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ABSTRACT An extended Monod, Wy- 6.0. From this calculation one obtains stants of proton binding to the a- and
man, Changeaux (MWC)-model, the that even the fully liganded molecule :-subunits. Furthermore, it can be
mathematical basis of which had been exhibits a R T quaternary transition shown that the interaction between the
formulated by Herzfeld and Stanley (J. upon approaching the acid pH-region. quaternary T- R- and the tertiary
Mol. Blol. 82:231. 1974.) was used to fit In the case of 02-binding, the coopera- t- r-transitions is different for the a-
oxygen and CO-binding curves of tivity becomes negative below pH = and f-subunits.
hemoglobin trout IV measured at dif- 6.5. This can be related to the differ-
ferent pH-values between pH = 8.0 and ence between the equilibrium con-

INTRODUCTION

Hemoglobin from teleost fish exhibits a very marked
pH-dependence of its ligand affinity. The effect is asso-

ciated with both, a shift in the position of the ligand curve

(Bohr effect) and a drastic change of the cooperativity
(Root effect, cf. Brunori, 1975). In the case of oxygen

binding to hemoglobin trout IV (the fourth component of
hemoglobin trout) for instance, the cooperativity
decreases significantly as pH is lowered (Brunori et al.,
1978). At pH = 6.1 the Hill coefficient is <1 thus
reflecting negative cooperativity. Furthermore the oxygen
binding curves become asymmetric at acid pH-values. In
contrast to human HbA, CO-binding to this molecule
displays a pH-dependence different from that of oxygen

(Wyman et al., 1978). Even though the Hill coefficient
decreases when approaching the acid region, negative
cooperativity is not achieved. These findings are not in
accordance with the pure MWC-model (Monod et al.,
1966; Brunori et al., 1978).
Here we present a modified version of an allosteric

model suggested by Herzfeld and Stanley (1974) (Herz-
feld-Stanley [HS]-model). It combines the concepts of
the two state MWC-model of Monod et al. (1966) with
the results obtained by x-ray studies on human hemoglo-
bin (Perutz, 1970) showing that subunits can exist in the
high affinity r-state even though the molecule is in the
quaternary T-state and vice versa. To account for this the
model considers allosteric interactions between the qua-

ternary states of the molecule and the tertiary states of
each individual subunit (quaternary-tertiary interaction).
Furthermore the model considers interactions between
the tertiary states of adjacent subunits (nearest neighbor
interaction) in accordance with the induced fit model of
Koshland et al. (1967).

In order to explain the Bohr effect three types of
interactions between the proton- and ligand binding sites
are introduced: (a) the direct interaction between the
titrable amino acid group and the binding site of the
ligand (direct effector), (b) the interaction between the
titrable amino acid group and the tertiary state of the
respective subunit (tertiary effector), (c) the interaction
between the titrable amino acid group and the quaternary
state of the molecule (quaternary effector).

Applying the HS-model to oxygen and CO-binding
curves, experimentally obtained by Brunori et al. (1978)
and Wyman et al. (1978), we calculate the equilibrium
constants of all the binding processes and the conforma-
tional transitions involved. From these data one finds that
the Root effect is mainly due to interactions between
quaternay and tertiary structural changes, which are

significantly different for the a and : subunits. Further-
more evidence is provided that the nearest neighbor
interaction introduced by Koshland et al., 1966 does not
contribute to the allosteric process.

In a subsequent paper we will show that the results of
these investigations can be used to explain the pH-
dependence of symmetry classified distortions of the
prosthetic heme group, which have been obtained by
resonance Raman spectroscopy (Schweitzer-Stenner et
al., 1989).

THEORY

In order to describe the basic principles of the HS-model,
we first formulate the energy contributions to the unoccu-
pied molecule. This is achieved by starting within the
framework of MWC-model, which will then be extended
step by step, considering (a) interactions among the
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quaternary and tertiary states, (b) interactions among
different subunits, and (c) the structural differences
among the a-and f-subunits. The final step of our model
deals with the binding of ligands and effectors to
respective binding sites of the subunits.

The energy contributions in the
absence of ligands and effectors

Tj = 1,2 label the t- and r-state of the jth subunit
respectively, g° denote the free energy difference among
two different tertiary states. (c) With respect to the
tertiary energy difference g° the a- and d-chains are
assumed to be equivalent. Therefore the total energy of
the unliganded molecule can be written as

GT qGo + z TgT rjq (3)

Contributions due to the MWC-model
The MWC-model is based on the following assumptions:
(a) The tetrameric hemoglobin molecule can exist in two
different quaternary states T and R. In the T-state the
molecular conformation is determined by a large number
of noncovalent bonds among the subunits (Perutz, 1970).
A T -- R transition is caused by rupture or weakening of
those bonds, thus providing a more relaxed quaternary
state. The energies of the T- and R-state are written as

Gq=qGq, (1)

where q = 1,2 labels the T- and R-state respectively. Gq
denotes the free energy difference among the T- and
R-state. Those two quaternary states are displayed sche-
matically in Fig. 1. (b) The subunits containing the active
sites of ligand and effector binding can exist in two
different tertiary conformations r and t. The MWC-
model postulates that all subunits exist in the same
conformation, either in the r-state, if the tetramer is in the
R-configuration or in the t-state, if the quaternary state is
T (cf. Fig. 1). Furthermore it assumes that the ligand
binding affinites are different in the r- and t-states,
respectively.

Analogous to Eq. 1 the energy of the tertiary states is
given by

g., .'ri (2)

6,jqdenotes the Kronecker symbol.

Extension of MWC-model
Quaternary-tertiary interaction
Several investigations of the cooperative process of ligand
binding in hemoglobin provide evidence that the subunits
can exist in the high affinity r-state even though the
molecule is in the quaternary T-state and vice versa
(Perutz, 1970; Szabo and Karplus, 1972).
To account for this a quaternary-tertiary (q) interac-

tion has to be introduced, the energy of which is given
by:

Gqvj =-(-1 )rj+qGorj s (4)

where G' provides a convenient zero level.
As one reads from Eq. 4, the qr-interaction energy is

positive if rj # q. If the tertiary state is linked to the
corresponding quaternary state (rj = q), however, Gqrj
becomes negative. All configurations possible, are sche-
matically displayed in Fig. 1. It should be noted that G
is assumed to be infinite in the MWC-model.

Inequivalence of the a- and ,-chains
In contrast to what is assumed in the MWC-model the
equivalence of the a- and :-chains is not in accordance
with a larger number of experimental findings (cf. Ten
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FIGURE 1 Diagramatic representation of the influence of qr-interaction on the tertiary state of the hemoglobin subunits. (r:r-state, t:t-state of the
subunit).
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Eyck, 1979; Herzfeld and Stanley, 1974). Therefore each
subunit type must be assigned to different energies.

Nearest neighbor interactions
(rr-interactions)
The MWC-model completely neglects that conforma-
tional changes in one subunit induce variations in the
adjacent subunits. Contrary the induced fit model of
Koshland et al. (1966) is based entirely on an evaluation
of this kind of interaction. It is reasonable to assume that
a general model of cooperativity must also consider the
interactions among adjacent subunits. The corresponding
energy is given by

g = (-1 ) (,rj+,rj+ 1) g°(j,rj , ( 5 )

g°jT+, defines the zero energy level.
The influence of the rT-interaction is considered in Fig.

2. It provides negative contributions to both, the 14r4 and
the {44 conformations independent on the actual quater-
nary state. Mixed configurations as ({t, 3r}; {r, 3td; etc.),
however, provide positive energy.

qT-interoction a,P-spfitting TI-interaction

By adding Eqs. 1-5 one obtains the total energy of the
unliganded molecule as follows:

GC = E {qG + zE (ag - (-)_+qGo,)
,r.gOq-

q ra

+ E (,r,gO_(_1)r,+qqr
rd~~~~~~~~~~qr

(6)(- I)Irj+Tj+lgo
ri,ri,

'rjTj +

The different conformational states resulting from the
distinct interactions are visualized by the energy level
diagram in Fig. 2, which introduces the different interac-
tions subsequently. Thus, one learns that the qr-interac-
tion splits the R and T energy levels into five sublevels.
The inequivalence of the a- and 3-subunits causes a
further splitting of the states due to the mixed configura-
tions (i.e., {3r, t}; {r, 3td; {2r, 2t1) into two separated states.
The nearest neighbour interaction, however, in contrast
shifts the energy of some configurations without causing
further splittings.

It should be noted that for practical purpose only
a-a-contacts are considered to contribute to the rr-

interactions (cf., Ten Eyck, 1979).

The energy contribution
by ligand binding
Considering that the distinct subunits may bind the
ligand with different affinities, the change of energy upon

ligation can be written as

Gjjg = E na(GO + (- 1)7-GLG) + E n,6[G + (-1)'G1], (7)
a

where na, n, = 0,1 denote the occupation number of the a-

and 3-subunits, respectively. GLa,, GL represent half of the
energy difference among the liganded r- and t-subunits
and Go, Godenote the corresponding ligand binding to the
subunits, without considering their tertiary conforma-
tion.
As one reads from Eq. 7, Glig becomes positive (high

affinity), if Ta, rp are equal to two, but is negative (low
affinity) if Ta, r are equal to one. Therefore, the total
affinity of the tetramer increases with increasing occupa-

tion numbers of the r-states. This is achieved by qr- and
by Tr-interactions.

Fig. 3 illustrates this on one possible example. The
energy difference between the unliganded and the fully
liganded {T, 4t} conformation is 2G° +2GC -2Gm, -

2GL. For simplicity in Fig. 3 we have used Go = G = Go
and GL, = GL = GL. Conversion of one subunit from t to r

in the quaternary T-state requires some energy because of
the qr and Tr-interactions but causes an increase of the

Oxygen and Carbonmonoxide Binding Curves of Hemoglobin Trout 693

FIGURE 2 Energy level diagram of the unliganded hemoglobin mole-
cule. The respective conformations are denoted by Qq, Vj, where Qq. = R,
T labels the quaternary state in the presence of qr-interaction and Vj
(v = r, t; j = a, /l) label the corresponding tertiary states.
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the jth subunit are denoted by n, and njk, which both can
take the values 0, 1, respectively.
The influence of the effector binding on the ligand

affinity is visualized in the example depicted by Fig. 4.
The energy between the unliganded {T, 4t4- and the fully
liganded {R, 4r}-state is lowered by both, the tertiary and
the quaternary effector, thus decreasing ligand affinity.
This is in general accordance with the observed decrease
of 02- and CO-affinity at acid pH-values.

FIGURE 3 Diagramatic representation of the influence of ligand bind-
ing on the tertiary state (tL, rL, denote the ligated subunits).

ligand affinity by providing a free energy contribution of
2GL. AGT and AGR denote the sum of these energies.

Influence of the effector binding
In order to account for both the Root effect (pH-
dependence of the Hill coefficient) and the Bohr effect
(pH-dependence of the t r transitions), we have to
consider that binding of a proton to a distinct amino acid
side chain can influence both, the tertiary and the quater-
nary structure. The corresponding energies can be
described by:

Cq En[q° + (_I)qq ] (an- [G, (8a)
l

e

Ge=r E njk [Gre? (- 1)'JGkI
j k

for quaternary and tertiary effector binding, respectively.
The occupation numbers of the Ith quaternary effector
binding site and the kth tertiary effector binding site in

Calculation of the
grand partition sum
In order to describe the ligand binding to the hemoglobin
molecule, we consider the system of the protein solution to
be in contact with a reservoir of oxygen and effector
molecules. Both exchange ligand particles and energy.

The saturation function Y of the ligand L can be
expressed (Wyman, 1967) as follows:

Y= /14Z,49AL/RT (9)

where Z denotes the grand partition sum given by

z = E exp {[n14L + Np - GTI/RTI
all

states

(10)

n is the number of binding sites occupied in each state, N
is the total number of binding sites of that state, ,UL is the
chemical potential of the ligand, p,u is the chemical
potential of the unoccupied protein.

It should be noted that these chemical potentials /AL and
Ap are related to the mole fractions XL and Xp of the ligand

R _, _

l4(G° GL)+%q+49 o

RH+£i Ge + e (
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|4(G +GL+gT)+Gq + 2Gq 4(G?+GL+9g) +Gq0
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e e

FIGURE 4 Diagramatic representation of the energy contribution caused by quaternary and tertiary effector proton binding (RH+, TH+ denote the
quaternary states the energies of which have changed by proton binding, rH+, tH denote the subunit states influenced by proton binding).
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and the protein by

AL= RTlnXL + AL°
,up= RTInXp +,u°,

where,u and ,u denote the standard chemical potentials.
Hence the Gibb's-factors and consequently the grand
partition sum depend on the ligand concentration.
The total energy can be expressed by considering Eqs.

1-7. This leads to the following expression for the grand
partition sum:

Z=Ty[ ..* *exp -qG° + ETT, g° + T T, g°,
q-1 rj r2 a

- E(-1r.+qGor- (1 ).+ Go
a E

-E (-1)TJ+Ii+ g°ri+ ]RT}

x exp (4,up/RT)

x_E E_lP[-EMAGC + (1)raGL.)
n4 m4 a

- Zna(GC+ (1)rAGLO)]}]. (12)

In order to describe the influence of proton binding on the
equilibrium between the respective quaternary and ter-
tiary states, we substitute the energies Go, Go, and Go by
corresponding effective energies G°, G,, and Go, depend-
ing on the pH-value of the solution and the equilibrium
constants of proton binding. They are calculated by
Herzfeld and Stanley (1974) as follows:

Gi(pH) = Go
+E:l J(1 + exp [-(-G'H+ + Gq)/RT]) (13a)

(I + exp [-(-gH + Ge G)/RT])J

G°(pH) =G
E (1 + exp [-(-A'H + Gljj.k° + Gj,k)/RT])I+ ln~ , (I13b)
k + exp [-(-AH + 67,0 - Gri )/RT])

where /gH is related to the proton concentration XH+ by

The transfer matrix Aq can be obtained by using the
equation:

Aq(rj,Tj+1) = VZL(rj) ZL(rj+1)
x exp {- ['/2((rjgj +±j+,go,+)
- '/2((_ 1)YT--qGo + ( 1Y)tGqT+)
- (- I ) } }+ gJTT,]/RTI. (16)

ZL (rj) is related to the ligation process only. It is written
as

ZL('r) = E {exp [-nj(G° + (-1)riGLj)/RT]I (17)
nf

The transfer matrix Aq provides a full description of the
intrinsic energy for each dimeric aq3-configuration of the
tetrameric molecule.

Because of the nonequivalence of the a- and d3-subunits,
Aq is not a symmetric matrix. It can be decomposed,
however, into a symmetric and an antisymmetric part.
This leads to

(18)

where s and a label the symmetric and antisymmetric
contributions, respectively.

A'(Tj,Tj+) are treated as shown by Herzfeld and Stan-
ley (1974). This yields the following part of the grand
partition sum:

ZT(q) = Z [x (q)]4, (19)

where x,(q) is the jth eigenvalue of A' defined by the
secular equation

IJiS - xs(q)II = 0. (20)

The antisymmetric parts are calculated as follows: One
finds that

^ ^ ~~~~TA' (rj,-j + I) = A (j+lr

where q denotes the transposed matrix.
Taking this into account one obtains for Za(q):

(21)

AH = RTIn XH+ + AuH (13c)
0

,u = standard chemical potential.
To carry out the summations in Eq. 12, Herzfeld and

Stanley have applied the following procedure: z can be
composed into two parts

Z = Zq + Zr,

where

Zq = Y-exp {-qGo°(pH)/RT} exp {4AL/RTI
q

Zr = E . Z* 171 Aq(,rj,rji)
ri r2 q

(14) Using Eqs. 11-13, Eqs. 17 and 18 one obtains the final
form of the grand partition sum, which is given by

Z = E exp {-qG°/RT1 exp {4lip/RTI
q

(15) x [Z
(xj(q))4 + xa,(q)]. (24)

ScwizrSenrOye
abnooieBnigCre fHmgoi ru 9

Z'(q) = E x;(q),

where

(22)

x; = T,(A AaT)2 (23)

(I 1)

Aq == As + Aaq q-)
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Eq. 24 can be inserted into Eq. 8 in order to calculate the
partial saturation function Yin dependence on the ligand
concentration and the pH-value of the solution. To relate
our final formalism explicitely to these quantities, the
following substitutions, which relate chemical potentials
to the corresponding mass action constants (Herzberg
and Stanley, 1974), have been inserted into Eqs. 12 and
13:

PLKL = exp {-[L + G,- Go]/RTI
PLK, = exp {- [-FtL + GP+ Go ]/RTI

(25)

(26)

[H+]K,',, = exp {-[-, + GeJk -G7, ]/RTI (27)

[H+] K, = exp {-[-IAH + G'7' + G7jk]IRTI (28)

[H+]K' = exp {-[-.H + Gq+-Gq]/RTI (28)

[H+]K' = exp {-[-.AH + G%° + Gq]/RT}. (30)

In the following L stands for 02 or CO as ligand and PL
denotes the partial pressure of the atmosphere in contact
to the solution. [H+ ] denotes the hydrogen ion concentra-
tions.
The equilibrium constants are due to the following

reactions: KL, KL: equilibrium constants of the ligand1i, tj.

binding to the j-subunit in the t and r state, respectively;
KH, KH: equilibrium constants of proton binding to the

tjk rj

Kth binding site in the jth subunit either in the t and r

tertiary conformation; KTH, KR: equilibrium constants of
proton binding to the Ith binding site, related to the
quaternary T- and R-state (quaternary effector).

Eqs. 23-30 now represent the basis for the fitting
procedure. Table 1 lists the free parameters used in this
procedure. For the computer fit we employed a program
called MINUITL from the CERN-library. A detailed
description of it has been given elsewhere (James, 1975).

RESULTS

The theoretical model outlined in the last section has been
applied to a set of oxygen binding curves of hemoglobin
obtained at T = 140 by Brunori et al. (1978). As shown in
Fig. 5 these curves cover the pH-region between 8.0 and
6.1. The fitting parameters used in the calculation of
these curves are given in Table 1. They include pK-values
of the tertiary proton binding for the different subunits in
the ligated and unligated subunits, and also the pK-values
of the quaternary proton binding in the R- and T-states. It
is obvious that a fitting procedure based on such a large
number of free parameters as listed in Table 1 may
produce ambigious results, because correlation effects
can occur among distinct parameters. In order to avoid
these fundamental difficulties, the following protocol has
been adopted for the fitting procedure: (a) We have

TABLE 1 Free parameters used in the fitting
procedure

Equilibrium constants of ligand binding
KL Equilibrium constant of ligand binding to the a- and fi-

subunits in the tertiary t-state.
KLa, Equilibrium constant of ligand binding to the a- and ,3-

subunits in the tertiary r-state, L refers to the ligand.

PKra2
pK,,,
pK Wl
pKr.,

pK r.2
pK'ol

pKT,
pKT2
pKR.
pKR2

pK-values of Bohr groups

pK-values of the tertiary effector binding sites of the a-

and j#-subunits in the unliganded, low affinity state (t)
and the liganded, high affinity state (r).

pK-values of Root groups

pK-values of the quaternary proton effector binding sites
in T- and R-states.

Conformational energies of the unliganded state
g°a,t. Energy difference among the r- and t-states of the a- and

,8-subunits, respectively.
Gqr7, Energy of the quaternary-tertiary (qT)-interaction.
0 Energy of the nearest neighbour (Tr)-interaction.

GO Energy difference among the R- and T-states.

started the analysis assuming that the Tr-interaction is
equal to zero and that both oxygen affinity and the
qr-interaction energy are identical for the a- and
A-subunits. (g'j +, = 0, Go = Go 0, K

bKOTb).As

it is depicted in Fig. 5 a, the corresponding fit does not
agree with the experimental results, even though the loss
of cooperativity could be simulated. (b) The second step
included ri-interaction and different binding constants
for the two subunit types. The qr-interaction is assumed
to be zero (grr,,. =# 0, Go,. = 0, K°2 K02). Hence our

model becomes equivalent with the theory of Koshland et
al. (1968). As one can read from Fig. 5 b, a significantly
better fit is achieved. Systematic deviations of the fit from
the binding curves measured at pH = 7.7, and 7. 1,
however, are still evident. Furthermore, unreasonable
large differences among K°2 and K02 have been obtained.
(c) As a possible alternative we considered qr-interaction
and a difference among K02 and K° (Go° 0, gO7j+, = 0,
K°2 = Kr'). The result of the fitting procedure is displayed
in Fig. 5 c. Satisfactory agreement with the experimental
data is now achieved. The obtained values for the free
parameters, however, are partially unreasonable. The
difference among K°2 and K° again is too large. Further-
more an inverse Bohr effect (uptake of protons upon

oxygen binding) has to be assumed, which has not been
obtained experimentally (Brunori, 1975). (d) An excel-
lent fit and reasonable parameter values have finally been
obtained by considering that the qr-interactions are dif-

696 Biophysical Journal Volume 55 April 1989696 Biophysical Journal Volume 55 April 1989



log OXYGEN PRESSURE IMMHG1

-001 0.97 1.46 1.95 2.44 293 342 191

log OXYGEN PRESSURE IMMHGI

log OXYGEN PRESSURE (MMHGI

-0a0 0A8 Mg? 1S6 1.% 2/ 2M 3.42 3.91

log OXYGEN PRESSURE IMMHGI

FIGURE 5 Fits to the oxygen binding curves of Brunori et al. (1978).

(a) For G' = GoB .0, 4 , = 0, K? - K?.
(b) For Gx,.= GqO0 = O, g7 7j+, : O, K 7°
(c) For Goq = Go,p . 0, g,°, = 0, K°2 K72
(d) For Go =A.G .0, g = 0, K?-K,.

ferent for the a- and A-subunits (G' # G'. 0 = 0,
K°2 = KOp). (e) It is noteworthy that the quality of the fit
deteriorates, if one introduces additionally the Tr--interac-
tion-energy as free parameter. Therefore we conclude
that the nearest neighbor interaction does not contribute
to the allostric coupling in hemoglobin trout IV.
The obtained values of the free parameters are listed in

Table 2. (It should be noted, that the subunits related to

TABLE 2 Equilibrium constants of the 02-binding to
hemoglobin trout.

Conformational energies

Energy type Parameter value Error I Error II

KJ/mol
o 1.4 ±0.3 ±0.3

g°, 8.9 ±0.4
97B 8.9 ±0.4
GoTa <RT
GoTB 17.9 ±0.4

02 - affinity
Constant Parameter value Error I Error II

mmHg-I
K° 3-5 * ±04 5 *10-8 0-

a
102 3.*1-4 +51- 10o-4

0°2'a74.9 ±5 +10
K°,0p 74.9 ±5 ±10

pK-values of the effector binding sites

Tertiary effector pK in the unliganded state

pK-assignment Parameter value Error I Error II

pKt., 8.5 ±0.1 ±0.4
pK 62 8.5 ±0.1 ±0.4
pKto, 7.4 +0.05 ±0.1
pK t2 7.5 ±0.05 ±0.15

Tertiary effector pK in the liganded state

pK-assignment Parameter value Error I Error II

PIK,., 7.1 ±0.15 ±0.5
PKra2 7.6 ±0.1 ±0.5
pK,o, 6.1 ±0.6 ±0.9
pKr02 5.0 ±1.2 ±1.5

Quaternary effector sites

pK-assignment Parameter value Error I Error II

pKT, 7.4 ±0.03 +0.1
pKT2 7.4 ±0.03 ±0.1
pKR, 5.4 ±1.2 ±1.5
pKR2 5.3 ±1.2 ±1.5

The standard deviation taken from the on diagonal elements of the
inverted Hesse matrix is denoted as error I. Error II results from error
analysis carried out with the CONTOUR - plots.
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the strong qr-coupling energy are attributed to the f-

subunit.) From Table 2C1 and 2C2 one reads that two
distinct amino acid residues in the a- and A-subunits
respectively, contribute as tertiary effectors to the Bohr
effect. From Table 2C3 one finds two quaternary effector
sites which include the Root effect.

In order to check whether other tertiary binding sites
have to be considered, we inserted the respective equilib-
rium constants as additional free parameters into our
program. For these parameters, however, the same pK-
values were obtained in both, the oxy- and deoxy form,
thus indicating no further contributions to the Bohr
effect.

In order to test the validity of the obtained results we
have also carried out a fit to CO-binding curves measured
at T = 50C by Wyman et al. (1978). All parameters
related to the conformation of the molecule in the absence
of ligands (conformational free energies, pK,., pKt85, pKT,
pKR cf., Table 1) have been taken from Table 2, and are

used as fixed parameters in the fit, thus neglecting their
temperature dependence. Even though these parameters
relate to the unliganded molecule at 140C, a good agree-
ment with the experimental data has been obtained from
the fitting procedure (Fig. 6). The specific parameters of
the CO-liganded states resulting from this fitting proce-
dure are listed in Table 3.

Error analysis
The program MINUITL contains three different mini-
mizing subroutines named SEEK, SIMPLX, and
MIGRAD to search a local minimum of the chi-square
function.
The standard deviation of the obtained parameter

values were derived by MIGRAD as follows: The routine
approximates the chi-square function near to its mini-
mum by a paraboloid centered at the minimum. The

1f00
~0.80-

0.60

CL40-~~~~~~
620

-702 -653 -6OU -555 4.57 -4.08 -aS -a10

log OXYGEN PRESSURE [mmHgl

TABLE 3 Equilibrium constants of the CO-binding to
hemoglobin trout IV.

Equilibrium constants of CO -binding

Constant Parameter value Error I Error II

mmHg-'
KC° 2.3 * ~~104 +5*103 +104
K,° 2.3 * ~~~104 +5*103 +104K,co 2.3 * ±0+5 * 17 +OK co 7.5 * 108 ±5 * 107 ±lo8

Kco 7.*081~07 ±108

Tertiary effector pK in the liganded state

pK-assignment Parameter value Error I Error II
pKr1 7.7 +0.1 +0.4
pKr2 8.1 +0.01 ±0.4
pK r,l 7.0 +0.05 ±0.3
pK r#2 6.5 +0.1 ±0.15

The standard deviation taken from the on diagonal elements of the
inverted Hesse matrix is denoted as error I. Error II results from error
analysis carried out with the CONTOUR -plots.

standard deviation is provided by the square root of the on
diagnonal trace elements of the inverted Hesse matrix
derived at the minimum. The results of this calculation
are listed as error I in the Tables 2 and 3.
The model to be fitted is not linear. Hence the chi-

square function may not be approximated reasonably by
the paraboloid as described above. In this case the stan-
dard deviations calculated from the parabolic approxima-
tion do not represent the real statistical error. This was
evaluated by the MINUITL subroutine CONTOUR
which calculates the projection of the chi-square function
on a two dimensional subspace of the parameter space
from which the statistical errors are derived. These may
be different from those obtained from the Hesse matrix of
the symmetric paraboloid.
We have applied the CONTOUR-routine to all param-

eters which exhibit a high degree of correlation among
each other. The degree of correlation can be obtained
from the off diagonal elements of the inversed Hesse
matrix.

It should be noted, that the application of this proce-
dure yields comparatively large errors for the pKr,-,
pKr,2 pKR,- and the pKR2-values obtained from the
02-binding curves (cf., error II column in Table 2).
Obviously this is due to the fact that the molecule
switches from R to T upon approaching the acid pH-
region. This causes very small mole fractions of the
subunits to be in the high affinity r-state. Therefore
r-state protonation processes occurring in this pH-region
do not influence significantly the effective ligand affinity
of the molecule. Thus the binding curves also are only
slightly depended on pKr and pKR.
The errors obtained for the other parameters are
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FIGURE 6 Fit to the CO-binding curves of Wyman et al. (1978) carried
out by using the conformational energies obtained from the fit to the
02-data set of Brunori et al. (1978).
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significantly smaller (10-25%, cf., error TI-column in
Tables 2 and 3). This corroborates the validity of the
employed model.

It should be finally noted that the experimental error of
the data taken from Brunori et al. (1978) and Wyman et
al. (1978) do not contribute significantly to the experi-
mental error.

m

ac

c
_i O-

DISCUSSION

Interpretation of the Root effect
The pH-induced shift of the oxygen binding curve is
caused by both, tertiary effector binding, which affects
directly oxygen binding to the a- and fl-subunits respec-
tively, and quaternary effector binding which increases
the effective quaternary energy G° (pH) of Eq. 13. As is
displayed in Fig. 7, G° (pH) increases from 1.5 KJ/Mol
to nearly 28 KJ/Mol upon approaching the acid pH-
region below pH = 6.5.
The influence of this drastic change in cooperativity

energy on the binding properties of trout IV is shown in
Fig. 8. It depicts the pH-dependence of the allosteric
constants Lnn defined by

L [T(nl, n")] (31)
[R(na, n)](3

[T(n02, n2)] represents the concentration of molecules in
the quaternary T-state and [R(n02, n02)] the concentration
of molecules in the R-state. na, n, denote the oxygen
occupation of the corresponding a- and f-subunits,
respectively.
The following aspects of the Root-effect can be

obtained from this representation: (a) The allosteric
constant L22 of the fully liganded molecule is small above
pH = 7.0, thus indicating to a predominance of the high
affinity R-state. At pH = 6.6 both types of quaternary

30

oO \0

<s 20,-,

o c

6 7 8 9

pH-Value

FIGURE 8 pH-dependence of the allosteric constants L%no (nj denotes
the occupation-number of the ligand binding sites)

(Circle: L0o,, -L=oO = L2.qO = L

Diamond: L4.1, = L1.1,6= L410 = LI
Triangle: Lo42,f = L.2; = L2a2#= L2)

states are present. Below pH = 6.6, the molecule is
predominantly in the low affinity T-state. (b) The corre-

sponding constant Loo of the unliganded molecule is larger
than 100, thus reflecting predominance of the T-state. (c)
An interesting fact is that Loo, L1o,, and L2.o, become
equal. The same is true for the constants Lo01,L11, , and
L2,lD. This shows that lowering of the allosteric constant L
upon oxygen binding is exclusively achieved by binding to
the f-subunits because they are affected by qr-interac-
tion. This means that the t r-transition induced by

oxygenation of the a-subunit does not affect the equilib-
rium among the quaternary states. Therefore, binding of
oxygen molecules to f-subunits is exclusively responsible
for the quaternary transitions at a distinct pH-value.

Even though the quaternary effector binding causes a

significant decrease of the cooperativity due to an

increase of the quaternary energy Go(pH), it does not
account for negative cooperativity. As one can learn from
our results the asymmetry of the qr-interactions and the
different affinity for oxygen binding to the a- and
fl-subunits must be considered to explain the binding
curves at acid pH-values. The latter effect has been found
to be caused by the difference between proton binding to
the a- and fl-subunits in accordance with earlier predic-
tions (Brunori, 1975), the pK-values of the fl-subunit
exhibit a comparatively large shift from pK = 7.5 to 5.8,
whereas the pK-changes in the a-subunits (8.5 to 7.6 and
8.5 to 7.0) do not cause acid pK-values. A slight differ-
ence among the equilibrium constants K?02, K° and K02,

Oxygen and Carbonmonoxide Binding Curves of Hemoglobin Trout 699

FIGURE 7 pH-dependence of the effective quaternary energy C°(pH).
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K?02, respectively may also be considered, but cannot
unambiguously be established, because a good fit can also
be obtained without assuming differences in the binding
constants.

In contrast to the properties of 02-binding, the CO-
binding curves at acid pH do not exhibit negative cooper-
ativity. Furthermore, the asymmetry of the binding
curves is less pronounced than in the case of O2-binding.
Due to our analysis this is related to the smaller pK-shift
of the involved tertiary effector binding sites upon CO-
binding (cf. Table 3). Thus, we can establish a significant
difference between the structural changes induced by
CO- and O2-binding.

Comparison with other results
It is interesting to check whether the results of our

calculations are in accordance with thermodynamic data
derived from experiments carried out on Hb-trout IV CO
by Wyman et al. (1978) comprising microcalorimetric
and binding studies. Using these data Ascoli et al. (1986)
determined the energy difference among the fully
liganded and unliganded T- and R-states for pH = 6.0,
respectively with CO as ligand. The respective values are

listed in Table 4.
The same quantities can be derived from the results of

our analysis in the following way: First one calculates the
occupation probability P of all molecular states at dif-
ferent CO-pressure and pH-values by using the equation

Pq,nj,Tj
exp {- E [-n ,gL + Gff(ij,qpH)]/RTI

= i

z

where G,ff(rj, q, pH) denotes the total effective energy of
the actual conformational state and nj is the ligand
occupation number of the jth subunit.

This yields for pH = 6.0 that for each Pc.-value the
{T, 4t} and {R, 2t, 2r4 is by far the predominant confor-
mation in the fully liganded state, whereas the {T, 2r, 2t4

TABLE 4 Energy difference among the unliganded and
liganded T- and R-state of HbCO-trout IV.

Wyman et al. Our
parameter values parameter values

G(T.-R.) 39. kJ/mol 44 kJ/mol
G(TL-RL) -3.7 kJ/mol -4.1 kJ/mol
G(TU- TL) -107 kJ/mol -116 kJ/mol
G(RU-RL) -150 kJ/mol -164 kJ/mol

Information obtained from experiments by Wyman et al. (1978) and
from our calculations.

and {R, 4r} conformations dominate in the unliganded
state. The concentrations of all other conformations are
several orders of magnitude smaller and are neglected.
The respective energy difference among the TU, RU, TL,

and RL (u: unliganded, L: fully liganded) can therefore be
calculated by using the equations:

AG(T0- Rj=RTlIn 1[U

= G°(pH = 6.0) + 2g° + 2GqT
JITL

AG(TLR RL) = RTln 1[[R

= G°(pH 6.0) 2g° + 2G°
-2RT{ln KCO -In K,cO

AG(TU TL) = RTIn [TL]
[T.] p40

= 2g° + 2G a- 2RT {ln K,c0 - In Kc°o

+ 2RT (pK, -pKtj)}

AG(RU -- RL) = RTI n 1[Ru] P4

= - AG(Tu Ru) + AG(Tu' TL)

+ AG(TL - RL).

(33)

(34)

(35)

(36)

Table 4 lists the values obtained from these calculations.
If one considers that the data of Wyman et al. (1978) also
result from a model dependent fit to their experimental
results, the agreement between both data sets is convinc-
ing.

Effector binding
Perutz and Brunori (1982) suggested a stereochemical
interpretation of the Root effect, which is based on the
knowledge of the primary structure of some fish hemoglo-
bin systems displaying this effect. They focussed their
interest on F9,B-position, occupied by a cystein in human
hemoglobin, and replaced by serine in all considered fish
hemoglobin systems. Because of the hydrophobic charac-
ter of serine it is likely to prefer a position similar to the
external one of CysF93 in human hemoglobin (cf., Shaa-
nan, 1983). Due to Brunori and Perutz this enables the
OH of serine to donate an H-bond to the terminal oxygen
of His(HC3)# and accept a hydrogen from the peptide
NH of His(HC3)j# in the T-structure. Those bonds would
stabilize the C-terminal saltbridges and enable the imida-
zole of His(HC2)fl to form a saltbridge with Glu(FG6).
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This imposes a constraint on the functional important
FG-helix, which can be expected to influence both, the
functional hemegroup (Wedekind et al., 1985) and the af
contacts (Baldwin and Chothia, 1979). It has been shown
that this provides an important contribution to coopera-
tivity.

In order to account for the pH-dependence of coopera-
tivity in Hb-trout IV we have considered two quaternary
effector binding sites to exist. The pK-values for effector
1 are 7.4 and 5.1 in the T- and R-state, respectively. For
effector 2 one finds 7.4 and 5.4 correspondingly (Table 3).
If the model of Perutz and Brunori is even partially valid,
one of these pK's has to be assigned to His(HC2)f. It is
difficult to imagine, however, that the pK of imidazole is
lower than 6.0. Therefore, it is reasonable to assume that
other amino acid groups contribute to the Root-effect,
and that the obtained pK-shifts have to be interpreted as
effective values. Further investigations are necessary to
clarify this point.
The Root effect is superimposed by the Bohr effect,

which has been found to be different for 02- and CO-
binding. Therefore, one can conclude that the related
effector binding affects directly the ligand affinity as it is
described by our theory.
As one can read from Table 2, for each subunit (a or )

two amino acid groups contribute to the Bohr effect. For
the a-subunit one obtains pK-shifts from 8.5 to 7.0 and
8.5 to 7.6, thus providing free energy in the alkaline
region. For the f-chain, one obtains pK-shifts from 7.5 to
5.8 and 7.4 to 5.9, which covers also the region of the Root
effect. In the case of CO-binding, the Bohr effect is less
pronounced. For the a-chains we obtained 8.5 to 8.1 and
8.5 to 7.7, in the f-chain 7.4 to 7.0 and 7.5 to 6.0,
respectively.

It is not possible to relate these pK-values to distinct
amino acid side chains, even though it may be reasonable
to assume that the pK-shifts assigned to the f-chains, i.e.,
7.5 to 5.8 for °2- and 7.5 to 6.0 for CO-binding, can be
attributed to His(HC3)fl. Further investigations, for
instance theoretical analysis of the ligand binding to
modified trout IV-hemoglobin, is necessary to clarify this
point.
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