels are nearly equal in energy, it is at this extent
of reaction that the major switch in allosteric forms
occuss, On the right is depicted the standard staie
free energy and enthalpy changes for ligation and
conformational transition of the R and T forms.

1t has frequently been pointed out (see for
example Shulman et al. [8)] that the MWC and
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Fig. 7. (Left): Free energy manifolds for CO binding by
hemoglobin trout I according to the MWC model. The mani-
folds are equal in enesgy at # = 2.1 and are symmetrically
disposed one to another. (Right): Thermodynamic cycle

for CO binding and associated allosteric transitions by hemo-
globin trout I at 25°C. For visual clarity, entropy changes
are omitted. The bold faced arrow indicates the main course
of the ligation reaction as experimentally observed.

Adair models for hemoglobin cooperativity are con-
ceptually very different and have quite distinct im-
plications about, for example, the types of partially-
ligated intermediates present. Generally speaking,
however, the differences in the models do not pre-
dict substantial differences in readily-observable
system properties. The interesting system of trout
hemoglobin I does contain a striking prediction of
how stepwise and concerted models might in theory
at least be clearly differentiated by simple experiment.
Wyman has pointed out [19] that allosteric models
for homotropic systems can yield only positive co-
operativity. Stepwise schemes, on the other hand,
are not so constrained and negatively-cooperative
systems thus describable are well-known, as for
example, the protonation of polybasic anions. The
Hill coefficient [16] defined as (0 1n (6/(1 — 8))/

9 Inx) provides a useful, time-honored measure

of overall ligand binding cooperativity in tetrameric
hemoglobins, values between one and four implyiag
positive cooperativity, a value of unity implying a
non-cooperative system, and values less than one im-
plying negative cooperativity.

The thermodynamic parameters shown in table 2
for the Adair stepwise scheme clearly indicate that,
at temperatures greater than about 75°C, the intrinsic
CObinding constants of the reaction will decrease
with each successive reaction step. The Hill coeffi-
cient will, in this situation, decrease monotonically
from highly-cooperative values (=3) near room tem-
perature through unity at =75°C to values less than
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Fig. 8. Temperature dependence of the Hill coefficient for
CO binding of hemoglobin trout L. The solid line is that
predicted by the MWC model while the broken line is the
prediction of the Adair stepwise reaction scheme. In both
cases the thermedynamic parameters used are those de-
termined from the experimental data and listed in tables
2 and 3.

unity at still higher temperatures. In the MWC model,
on the other hand, the thermodynamic parameters

of table 3 indicate that at a temperature of =75°,

the T and R manifolds (see fig. 7) will be essentially
indistinguishable, both in spacing and in relative ener-
gy. This situation implies a non-cooperative system
with a Hill coefficient of one. On the other hand, at
still higher temperatures, the T, level will be higher
in energy than R, and, moreover, the spacing of
levels in the T-manifold will be greater than that in the
R-manifold. This describes a cooperative allosteric
system precisely analogous to that at room tempera-
ture, save that the two conformational states have be-
come reversed in affinity and in the equilibrium con-
stant between their deoxy forms. Thus, the Hill co-
efficient is predicted in this trout hemoglobin system
to rise to values greater than one at temperatures
above 75°C. Fig. 8 shows the values of the Hill coef-
ficient which the two models predict, assuming mea-
surements could be made from —50°C to +100°C.
While no substantive differences in this measure of
cooperativity would be expected to be discernable
below, say, 40°C, at higher temperatures the stepwise
Adair model would predict a monotonic decrease in
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the Hill coefiicient while the MWC model predicis

a minimum value followed by a monotonic increase
in the parameter at still higher temperatures. Since
measurements in this temperature range are clearly
unrealistic, the hemoglobin trout 1 system does not
afford an opportunity to differentiate experimental-
ly the two models by this technigue. On the other
hand, there may well be hemoglobin systems which
exhibit low apparent cooperativity in the physiologi-
cal temperature range and which might possess step-
wise enthalpy changes comparable to trout. If such

a system existed one could in effect examine the
right hand portion of fig. 8 at experimentally attain-
able temperatures. This would permit, at least in this
special case, a clear test of the allosteric model as op-
posed to a stepwise scheme.

Brunori [21] has discussed the physiological
roles of the various trout hemoglobins and has noted
the relative temperature independence of the hemo-
globin trout 1 oxygen dissociation curve. He observes
that this affords a system capable of supplying oxygen
to the tissues independent of the external temperature.
These data here presented show that the adaptation
of the trout, as a poikilothermic organism, to a varying-
temperature environment is even more sophisticated.
The substantial increase in ligand binding cooperativity
which hemoglobin trout I exhibits at low temperatu-
res must enhance the efficiency of oxygen unloading
and hence, of oxygen transport at these lower tem-
peratures. This inicreased efficiency of oxygen trans-
port must offset the general kinetic slowdown which
the trout’s oxygen transport system encouniers at
low environmental temperatures.

We should, in conclusion, stress the general ap-
plicability of the methodology presented here to the
analysis of data on other processes linked to ligand
binding. For example, the number of protons released
in the various component reactions of hemoglobin
ligation could be evaluated by simultaneous analysis
of two types of data sets. First, proton release or up-
take could be studied at constant pH as a function of
extent of reaction; this would be analogous to the
calorimetric data here presented. Simultaneously,
ligand binding isotherms at various pH values would,
like the isotherm measurements, at various tempera-
tures, provide the complementary data for optimal
determination of stepwise proton changes.
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