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CHAPTER 1

1.1 GENERAL INTRODUCTION

Since the 19th century the properties of the respiratory protein hemoglobin
have been studied extensively in order to obtain information on the relation-
ship between 1ts structure and function. At the present a vast amount of
data 1s available.

In this chapter a number of subjects which have relevance to the follow-
ing chapters are presented. For a more detalled treatise it is referred to
a number of extensive reviews covering several fields of hemoglobin research
(1-6).

Since 1n this thesis studies concerning only human hemoglobin are pre-

sented the term hemoglobin will be used to denote human hemoglobin.

1.1.1 Structure of hemoglobin

Hemoglobin is a tetrameric globular protein with a molecular weight of
64,500. The tetramer consists of two types of polypeptide chains denoted by
a and 8. Using this notation, hemoglobin can be represented by a282. The o
and g8 chains differ in primary structure. The a chain contains 141 amino
acid residues, the g chain 146 residues. The amino acid composition of both
chains 1s given in Table 1.

Each polypeptide chain carries a heme group, an iron-protoporphyrin IX complex,
the structure of which i1s shown in Fig. 1. The iron atom of each heme group
1s covalently bound to the polypeptide chain and ligands are bound to the
iron atom at the sixth coordination site. The heme iron can occur either

in the ferrous or in the ferric state. In both states several types of
ligands can be bound. A number of derivatives are summarized in Table 2.
From the X-ray crystallographic studies of Perutz and his colleagues the
three-dimensional structure of hemoglobin has become known in great detail
(9-15) . The secondary structure of both the a and 8 chains shows eight
helical regions separated by random coil segments. The tertiary structure

of the ¢ and g chains of hemoglobin resembles very much the tertiary struc-
ture of myoglobin, a muscle heme protein, the structure of which 1s shown in
Fig. 2.

The heme group 1s found 1in a cleft between the E and F helices, the so called



TABLE 1

The amino acid composition of the
a and B chain of human hemoglobin (7).

Amino acid o chain B chain
Ala 21 15
Arg 3 3
Asn 4 6
Asp 8 7
Cys 1 2
Gln 1 3
Glu 4 2]
Gly 7 13
His 10 9
Leu 18 18
Lys 11 11
Met 2 1
Phe 7 8
Pro 7 7
Ser 11 5
Thr 9 7
Trp 1 2
Tyr 3 3
Val 13 18

H2C=C!{ /cn,
C==C
I
HC-sC //C‘HacH
HiC_ cl ' \c T,
~—~
C= "\ | J ¢
| /N—Fe —N_ [
HC \ N ] CH,
\ ): COOH
VAN
H,C CHZ-CHZ-COOH
Fig. 1. Heme group



TABLE 2

Some hemoglobin derivatives

ligand nomenclature
ferrous derivatives none deoxyhemoglobin
02 oxyhemoglobain
co carboxyhemoglobin
NO nitrosylhemoglobin
- *
ferric derivatives HZO,OH aquo-, hydroxymethemoglobin
CN cyanomethemoglobin
N fluoromethemoglobin
N; azidomethemoglobin

*for the 1onization of the watermolecule a pK value of 8.1 1s found (8)

Fig. 2. The tertiary structure of sperm whale myoglobin (reproduced
by permission from R.E. Dickerson, The Proteins 2, 603-778,
H. Neurath ed., Academic Press, New York, London). The a-
carbon positions are represented by dots. Helical regions
are indicated by letters. Random coll segements are indicated
by two letter symbols corresponding with the two adjacent
helical regions. The position of the residues NA1l and NA2
1s not given.



heme pocket. Apart from the covalent bond between His F8 (i.e. the eighth
residue 1n helix F) and the heme iron a number of van der Waals contacts
exists between the heme and the polypeptide chain.

A schematic representation of the spatial arrangement of the four chains
(the quaternary structure) in hemoglobin 1s given in Fig. 3, showing that

the molecule has a two-fold axis of symmetry.

N
N\t

a

Fig. 3. Schematic representation of the
spatial arrangement of the four
polypeptide chains in hemoglobin.

The four heme groups are placed at the corners of an irregular tetrahedron.
X-ray crystallographic data have shown that hemoglobin 1s able to adopt two
different quaternary conformations which are commonly designated R and T.
The R quaternary structure was observed for the first time 1in crystals of
horse methemoglobin (10,11). Unligated hemoglobin possesses the T quater-
nary structure (12-16). Recently it has been shown that although different
ligated forms have the same quaternary structure, the subunits show differ-
ences 1n tertiary structure dependent on the type of ligand bound (17-19).
The transition from the T state to the R state involves a rotation of the
individual subunits concomitant with small translations of the subunits
relative to each other. In the T structure a number of salt bridges are
present which break upon the transition to the R structure. Differences be-
tween the R and T conformations are also observed in the interchain con-
tacts.

The trigger for the change in quaternary structure occurring upon ligation
of deoxyhemoglobin has been postulated to be a displacement of the iron
atom relative to the plane formed by the four pyrrollic nitrogens of the
heme group (20). This hypothesis 1s based on the crystallographic studies
on ferric porphyrin complexes of Hoard et al. (21), i1n whaich i1t 1s shown

that upon a low spin-high spin transition the iron is displaced from the
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plane of the porphyrin. According to Perutz, in deoxyhemoglobin the heme
iron ishigh spin and is situated 0.7 Aout of the plane of the heme group,
while in oxyhemoglobin the iron is low spin and has an in plane position.
However, recently Eisenberger et al. (22) have reported that there are
strong indications that in oxy- and deoxyhemoglobin the iron atom is in the
same position relative to the plane of the heme group. Consequently the
trigger for the change in quaternary structure should be explained in terms

of differences in heme-subunit interactions between deoxy- and oxyhemoglobin.

1.1.2 Oxygen binding properties

In oxygen binding studies the degree of saturation Y, is measured as a
function of the oxygen pressure, po . Binding curves of this type obtained

for hemoglobin and for the isolated%; chain are shown in Fig. 4.

| d Il |

2 4 6 8 b, (mm Hgl
2

Fig. 4. Oxygen binding curves of isolated a chains (curve A) and
hemoglobin (curve B).

Clearly the curves have quite different shapes. The binding of oxygen

to the g chain is represented by a hyperbolic curve, which can be de-
scribed by one binding constant. The curve for hemoglobin has a sigmoidal
shape, which implies that an increase of the number of ligands bound

causes an increase in oxygen affinity. In other words after oxygen is bound
to one binding site the affinity of the other sites increases resulting in
cooperative ligand binding. This kind of interactions between binding sites

for the same ligand are generally referred to as homotropic interactions.
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Commonly the log Pzq value (where Py 18 the oxygen pressure at half satura-
tion) is used as a measure of the oxygen affinity. Alternatively oxygen
binding data are often presented according to Hill (23), by plotting

log Y/(1-Y) versus log po . An example of such a Hill plot is shown in Fig. 5.

2
og L T
Al ]
1t 1

2} -

| L i

2 log py,

Fig. 5. Hill plot for the oxygen binding to hemoglobin.

The slope of the curve at Y = 0.5 is known as the Hill parameter n. When
n>1 there 1s positive cooperativity. In the absence of any i1nteraction
between equivalent binding sites the Hill plot shows a straight line with
unit slope.

The oxygen affinity of hemoglobin depends on a number of effectors, e.g.
hydrogen 1ons and organic phosphates like DPG (2,3-diphosphoglycerate) and
IHP (myo-1inosltolhexaphosphate) .

These 1nteractions, between binding sites for different ligands, are known
as heterotropic ainteractions. A protein showing homo- and heterotropic
interactions which are mediated by structural changes 1is called an
allosteric protean.

The dependence of the log Psg value on the pH, known as the Bohr effect,

is shown in Fig. 6.
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Fig. 6. The pH dependence of the oxygen affinity
of hemoglobin.

The dependence of the oxygen affinity on pH means that deoxy- and oxy-
hemoglobin have different proton affinities. In other words at constant
pH deoxy- and oxyhemoglobin differ in the number of protons bound. This

difference is shown in Fig. 7.

AZ T T T T
2k .
1k .
0
Ak 4
6 7 8 9 pH

Fig. 7. The difference in number of protons bound
by deoxy- and oxyhemoglobin (AZ) as a
function of pH.
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At pH values above 6.0 oxygenation results in proton release (alkaline
Bohr effect), below pH 6.0 proton uptake is observed (acid Bohr effect).
The curves shown in Fig. 6 and Fig. 7 are related by the equation (24)

8logpg, 1
Topr 12

where AZ is the difference in the number of protons bound by deoxy- and
oxyhemoglobin.

Organic phosphates like DPG and IHP (DPG is found in human erythrocytes

with a molar ratio of 1:1 to hemoglobin) are known to lower the oxygen
affinity of hemoglobin by preferential binding to the unligated form

(25-28) . Crystallographic studies have shown that the binding site for

these phosphates in deoxyhemoglobin is formed by a cluster of eight positively
charged groups of the B chains, located at the entrance of the central cavity
(29,30).

The binding properties of other heme ligands like carbon monoxide and

nitric oxide are similar to those observed for oxygen. There are however

distinct differences in affinity.

1.1.3 Kinetics of ligand binding

The cooperativity in the binding of heme ligands, observed in equilibrium
studies, will be reflected in the kinetics of the ligand binding. The
binding of oxygen and carbon monoxide shows an autokatalytic time course,
while the dissociation rate constants increase with decreasing degree of
ligation (1).

The association rate constant for the binding of carbon monoxide to the

R state is about ten times larger than the association rate constant for the
T state. In rapid mixing experiments a rate constant for the carbon monoxide
binding to deoxyhemoglobin of about 105 M—ls_1 is observed (31). Flash photo-
lysis studies show that after hemoglobin has three ligands bound the fourth
binds with a rate constant of about 106 M-ls_1 (32).

For nitric oxide cooperativity is observed in the kinetics of the dissocia-

tion reaction only (33).



1.1.4 Allosteric models for the functional behaviour of hemoglobin

In 1965 Monod, Wyman and Changeux (34) presented a model for the allosteric
behaviour of enzymes. In this model 1t 1s assumed that the protein consists

of a number of equivalent subunits and that the protein occurs in two con-
formations with different ligand affinities. Within a given conformation all
binding sites have the same intrimnsic affinity towards ligands.

Applying this model to hemoglobin the two conformations are the T and the R
quaternary state. In both quaternary states hemoglobin can bind up to 4 ligands.
Characterizing the molecule in the T or R conformation having i ligands X

bound by Tl or Rl (1=0,...4) respectavely the system can be represented

by the following set of equilibraia:

R + X —— R T + X — T (3=1,...4)
J-1 D 3-1 — 3

A quantitative description 1s obtained by introducing the microscopic
ligand dissociation constants KR for the R state and KT for the T state

and the equilaibrium constant L for the equilibrium between RO and TO:

L = [T )/[R,]
With ¢ = KR/KT and a = [X]/KR the following saturation function is obtained

(1+a)° + Loc(1+ac)’
(1+a)4 + L(1+ac)4

Using this equation ligand binding curves of hemoglobin can be fitted satis-
factorily.

The switch-over point 1, l.e. the value at which [Ti] = [Rl],

1s given by

_ _log L
s log c

A number of extensions of this two state model are known. Extensions have
been proposed where the nonequivalence of the a and f chains is taken into
account (35-37) or where a third conformational state 1s assumed to provide
a satisfactory description of the influence of allosteric effectors on the
oxygenation properties of hemoglobin (38).

In contrast to the model of Monod, Wyman and Changeux (MWC model) in which
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cooperativity 1in ligand binding 1s assumed to be caused by a change in
quaternary conformation in 1966 Koshland, Némethy and Filmer have presented
a model (KNF model), where the assumption is made that ligand binding to a
subunit introduces a conformational change in the subunit only (39). In this
model the affinity of the other subunits is affected by a change in inter-
actions between subunits.

Experiments carried out in the period after the presentation of both models
have led to a preference for the two state MWC model.

A stereochemical mechanism explaining the functional properties of hemoglo-
bin i1n terms of detailed conformational changes has been presented by

Perutz (20). The mechanism 1s based on the two quaternary structures observed
for hemogloban i1n X-ray crystallographic studies. Perutz assumes that withan
a given quaternary state the subunits can exist in two tertiary structures
corresponding to the ligated and the unligated state.

A thermodynamic treatment based on this stereochemical mechanism has been

presented by Szabo and Karplus (40).

1.1.5 Artificial intermediates

In order to obtain information about the properties of the half ligated

state of hemoglobin the so called artificial intermediates are of great
1nterest., Artificial intermediates or hybrids are hemoglobin molecules in
which the hemes of the a and the B chains are in different states. The term
hybrid 1s also used for hemoglobin molecules with polypeptide chains of
different mammalian hemoglobins. It became possible to prepare artificial
intermediates after Bucci and Fronticelli reported that chemical modificatior
of the -SH groups 1n hemoglobin with p-chloromercuribenzoate results in a
dissociation of the tetramer into monomers (41). After separation, the o and
B chains can be prepared 1in different states. Recombination of the chains
vields the desired intermediate.

Intermediates with carbon monoxide or oxygen as ligand are not stable be-
cause the rate of dissociation for these ligands 1s too fast.

The only relatively stable intermediates in which both types of chains are

i1n the ferrous form are agoaz and a§082(42). However, since 1t has been

shown that the behaviour of nitrosylhemoglobin differs significantly from
the behaviour of oxy- or carboxyhemoglobin (43-45) the nitrosyl intermediates
can no longer be taken as being representative of hemogloban half ligated
with CO or 02.

18



Very stable artificial intermediates are obtained by mixing one chain in
the ferric form with 1ts partner chain in the ferrous form. These inter-
mediates are called valency hybrids. The functional properties of the
valency hybrids has been the subject of many studies (46-56). In the ab-
sence of 1norganic or organic phosphates valency hybrids show little
cooperativity 1n oxygen binding but a significant Bohr effect (48,49,54).
Experiments on the kinetics of the binding of carbon monoxide to valency
hybrids (53) show that in the absence of phosphates the hybrids react
predominantly with a rate characteristic of the R state.

Using NMR techniques, Ogawa and Shulman (50) have shown that in the ab-
sence of phosphates the cyanomet valency hybr:ids with unligated ferrous
heme groups have the gquaternary R structure. Upon addition of DPG a;CNBZ
assumes the T state while for GZBZCN the R to T transition occurs only

upon addition of IHP.

1.2 INTRODUCTION TO THE FOLLOWING CHAPTERS

1.2.1 Influence of organic phosphates on the Bohr effect

In addition to the effect on the oxygen affinity, organic phosphates have
been shown to influence the Bohr effect of hemoglobin (57-59). The change
in Bohr effect induced by organic phosphates 1s due to a difference 1n
1nteraction of these organic phosphates with deoxy- and oxyhemoglobin. Up
to 1973 1t was assumed that only the i1nteraction of phosphates with deoxy-
hemoglobin was important, while that with oxyhemoglobin could be neglected.
In contrast to this commonly accepted opinion it has recently been shown
that DPG binding to oxyhemoglobin contributes significantly to the DPG
induced change in the Bohr effect (60,61). Furthermore strong indications
have been presented that oxy- and deoxyhemoglobin have the same binding
site for organic phosphates (62).

This influence of organic phosphates on the Bohr effect can be described

according to the following scheme (60):
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AZ
Hb — HbO

2
A22 AZ3
AZ4
Hb P —> HbO2 P

where P stands for the organic phosphate and AZI,...AZ4 represents the
number of protons released per tetramer in the several reaction steps as

indicated. From the scheme it follows that

AZ4 - AZ1 = AZ3 - A22

It is seen that the additional phosphate induced Bohr effect (Az4 - AZZ)
is caused by a difference in interaction of the phosphate with oxy- and
deoxyhemoglobin (AZ3 - AZZ)'

The influence of DPG on the Bohr effect of human hemoglobin is shown in

Fig. 8.

AZ T T T T
aZ,

2} aZ, 1

1 4

0 —

1t JI
L 1 1 - I
6 7 8 9 pH

Fig. 8. The Bohr effect in the presence (AZ4) and
the absence of DPG (AZI).
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In Fig. 9 A22 and AZ3 are given as a function of pH.

aZ T T T T

o\

aZ, AZ,
-05} ]

A L s 4

6 7 8 9 oH

Fig. 9. Number of protons released upon the binding
of DPG to oxy- (AZB) and deoxyhemoglobin (AZZ)'

In chapter 2 and 3 of this thesis 1t 1s shown that a model analogous to
the one outlined above can also describe the influence of chloride ions on

the Bohr effect.

1.2,2 Molecular mechanism of the Bohr effect

Since the discovery of the Bohr effect a large number of studies have been
performed 1in order to clarify the molecular mechanism of this effect.

With respect to the acid Bohr effect 1t has been suggested that a number
of carboxyl groups are responsible for it (20,63,64). However, no direct
crystallographic or chemical evidence has been presented as to the ildentity
of the acid Bohr groups. It will be shown i1n chapter 3 and 4 of this
thesis, that the acid Bohr effect observed between pH 5.5 and 6.0 is pre-
dominantly due to a difference in interaction of chloride i1ons with oxy-
and deoxyhemogloban.

On the other hand in relation to the alkaline Bohr effect a number of
groups have been identified as Bohr groups. Chemical modification of the
q-amino groups of the g chain results 1n a reduction of about 25% 1n the
alkaline Bohr effect, suggesting that this group 1s partly responsible

for the Bohr effect (65). Moreover X-ray crystallographic data (14,15)
show that in deoxyhemoglobin the g—-amino group of Val lo forms a salt-

bridge with the carboxyl group of Arg 14la of the opposite a chain. This
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saltbridge 1s disrupted when deoxyhemoglobin 1s converted to the ligated
state. As a result the pK of the g -amino group 1s lowered leading to a
release of protons.

In 1973 Kalmartin et al. (66) presented evidence that His 1468 1s involved
1n the Bohr effect. From a comparison of the NMR spectra of normal hemo-
globin with those of des His-hemoglobin (i.e. hemoglobin where the His

146B residues have been removed by digestion with carboxypeptidase B) they
were able to determine the pK value of His 1468 in deoxy- and oxyhemoglobin.
The pK changes for Val 1a and His 1468 observed upon ligation of deoxyhemo-
globin can account for about 75% of the alkaline Bohr effect.

So far only suggestions about the identity of the missing Bohr group re-
sponsible for the remaining part of the dalkaline Bohr effect have been
presented (20). Since chloride i1ons contribute substantially to the alkaline
Bohr effect (chapters 3 and 4 of this thesis) 1t can be hypothesized that a
difference 1n interaction of chloride ions with oxy- and deoxyhemoglobin 1s
responsible for this remaining part of the Bohr effect.

Besides the problem of the i1dentaty of the Bohr groups the question exists
whether the T to R transition 1s the only mechanism for the release of

Bohr protons. It is not yet clarified whether the change in tertiary struc-
ture, which the subunits show upon ligation, may also cause a release of
protons. Experiments with mutant and chemically modified hemoglobins in which
the stability of one of the two quaternary structures is affected, poaint to
a lainkage of the Bohr effect to the change in quaternary structure (2, 67).
In 1975 Imai and Yonetani (68) showed that the four Adair constants used
for the description of the binding of oxygen to hemoglobin appear to have
different pH dependences. This result indicates that the number of protons
released 1s not the same for the four stages of oxygenation. Nevertheless
in equilibrium studies it has been observed that at neutral pH the release
of Bohr protons i1s linear in the degree of ligation (69,70). This must

be attributed to the strong cooperativity of the oxygen binding as a result
of which the populations of the non ligated and fully ligated states
dominate the populations of intermediate states.

Kinetic experiments, where the contribution of partially ligated states

is significant have also shown that the release of Bohr protons 1s linear
1n the degree of ligation (71-73). These experiments therefore suggest

that the Bohr effect 1s related to changes in tertiary structure of the

subunits rather than to the change in quaternary structure. Based on an
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investigation of the Bohr effect of valency hybrids in the presence and
the absence of organic phosphates an identical conclusion is arrived at in
chapter 5 of this thesas.

For the monomeric Chironomus thummi thumm: hemoglobin also a Bohr effect
has been found, indicating that this effect 1s not an exclusive property
of tetrameric hemoglobins (74). Moreover the isolated a and B chains of
human hemoglobin possess a small but definite Bohr effect (chapter 6 of
this thesis). The acid Bohr effect of the chains i1s comparable in magnitude
to that observed for tetrameric hemoglobin.

A general representation of the Bohr effect within a two state MWC model
has been presented by Shulman et al. (14). In this model nT protons are
released upon binding of a ligand to hemoglobin in the T state, ng protons
upon binding of a ligand to the protein in the R state, while nl protons
are released upon the transition from Tl to Rl. The parameters n_, n_ and

T R

n; can be expressed in the MWC parameters as follows:

d log KT

T d pH

d log KR
R d pH

d log L
o} d pH

o]
il

N no + 1(nR - nT) (i=0,....4)

Following this scheme, experiments of Imal and Yonetani (67) indicate
that nR 1s small. This 1s in contrast to the observed Bohr effect for the
cyanomet valency hybrids (48,49,54, chapter 5 of this thesis) which are
believed to be for the greater part in the R state when unligated (50).
For aquomet hybrids, which have a Bohr effect nearly identical to that
observed for the cyanomet valency hybrids this problem does not exist
because from kinetic experiments presented in chapter 7 of this thesais
indications are obtained that ligand free aquomet valency hybrids are in

the T state.
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1.2.3 Kinetic properties of partially ligated states of

human hemoglobin

In chapter 7 of this thesis a study of the kinetic behaviour of methemo-
globin partially reduced by hydrated electrons is presented. The kinetics
of the binding of carbon monoxide to these molecules provide information
about their quaternary structure. The results show that at neutral pH
reduction of two heme groups is required to induce the change from the R
to the T state, This indicates that unligated aquomet valency hybrids are
in the T state.

In chapter 8 of this thesis the kinetic properties of partially and fully
reduced valency hybrids are reported. Total reduction of these hybrids

results in the formation of the carbon monoxide intermediates azﬂgo and
COB

az e
the ligation process of deoxyhemoglobin with carbon monoxide.

These are real intermediates in the sense that they occur during

Comparison of the kinetic behaviour of these intermediates with the kinetic
properties of cyanomet valency hybrids, which up to now have been used as
model systems for the half ligated state of hemoglobin, shows that there are
differences in behaviour between the carbon monoxide intermediates and the

cyanomet valency hybrids.
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THE INTERACTION OF 2,3-DIPHOSPHOGLYCERATE WITH HUMAN
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SUMMARY: Binding of 2,3-diphosphoglycerate (DPG) to both deoxy-
hemoglobin (Hb) and oxyhemoglobin (HbO,) 1s accompanied by an
uptake of protons. A study of thas pro%on uptake as a function
of n, the mole to mole ratio of DPG and hemoglobin, yielded
adsorption i1sotherms which could be described with one single
association constant. It appeared that at pH 6.8 the proton
uptake per molecule of DPG bound 1is larger for HbO, than for Hb.
The data showed that the binding of DPG to Hbo2 1s“functionally
significant.

DPG has a remarkable effect on the oxygen affinity of human
hemoglobin; P50 the oxygen pressure at half saturation increases
strongly on addition of DPG (1-3). It 1s now known that
1n addition to this effect DPG also increases both the alkaline
(4-7) and acaid Bohr effect (7). In a recent report (8) we have
shown that the increase in alkaline Bohr effect i1s due to an
uptake of protons which occurs upon binding of DPG to Hb and
that the increase in acid Bohr effect 1s surprisingly due to an
proton uptake occurring upon binding of DPG to Hboz. These two
results were confirmed by the observations of Kilmartain (9). The
data showed however that at n=1.3 the influence of the banding
of DPG to Hbo2
pH values above pH 7.3, In this paper we extend our study of
the DPG effect to higher n values, up to a DPG concentration of
5 x 10‘.3 M. We measured the number of protons taken up upon
a) mixing solutions of Hb and DPG, b) oxygenation of Hb in the

on the Bohr effect could almost be neglected at

presence of DPG, c) oxygenation of Hb in the absence of DPG
and d) mixing solutions of HbO2 and DPG. Indicating the number
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of protons bound per tetramer along the several pathways by

Aza, AZ AZc and AZ . the following equation will hold:

b’ d

8Z_ + 82y = b2 + 824 (1)
Since Aza and Azd will be proportional to the number of DPG
molecules bound, a determination of these quantities as a
function of n will yield the association constants of the
binding of DPG to Hb and Hb02.
The pH stat procedure has been outlined i1n our previous
report (8). In all experiments the concentration of hemoglobin

was 2.5 x 10_4 M per tetramer. The highest DPG concentration

used was 5 x 10_3 M (1.e. n=20), which 1s equal to the DPG
concentration in vivo. When protons were bound AZ values were

given a positive sign.

In Fig. 1 AZa and Azd values measured at pH 6.8 have
been plotted vs. n, The shape of the two curves corresponds to
normal binding isotherms and can be described with a single
association constant for both Hb and HbO2 (see below). Without
doing a quantitative analysis the data indicate that at pH 6.8
Hb binds DPG stronger than HbO2 and that at this pH the maximum
proton uptake upon binding of DPG is at least twice as large
for HbO2
From eqn. 1 1t follows that the DPG induced Bohr effect

(Azb - AZC) should be equal to (AZd - AZa). These two difference

as for Hb.

quantities have been plotted in Fig. 1 too (lower part); 1t can
be seen that the agreement between the two 1ndependent sets of
data 1s very good. The difference curve shows that at low values
of n the DPG induced Bohr effect 1s negative; this 1s due to

the large affinity of DPG to Hb; at high values of n, where the
binding of DPG to HbO2 becomes increasingly important the induced
Bohr effect 1s positaive.

The full lines of curves a and d were calculated using a non
linear least squares fitting procedure. The curves were fitted
using two parameters, viz. the association constants for the
hemoglobin DPG complex and the maximum values for Aza and
AZ . for n going to infinity. Only one binding site was

d
assumed to be present in both Hb and Hb02. At pH 6.8 we found
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0PG induced Bohr effect

number of protons bound per tetramer

Fig. 1 Number of protons bound upon binding of DPG to Hb
(curve a) and HbO2 (curve d); n 1s the mole to mole
ratio of DPG and hemoglobin; full lines were calculated
(see text). In the lower part the DPG induced Bohr
effect has been plotted: (&), directly observed values;
(0), obtained by subtracting curve a from curve d;
pH = 6.8, hemoglobin concentration 2.5 x 10-4 M (tetramer

basis), KCl concentration 0.1 M, temp. 250C.

Fig.2. The DPG induced Bohr effect (AZ, - AZC) observed at

b
various pH values; these pH values are indicated in

the figure. KC1l concentration 0.1 M; temp. 25°C.

for Hb K = 1.7 x 104 ML, Azgax = 0.77; for HbO, we calculated
Kass = 1.2 x 103 M_l, Azgax = 1.64. The fact that our data proved

to be consistent with the assumption of one binding site in both
Hb and HbO2 1s 1n agreement with the results obtained in direct
binding studies (10-12), although some additional weaker binding
si1tes have been observed (13, 14). The relatavely large difference
of more than a factor 10 between the two association constants 1is
1in better agreement with the results of Benesch and Benesch (10)
and Benesch et al. (11) than with the results reported by Chanutin
and Herman (13) and Garby and Verdier (14).

In Fig. 2 the DPG 1induced Bohr effect 1s shown at various
pH values. The data show that i1in going from low to high pH the

contribution to the Bohr effect of the binding to HbO2 decreases
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number of protons bound per tetramer

Fig. 3. The Bohr effect as observed at various values of n:
(o) n=o0; (®) n=1.3; (&) n=5; (O0) n=20; KCl con-
centration 0.1 M; temp. 25°¢c.

in proportion to the increasing contribution of the binding of

DPG to Hb. Above pH B8 only the latter 1s observed. It must be
noticed here that our data prove that the mechanism of the enhance-
ment of the alkaline Bohr effect by DPG as proposed by Riggs (15)
was partly correct; in this model it 1s assumed that both HbO2

and Hb bind DPG under uptake of protons. However 1t was also
assumed that the pH dependence of this proton uptake was equal

for both Hb and HbOz; aceording to this mechanism only the alkaline
Bohr effect would be affected by the DPG binding to Hb and HbO
This 1s evidently not the case.

2°

The curves obtained near the physiological pH show that at
high n values the induced Bohr effect tends to go to zero. Thas
1s consistent with the observation of Benesch et al. (14) that
the values for Alog pso/ApH were 1i1dentical at high and zero DPG
concentration, while at intermediate concentrations larger values
were observed than at n=0; this phenomenon was explained by
assuming that it was caused by the pH dependence of the binding
of DPG to Hb; our data show that the actual reason 1is that at
pH 7.3 the two contrabutions to the Bohr effect of the binding
of DPG to Hb and HbO2 cancel out.

Our results invalidate the assumption made 1in reports on
the ainfluence of DPG on the oxygen saturation curves of hemoglobin
(16, 17) vaiz. that DPG only binds to Hb and to hemoglobin partial-
ly saturated with one or two ligands. The hemoglobin and DPG con-
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centrations used in these oxygenation experiments were such that
comparison is possible to conditions existing at n=10 in the
experiments described in this paper. Fig. 3 clearly shows that
at pH 7.3 the binding of DPG to HbO2 cannot be considered as
functionally ainsignificant; from this it follows that the Adair
constants are affected by this binding, which 1s 1n contrast

to the assumption mentioned above.

In Fig. 3 Bohr curves are shown at various values of n.

The data show that the curves get displaced to the raight when n
1ncreases. At high n values the curve 1s considerably different
from previously reported curves (6-9) obtained at n values

near one. It might be noted again, that, i1f the interaction of

DPG with HbO2 would have been negligible, the increase in alkaline
Bohr effect would have been much larger at neutral pH than
actually 1s observed. In view of this the conclusion 1is inevitable
that log Pgg 1S strongly influenced by the interaction of DPG

with HbO2 - note: the difference 1in log Pgg between pH 9 and any other
pH can be calculated by integrating the curves shown in Fig. 3
from pH 9 to that pH -.

At pH values below pH 6 we see that at high n values the
curves tend to coincide with the curve measured at n=0; we think
that this 1s due to the fact that in this pH region protons are
released when DPG bands to Hb, whereas above this pH protons are
taken up (8).

The nature of the DPG binding site in Hb is well established. It
1s at the entrance of the central cavity, where a cluster of
positively charged groups form saltbriadges with the negatively
charged groups of DPG (18). In preliminary experiments we studied
the influence of the presence of DPG on the reactiavity of the
a-NH, group of the o chain. In the presence of DPG we found a
diminished reactavity. As a result we are inclined to thank
that the a-NH2 group of the a chain 1s involved in the binding
of DPG 1in Hb02. If this is true, HbO2 has two i1dentical binding
sites for DPG. It will be obvious that the simulated curve for

the binding of DPG to HbO, as shown in Fig. 1 can be fitted

2
equally well assuming two identical sites with a maximum value

for Azgax of 0.82 per site instead of 1.64 in the case of one
binding site.

In a previous paper we have shown that the DPG binding site

in HbO2 must be absent in Hb (8). The a-NH, group of the a chaain

2
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fulfills this requirement; for in HbO2 this group is free to move,

whereas in Hb it forms a saltbridge with the carboxyl group of
Arg HC3 (141)a(18). More experiments will be needed to establish

the nature of the DPG binding site in HbO

2"
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SUMMARY: Studying the effect of KC1l on_the Bohr effect of human
hemoglobin, 1t appeared that at low Cl concentration the alkaline
Bohr effect 1s considerably smaller than i1t 1s at a Cl 1on concen-
tration near 0.1 M. The data show that at least part of the Bohr
effect, that thus far could not be attributed to a particular
residue in hemoglobin, 1s due to interaction of hemoglobin with
anions. The effect of KC1l on the Bohr effect shows a striking
similarity with the effect of 2,3-diphosphoglycerate (DPG) on the
Bohr effect. Based on this a mechanism 1s proposed which satisfacto-
rily explains the observed salt effect.

Recently (1) we have shown that the effect of DPG on the Bohr
effect can be attributed to the fact that bainding of DPG to both
deoxyhemoglobain (Hb) and oxyhemogloban (HbOz) 1s accompanied by an
uptake of protons. It was established that the binding of DPG to
HbO2 increases the acad Bohr effect (or decreases the alkaline
Bohr effect) whereas the binding to Hb enhances the alkaline Bohr
effect. These results were confirmed by Kilmartin (2). Studying
the i1nfluence of high salt concentrations on the proton dissocia-
tion behaviour of Hb and Hb02, we recently observed (unpublished
results) that surpraisingly the free energy of saltbridges occurring
in Hb and thought to be responsible for the Bohr effect was not in-
fluenced by high concentrations of univalent salt. This weakening
of the salt bradges at high 1onic strength has long been assumed
to occur (3-6). In view of these results and the fact that
high salt concentration decreases the oxygen affinity of hemo-
globin 1n a way similar to DPG (7), 1t can be hypothesized that the
influence of salt on the Bohr effect as observed by Antonini et al.

(3) and ourselves (unpublished results) might equally well be
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attributed to a different interaction of univalent anions with Hb
and Hboz, respectively. We present therefore in this paper prelimi-
nary results concerning the influence of chloride i1ons on the Bohr
effect at various pH values.

The measurements were carried out following the pH stat proce-
dure described earlier (1). With this method the number of protons
released upon oxygenation of Hb are measured. Isoionic solutions
of hemoglobin freed from DPG (1) were adjusted to a known Cl 1ion
concentration (KCl, Merck, suprapur). Starting from the i1soionic
point pH values were adjusted with HCl or NaOH. The Cl  1on concen-
trations were corrected for the small amounts of HCl added. In all
experiments the hemoglobin concentration was 1.6 x 10-4 M on tetra-

o
mer basis. The measurements were carried out at 25 C.

Fig. 1 shows the dependence on the chloride concentration of

number of protons released per tetramer

n I L 1 1
0 10 20
Ci™ concentraton (M)

Fig. 1. The dependence on the chloride i1on concentration
of the number of protons released upon oxygenation of
deoxyhemoglobin. The experiments were carried out
at pH 7.0 (0), pH 7.3 (o), pH 8.0 (®) and pH 8.5 (4).
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the number of protons released upon oxygenation of Hb. All curves
obtained show a striking similarity with the curves obtained

studying the dependence of the Bohr effect on the DPG concentration
(see preceding paper). Also in the presence of Cl™ ions the curves
resulting from measurements at pH 7.0 and pH 7.3 at first show a

sharp 1ncrease in the number of protons released followed by a

rather gradual decrease. Similarly at pH 8 and 8.5 a strong increase

in the number of released protons 1s at first observed at low Cl~
concentration, but above a certain salt concentration the curves

tend to level off at these pH values. Similar behaviour was seen

when the influence of DPG on the Bohr effect was examined. In the

case of this DPG effect we were able to elucidate the mechanism causing
1t. The most important feature of this mechanism 1s that the binding

of DPG to both Hb and HbO2

It was posslble to prove this since solutions of DPG can be added

1s accompanied by an uptake of protons.

to solutions of Hb or HbO2 while keeping the ionic strength con-
stant. However this kind of experiments cannot be carried out with
KCl. The model we propose for the influence of Ccl” ions on the
Bohr effect will therefore be based on the observed similarity
1in behaviour of Cl1  1ons and DPG as far as the influence on the
Bohr effect and oxygen affinity (7) 1s concerned. The model 1is
i1dentical to that which proved to be valid for the interaction of
DPG with hemoglobin. It can be formulated as follows.
a] Chloride ions bind to positively charged groups in both Hb
and Hb02; b] due to this bainding the pK of these positively
charged groups 1s increased which means that upon binding of
Cl™ 1ons protons are taken up; c] the groups to which chloraide
1ions are bound in HbO, have a lower pK than the groups which
are the binding sites in Hb; d] chloride i1ons are weaker bound
to HbO2 than to Hb.

The above mechanism can explain satisfactorily the shape
of the curves in Fig. 1. The sharp increase in the number of
protons released observed at all pH values 1s due to a stronger
binding of Cl” to Hb as compared to the binding of Ccl™ to HbOz.
The decrease at high 1onic strength observed in the curves measured
at pH 7.0 and 7.3 1s due to the fact that at high Cl concentration
the effect of the binding of Ccl™ to HbO2 1s counteracting the
contribution of the binding of C1 by Hb to the Bohr effect. The
two curves at pH 8 and 8.5 tend to reach a constant level and show

no decrease at high salt concentrations, because at high pH the
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groups in HbO2 which bind Cl1 ions are then no longer charged and
consequently incapable of binding.

The proposed mechanism 1s supported by the NMR results of
Chiancone et al. (8) and Bull et al. (9) who found that Cl~ ions
are bound by Hb and HbO2 and that the ligand affinity of the binding
site in Hb was larger than that of the site in Hb02. From a NMR
study on the chloride binding to hemoglobin Abruzzo, in which
His (143)8 has been replaced by Arg, Chiancone et al. (10) con-
cluded that this histidine may be involved in binding of Cl™ 1oms.

In Fig. 2 we enlarged part of Fig. 1 up to a Cl™ concentration

pH
73
70

85

number of protons released per tetramer

0 i 1
005 01
LI~ concentration (M)

Fig. 2. Enlarged part of Fig. 1 up to a chloride concentration
of 0.1 M. For the meaning of the symbols we refer to
the legend of Fig. 1.

of 0.1 M. The curves drawn for the data obtained at pH 7.3 and
7.0 show the usual value of about two protons released at a KC1
concentration near 0.1 M. On going down to KCl concentration of

3 x 10-3 M the number of Bohr protons released decreases strongly
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and reaches a value of 60 to 70 percent of the effect measured
at [Cl—] = 0.1 M. The decrease observed at pH 8.0 and 8.5 1s
comparatively even larger than observed at the other pH values.
The difference in slope of the curves shown 1in Fig. 2 support the
proposed mechanism for the interaction of chloride ions with hemo-
globin as outlined above. In going to high pH the slope of the
curves becomes smaller which indicates a decrease 1n affinity of
Cl” 1ons to deoxyhemoglobin upon an increase in pH. This decrease
in affinity has also been observed with DPG. It 1s caused by the
fact that at high pH groups involved in the binding become 1onized
and loose their positive charge so that anion will not be bound
in that pH range.

From the data reported we are led to important conclusion
that part of the Bohr effect measured at (C17) = 0.1 M 15 due
to an interaction of Cl 1ons with deoxyhemoglobin. The effect
measured at (Cl°) = 0.1 M cannot totally be attributed to the
so called Bohr groups, which are positively charged groups forming
saltbridges with negatively charged partners in Hb. In other words
a great part of the Bohr effect 1s not merely a pioperty of hemo-
globin 1tself being more or less independent from solvent condi-
tions, but on the contrary a great part of the effect 1s strongly
related to interaction of hemoglobin with the solute. It might
be noted that our results are consistent with crystallographic
data in so far as up till now a part of the Bohr effect could not
be attributed to any particular saltbridge (11). Perutz has pro-
posed His H5(122)a which forms a saltbridge with Asp H9(126)a

both in Hb and ain HbO as a possible Bohr group although they

’
emphasized that they gould not find clear crystallographic evidence
for a change 1n free energy of the saltbridge upon oxygenation
of deoxyhemoglobin (11).

To conclude we think 1t should be realized that our conclusion
about the part played by Cl” and other anions will stand even if

the model proposed would appear not to be correct.
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CHAPTER 4

The Effect of Potassium Chloride on the
Bohr Effect of Human Hemoglobin*
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SUMMARY

The normal and differential titration curves of liganded
and unliganded hemoglobin were measured at varnious KCl
concentrations (0 1 to 2.0 M). In this range of KCl concen-
trations, the curves for deoxyhemoglobin showed no salt-
mmduced pK changes of titratable groups. In the same salt
concentration range oxyhemoglobin showed a marked change
1 titration behavior which could only be accounted for by a
salt-induced increase 1n pK of some titratable groups. These
results show that the suppression of the alkaline Bohr effect
by high concentrations of neutral univalent salt 1s not caused
by a weakemng of the salt bndges in deoxyhemoglobin but
1s due to an 1teraction of chlonde 1ons with oxyhemoglobin.

Measurements of the Bobr effect at vanous KCl concen-
trations showed that at low chlonde 10n concentration (5 X
10~ M) the alkaline Bohr effect 1s smaller than at a concen-
tration of 0.1 M. This observation indicates that at a chlonde
10n concentration of 0.1 M, part of the alkaline Bohr effect 1s
due to an interaction of chlonde i0os with hemoglobin.
Furthermore, at low concentrations of chlonde 10ns the acad
Bohr effect has almost vanished. Ths result suggests that
part of the acid Bohr effect anses from an interaction of
chloride 10ons with oxyhemoglobin.

The dependence of the Bohr effect upon the chlonde 100
concentration can be explained by d
of chlonde i0ms to both oxy- and deoxyhemoglobm, w1th
deoxyhemoglobin having the highest afimuty.

The quaternary structure of unliganded hemoglobin differs
considerably from that of hganded hemoglobin (1) In Hb
there are a number of salt bridges which are absent in HbO,
Some of the positively charged partners of these salt bndges are
titrated 1n the neutral pH range At pH near 9 these groups are
no longer charged and are unable to form salt bndges, causing a

* This work was supported 1n parL by a grant from the Nether
lands Orgamizauion for Lthe Advancement of Pure Resesrch
(Z W O ) under the auspices of the Foundauion for Chemical Re
gsearch (SON)

! The abbreviations used are Hb, deoxybemoglobin, HhO,, oxy

the Department of Biophysical Chemastry,

Unwersity of Niymegen, Toernooweld, Niymegen,

destabilization of the deoxystructure (T state) with respect to
the oxyvstructure (R state) In other words the allosteric con
stant, L (2), which describes the equihbrium between the R and
T state, 1s pH dependent  Consequently the value of log pu
1s pH dependent Going from pll 6 to pll 9 log pw decreases
Thi effect 1s known as the alkahne Bohr effect The pH de
pendence of log pe 18 related to AZy, the difference in the num
ber of protons bound by Hb and HbO, by (3)

3 log p
%0 .1 1
s vl m

On a molecular level this change n proton charge upon hga
tion 1s explained as follows During the transition from the T
to the R state the salt bndges break up, causing a change 1 pK
of the groups nvolved mn the salt bndges This results n a
release of protons at neutral pH  Up to now the groups which
have been identified as alkeline Bohr groups are His HC3(146)8
and Val NAI(1)a, they form salt bndges with Asp FG1(94)8
and Arg HC3(141)a, respectively (4-10) These Bohr groups
are responsible for about 709, of the total alkaline Bohr effect
at a KC] concentration of 01 M Perutz has suggested that the
still missing Bohr group might be His H5(122)a, forming a salt
bndge with Asp H9(126)a 1n Hb (1) He emphasized, however,
that there 1s no clear crystallographic evidence for 8 pK shift of
this group upon higation Below approxamately pH 6 protons
are taken up upon ligation of Hb This 1s known as the acid
Bohr effect

Neutral salts have a marked effect on the oxygen affimty and
on the Bohr effect of human hemoglobin (11-13) At increasing
salt concentration the oxygen affinity decreases and the Bohr
effect 1s strongly suppressed However, no influence on the
value of the Hill parameter 1s observed

Previously, the suppression of slkaline Bohr effect by high
concentrations of a neutral salt has been interpreted as a weaken-
ing of the salt bridges, resulting in a destabulization of the deoxy-
structure (5) On the other hand, Huestis and Raftery (14)
recently ponted out that hydrophobic tnteractions rmght be
unportant m destabilizing the oxytetramer at high salt concen
trations This suggestion was based on the wnvanancy of the
Hill parameter with respect to vanations of the onic strength
and on the observation that the oxygen affimty decreases upon
mnereasing 1onie strength  In & recent short report oo the de-

d of the alkahine Bohr effect on the chlonde 1on concen-

hemoglobin, HbCO, carboxyhemoglobin, P4, the oxygen p
at half-saturation

tration (15), we showed that the number of Bohr protons re-
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leased upon ligation increases in gowng from a chlonde 1on con
centration of 5 X 107" M to a concentration of 0 1 M followed by
a decrease 8t higher concentrations From this observation we
concluded that part of the alkaline Bohr effect which could not
be attnbuted to & particular Bohr group actuslly anses from
mteractions of chlonde 10ns with hemoglobin  As a result of
our 6bservations on the wnfluence of 2 3-diphosphoglycerate on
the Bohr effect (16, 17) we have proposed a model which satis
factorly describes the influence of chlornde 10ons on the Bohr
effect The emential features of the model are (a) chlonde 10ns
are bound both to Hb and HbO, (b) the affimty of Hb towards
chloride 1ons 18 larger than that of HbO, (c) the posiively
charged groups to which chlorde 10ns are bound undergo an
wncrease 1n pK and (d) the groups which bind chlonde 1ons 1n
HbO; have a lower pK than those n Hb  Since pK shifts intro
duced by chlonde binding will strongly affect the proton binding
behavior of hemoglobin we present in this paper a study of
hydrogen 10n titration curves of b and HbCO at KCI concen
trations ranging from 0 1 M to 2 0 M, with additional data on the
mfluence of chloride 10ns on the Bohr effect 7The influence of
NaCl on the titration curves of HbO, and HbCO has been meas
ured by Antonini ef al (18) 1n 1963 However we re examined
these data because removal of 2 3 diphosphoglycerate could
have been incomplete at that time and this would have interfered
with the results  Although AZ; values as defined by }quation
1 can be obtained by subtracting the hydrogen ion titralion
curves of Hb and HbO; the Bohr data presented in this paper
were obtained by a more accurate direct measurement using a
pH stat techmgue

The results indicate that the above model can indeed account
for the effect of KCl on the proton binding behavior of hemo
globin in every aspect

MATERIALS AND METHODS

Human hemoglobin was prepared by the toluene method of
Drablon (19) The hemoglobin solutions were dialyzed against
distilled water and freed from 2 3 diphosphoglycerate and other
10ns by repeated pasaing through e mixed bed 10n exchange column
(Amberhite IRA 400 and IR 120)

Hydrogen 10n titration curves were determuned at 25° with auto
matic titration equipment as described elsewhere (20) This
equipment has meanwhile been improved by using a pH meter of
very high stability which was built with an electrometer opera
tional amplhifier (Analog Devices type 311 K)

In each experiment 4 ml of the hemoglobin s>lution were brought
nto the titration vessel In the experiments with Hb the hemo
globin solutions were deoxygenated 1n a rotating tonometer while
argon was continuously passid over the solution The time
needed to reach equilibrium was about 5 min and complete deoxy
genation was checked spectrophotometrically using the mclar
abaorption coefficients reported by Benesch et @l (21) The sam
ples were trensferred anaerobically to the titration vessel The
solulions were broughl to the desired concentration of chloride
1008 with KCl (Merck Suprapur) and KCI was also added to the
utrant to ensure a constant KCl concentration during the meas
urements

The titrations of Hb were performed under argon those of
HbCO were performed under oxvgen Replacement of carbon
monoxide by oxygen does not influence the results because the
titration behavior of HbCO and HbO, 1s 1dentical  As s reference
point for counting Zy the mean proton charge of the protein we
took a8 usual the soiomic pH Because a difference titration
curve of Hb and HbO, 18 leas accurate than a direct measurement
of the difference in protens bound by Hb and HbO, at constant
PH the Bohr curves were measured with a pH stat at 25°

For these experiments we have constructed very scnsitive pl{
stat equipment The sensitivity of the equipment 1s such that
titrant 1s added as soon as the pll difference between the actual
and the chosen pH amounts to only s few ten thousandths of a
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pH unit while the rate of titrant addition 1s proportional to this
difference

As titrants HCl and NaOH were used NaOH was stored 1n
wax coated flasks and kept free of carbonate The hemoglobin
concentration of the solutions was determined by drving to con
stant weight at 105°  All resulta shown are averages of at least
three experiments carned out with different hemoglobin prep
arations

Ultracentrifugation was performed with a model E Spinco ultra
centrifuge A synthetic boundary valve type cell was used to
facilitate sn accurate determination of the boundary position
All runs were performed at 25° at a speed of 67 770 rpm

RESULTS

In Table I the Zg values for both Hb and HbCO are tabu
lated as a funclion of the pH at different <alt concentrations
The Zy values hsted for HbCO are rather different from those
reported by Antomim ef @l (18) At a alt concentration of 01
M our data indicate a value of 725 for the 1soionic pll 1n con
trast to a value of 68 found by Antomm et al \lorcover the
data of Antonim el al give o difference of 28 4 1n proton charge
between pH 60 and pH 90 where we established a valuc of
26 2 which 15 1n agreement with the aimno acid composition of
human hemoglobin  Generally we find fewer titratable groups
al diffierent KCl concentrations  This diserepancy mught have
been caused by incomplete removal of 2 3-diphosphogly cerate
from their hemoglobin preparations

The data <how that at constant pH the change 1n mean proton
charge upon increasing 1ome strength 1s larger for HbCO than
for Hb  The fact that high salt concentration, affcct the proton
binding behavior of Hb and HbCO n a different way indicated
that the salt induced pk changes are difficrent in Hb and HbCO

It has been pomnted out that the shape of 8 differcntial titra
tion curve v very sensitive to changes n pk of the protonic
groups of the protein  1his 1y pe of curve 1s obtained by plotting
ApH/AZg which s the reciprocal of the buffer capacity, against
Zy

Following the Linderstrgm Lang approximation (22) differen
ual titration curves can be described by

-ipd L ————————(——-71 +C BER W 2

A7‘{ 233[1Y‘ (11 b
where » 15 the number of titratable groups of a ccrtain class 1
(having the same ph ) @ 1~ the degree of 1omzation and u 15 the
eleetrostatic mteraction factor (23)  Of the (wo terms on the
right side of the equation only the second term 15 10nic strengih
dependent u decreases upon an ncrease 1 onic strength  Lhe
Linderstrgm Lang approximation predicts that the differential
titration curve will show a vertical <sinft upon varation in 1ome
strcngth without any change in the shape

In Figs 1 and 2 thc diffcrential titrstion curves at different
salt concentrations sre shown for Hb and HbCO rcspectively
The expenimental points are not <hown to avoid overcrowding
of the hgures The two figures show mndecd that 1n gong to
higher «alt concentrations the curves for both 1Ib and Hb( O
are lowered  In this respect the proton binding behavior of Hb
and HbCO follows the behavior predictcd by the Linderstrem
Lang approximation Howcver the precence of shape mnvan
ancy 15 difheult to judge from the curves presented n the two
figures  In order to elucidate these aspects the differences be
tween thuse curves are shownin Figs Jand 4 Iig 3 shows that
within the experimental error the diffcrential titration curve for
Hb retains 1ts shape at all «alt conccntrations used  1his means
that the 1onic strength dependence of the proton binding behavior
of Hb can entirely be descnbed by the electrostatic interaction
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TasLe 1
Number of protons bound per tetramer (Zy) by Hb and HbCO as a function of pH at different KCl concenirations

The hemoglobin concentration was 1§ X 104 M on tetramer basia

amounta to 015 Zg unit

The standard deviation of the figures presented 1n the table
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aph R o curves for HbC() are shown in Fig 4 The strong Zg depend-
[ " ence observed here indicates that the proton binding behavior of
HbCO cannol be deseribed by the Linderstrgm Lang equation
L i with the same set of pK values at different salt concentrations
It must be stressed here that regardless of any model used the
data shown in Fig 4 indicate that in gong from low to high salt
concentrations a certain amount of buffer capacity 1s transferred
1301 4 from positive Zg values to more negative Zy values In other
words, upon an increase in salt concentration, certain titratable
| groups 1n HbCO shift their pK to higher values
i Since 1t 1s known that dissociation of HbCO mto dimers occurs
onf 1 1 at high salt concentrations (24, 25) this anomaly 10 titration be-
? havior of HbCO might be due to & proton hinked dissociation
‘ process We therefore measured Sy values at different pH
values The results presented in Table II show that at all salt
- concentrations used no pH dependence of the sedimentation
.i coeflicient could be detected From these data 1t can be con-
| cluded that there 1s no proton linked dissoeiation process that
'; |.1 ; nl , ;x could cause the observed change in proton binding behavior of
| ]

Fia 1 The effcet of high KCl concentrations on the differen-
tial utration curve of Hb  Curve A, 01 M KCI, Curve B, 05 M
KCl, Curve C, 20 M KCI, hemoglobin concentration1s 1 5 X 10-¢u
on tetramer basis

factor uang the Linderstrgin Lang spproxamation In other
words, 1t 1S not necessary to assume that in Hb certain groups
show salt induced ph changes The arrows in Fig 3 indicate
the calculated duerences The agreement between the calcu
lated and the measured values is satisfactory. The dufference

HbCO

The Bohr curves as obtained by the pH stat method are shown
m Figs 5and 6 The curves measured at KCl concentrations
above 0 1 mareshowninFig 5 Those measured at KCl concen-
trations below 0 1 M are presented in Fig 6 Fig 5 shows that
in gong from 01 M KCl to higher concentrations, the alkaline
Bohr effect decreases while the acid Bohr effect increases Asa
result, the maximum effect observed 1s displaced to the nght at
bigh salt concentrations Fig 6 on the other hand shows that
1 gowng from 0.1 M KCl to 5 X 10~* m KCI both the acid and the
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F16 2 The effect of KCl on the differential titration curve of
HbCO Curve 4,01 u KCl, Curve B, 05 m KCl, Curve C, 20 M
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Fic 3 The KCI induced changes in the differential titration
curve of Hb The curves were obtained by subtracting the
ApH/AZ )y values measured at 01 m KCI from those measured at
05MKCl, 0,10 KCl, ®,and 20 KCl, A The arrows indi-
cate the calculated values based on Equation 2 a for 0 5 u KCI,
bfor10u KCl, and ¢ for 20 m KCl

alkahne Bohr effect decrease At a KCl concentration of 5 X
107* i the maximum alkaline Bohr effect 15 found near pH 68
and amounts to about 70¢; of the maximum eflect observed at
pH 72 at a KCl concentration of 01 M At a chlonde 10n con-
centration of 5 X 107" u, no acid Bohr effect 15 observed at pH
values greater than 5 5

Fig 7 shows the number of protons released upon oxygenation
as a function of the chlonde ion concentration at different pH
values The curve at pH 56 shows that when the salt concen
tration 1s lowered AZp increases and reaches a value near zero at
the lowest salt concentration used The curve measured at pH
60 shows a similar behavior Here, however, AZp changes its
sign at low salt concentration In gong from low to high KCl
concentrations the curves measured at the pH values 65, 70,
and 7 4 first show a sharp increase 1n AZp followed by a rather
slow decrease This decrease 13 almost absent in the curve

BoHy fapM
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F1a 4 The KCI induced change in the differential titration
curve of HbCO The curves were obtained by subtracting the
ApH/AZy values measured aL 0 1 M KCl from those measured at
05 KCl, 0,10 KCl, ®,8nd20x KCl, A For the meaning
of the arrows see the legend to Fig 3

Tanie I1
Effect of pH and KCl concentration on the Say value of HYCO

Hemoglobin concentration 15 X 107 M on tetramer basis
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Fia 5 The number of Bohr prolons (AZ3) per tetramer &as
measured at 01 M KCl, 0,05%w KCl, ®,10 KCl, 0, and 20
KCl, A Hemoglobin concentration 18 15 X 107! i on tetramer
bass

measured at pH 80 and 15 totally absent 1n the curve obtained
at pH 85 In Fig 8 we enlarged the part of Fig 7 from zero
KCl concentration up to a concentration of 020 M Fig 8
clearly shows that the slope of the curves becomes smsller in
gowng to high pH
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Fia 6 The number of Bohr protons (AZp) per tetramer as
measured al 10 ' v KCI O 5 X 10-2% KCl, ® 10 M KOl O
and 5 X 100 K(1 @ Hemoglobin coneentration 18 15 X 10-*
N on tetramer basis

Fig 9 shows the difference in Bohr effect observed at a salt
concentration of 0 1 Mand 5 X 10~*m  1he curve 1s very similar
to the curve of thc additional 2 3 diphosphoglycerate induced
Bohr «fTcet, which 1s the difference in Bohr (fect measured i the
presence and 1 the absence of 2,3 diphosphogly cerate (16)

DISCUSSION

It 1» known that 2 3 diphosphogly cerate and chlonde 10ns at
high concentrations have a similar effcet on the oxygen affimty of
human hcmoglobin  In order 1o aplain this phenomenon,
Benesch ¢f al (12) supposed that chlonde 10ns are more strongly
bound to IIb than they are to HbO: Cluancone et @l (26) and
Bull et al (27) ~howed, using NMMR techmiques, that chionde
10ns bind speafically to 1Ib and 11bO; and that the binding 1
proton hnked  1heir rceults indicate that there are two classes
of bunding sites diffening 1 afimuty toward chloride 1ons  Lhe
high affinity <1tes arc oxvgen hnked in <uch 8 way that Hb has a
higher affinity towards chlonide 1ons than HbO,

The curves shown in Figs 7 and 8 mdicate that the binding of
chloride to hemoglobin 1~ proton hinhcd which s 1n accordance
with the above mentioned NVR experiments  In order to show
the vahdity of this vien we will assume that due to the negative
chargc of the chloride 10n the positively charged groups of the
protein mvolved 1n the chlonde binding undergo an upward
ph shift upon chlonde binding 1 his will resuit in a proton up
take by the hemoglobin molecule [he maximum effect will
accur when the pII 15 near the ph of the groups mvolved  Inda
cating the number of protons taken up by Hb and HbO, per tet
ramer upon binding of chloride 1ons as AZgp0x and AZox respec
tively we can write for the obscrved Bohr (fieet AZp (the num
ber of protons per tetramer released upon oxygenation)

[ 62 442 -6 (3)
0 °

B
where AZ, represents the number of protons per tetramer re-
leased upon oxygenution of Hb in the absence of salt

The curves in Figs 7 and 8 measured at pH 7 4 and 7 0, show
a AZp value of about 20 at h(l concentrations near 01 M, at
low salt concentrations AZs drops to 8 value of about 10 This
means that at these pH values AZg has a value n~ar umty From
this 1t will be clear that the part of the Bohr effect which up to
now could not be attributed to any particular Bohr group in
hemoglobin (5, 10) actually anses [rom binding of chionde 1ons
to Hb and HbO,
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Fic 7 The eflect of the chloride 10n concentration on the num
ber of Bohr protuns measured at pH values as indicated 1n the
figure Hemoglobin concentration 18 15 X 10-¢ M on tetramer
basis

The shape of the curves as presented 1n Figs 7 and 8 can easily
be 1nterpreted in terms of Fquation 3 Due to the [act that Hb
has the highest affimity towards chlonde 10ns AZgeoa Will reach
its maximum value at lower chlonde 10n concentration than wll
AZox  lhe chlonde binding sites in Hb wil) be saturated at a
much lower KC1 concentration than those in HbO,  As a result
AZg should, after an imtial sharp increase, go through a maximum
followcd by a <lower decrease This 15 mdeed observed 1n all
curves except those measured at pH 56 and 60 apparently
AZdeox 15 Ather too small to be observed or the chlonde binding
to Hb 15 «o strong that the above mentioned maximum 1s to be
found at k(I concentrations loner than 5 X 107 m

The fact that the chlonde binding to Hb and HbO, becomes
weaker ot increasing pH values as indicated by the slope of the
curves 1n Figs 7 and 8 1s to be expected because the groups to
which chlonde 10ns are bound become 10mzed at high pH, losing
their ability to bind chloride 1ons At pH 8 5, AZ,, 18 even equal
to zero

In Fig 9 we plotted the difference in AZs as measured at 01
Mand 5 X 107" M KCl The shape of the curve 18 verv much
like the shape of the one representing the additional 2,3-diphos-
phoglycerate induced Bohr effect (16) This strongly supports
our 1dea that the action of chlonde 10ns on the Bohr effect 1
analogous to the nfl of 2 3-diphosphoglycerate on the
Bohr effect  As far as this 2,3-phosphoglycerate influence 18
concerned we have presented solid evidence that this was due to
the binding of 2,3-diphosphoglycerate to both Hb and HbO,
(16)

Fig 6 shows that the acid Bohr effect decreases at low salt
concentrations From this observation it might be concluded
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Fic 9 Difference in the number of Bohr protons as measured
at a KCl concentration of 10! M and 5 X 10~ &

that the part of the acid Bohr effect observed between pH 55
and 60 at 0 1 m KCl anses merely from the interaction of hemo
globin with chlonde 10ns

The data shown 1 Figs. 5 and 6 can direcily be correlated to
the results of a study on the 10mc strength dependence of log
P versus pll curves as measured by Antoruni et @l (13) 71he
Bohr plots presented wn this reference show that at pH 6, in
going from low to high salt concentrations the slope of the
curves changes from positive to negative values According to
Equation 1 this 1s 1n ngreement with our data  This agreement
18 8lso found at other pH values A sumilar correspondence 1s
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found with the pH dependence of the py value at 107 m and
01 m NaCl es reported by Bunn and Gwdotti (28)

It 18 commonly assumed that the carboxyl groups which form
salt bndges with the alkaline Bohr groups in Hb are responsible
for the acid Bohr effect  Our conclusion that part of the acd
Bohr effect 1s due to interaction of HbO; with chlonde ions 1s
supported by the fact that before now no real explanation has
been offered for the abnormallv high pK values which thest car
boxyl groups should have 1n order to act properly as acid Bohr
groups

We now show that the titration data as shown in Figs 3 and 4
can be described 1n terms of the model propesed It can be
shown that 1if chlonde binding occurs, the clectrostatic interaction
factor w as used in Equation 2 must be replaced by an apparent
electrostatic wnteraction factor w,p, Which 1s related to w by

v - w1l = =) [

where v represents the number of chlonde 1ons bound (29)
Considening the pkl dependence of the chlonde ion binding to
HbCO and Hb as shown by Chiancone et al (26), as a first ap
proxunation in the pH region studied we may wnite for »

v=a ZF +b (5)
where a and b are jome strength dependent constants Ekqua
tion 4 now becomes
vapp wvil -a (6
This relation shows that chlonde 10n binding results in a decrcase
of the observed clectrostatic interaction factor and that w.pp
does not depend on Z4

To understand the absences of shape invanancy 1n the differ
ential titration curves of HbCO as shown in Fig 4 1t must be
reahzed that Equation 2 15 also based on the assumption that the
mtnnsic ph valucs of the titratable groups do not change upon
vanation of the salt concentration Ihws 15 evidently not the
case when chloride 1ons bind to titratable groups The binding
of chlonde jons to HbC O 1 stall incomplete a1 01 s KCl A
further increase of the chloride 10n concentration causes changes
1 pK values of some titratable groups  As a result the quantity
plotted 10 Fig 4)s not independent of Zg  As for Hb however,
the chloride binding reaches its saturation level at 01 M KCl
(kigs 7 and 8) Thic means that a further increase in chlonde
1on concentration does not tntroduce wgmficant ph changes
Consequently the difficrence quantity as plotted in kig 3 fulfills
the Linderstrdm Lang approaimation and remains constant
throughout the Zy renge <tudid as indicated by 1 quation 0

To conclude, we should like to pont out that apart trom any
modcl the data <how that upon an ncrease in k(1 concentration
from 01 M to 20 M, 1 the casc of Hb( O only, a shit of bufler
capacity from low to high pH values takes place  1his implics
that i this range of chloride 10n concentrations salt induced ph
changes occur in HL( O only
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CHAPTER 5

THE INFLUENCE OF ORGANIC PHOSPHATES ON THE BOHR EFFECT OF
HUMAN HEMOGLOBIN VALENCY HYBRIDS
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The Bohr effect of hemoglobin and that of the aquomet and cyanomet valency hybrids was measured 1n the presence
and the absence of IHP (1nosito] hexaphosphate) and DPG (2,3-diphosphoglycerate) In the absence of these organic phos-
phates the four hybrnids show similar, but suppressed Bohr effects as compared to hemoglobin Addition of IHP and DPG re-
sults 1n all cases in an increase of the Bohr effect The additional phosphate induced Bohr effect of the hybrids with the a
chain 1n the oxidized form 1s almost 1dentical to that of hemoglobin, while this effect of the hybrids with oxidized § chains
18 shightly lower than that of hemoglobin The results suggest (a) that the Bohr effect 1s correlated to the ligation state of the
hemoglobin molecule rather than to its quaternary structure, (b) that the additional phosphate induced Bohr eftect 1s re
lated to the change 1n quaternary structure of the tetramer, and (c) that with respect to the Bohr effect of the hybrids there

15 no difference between high and low spin species

1 Introduction

Since the discovery of the Bohr effect by Bohr et
al [1] much work has been done to elucidate the mo-
lecular mechanism of this effect (for a review, see ref
[2]) It has been well established that the so called al-
kaline Bohr groups Val la and His 1468 account for
approxtmately 70% of the alkaline Bohr efect Asa
candidate for the remainung 30% of the effect Perutz
has suggested His 122« [3] Kilmartin and Rossi-
Bernardi, however, hypothesized that this remaming
part of the Bohr effect could be based on a difference
n chloride 1on binding between oxy and deoxyhemo-
globin [2] Recently we have presented evidence for
the validity of this hypothesis [4,5]

The change 1n pK of the Bohr groups must be caused
by a change in structure of the protein upon ligand
binding Accoiding to the stereochemical model of
Perutz [6] this structural change involves both the
tertiary structure of the subunits and the quaternary
structure of the whole tetramer, the latter going upon
Iigation from the deoxystructure or T state 10 the oxy-
structure or R state At imtermediate stages of ligation
intermediate structures exist in which the subumts are

n the higanded or unliganded tertiary structure while
the whole tetramer 1s 1n the R or T state

If the Bohr effect 1s correlated with a change in ter-
tiary structure of the subunits, one expects a gradual
release of Bohr protons as the molecule 1s saturated
with ligand This gradual release should be absent 1n
case the Bohr effect ts correlated with a change in
quaternary structure In CO recombination studies a
linear relationship between the release of Bohr protons
and the rate of ligand saturation has been found [7—9]
suggesting a correlation with the tertiary structure On
the other hand the properties of chemically modified
and mutant hemoglobins 1n which one of the two qua-
ternary structures 1s destabilized indicate a linkage of
the Bohr effect to the quaternary structure [2,10-12]

In this respect the properties of artificial interme-
diates are of great interest, because these molecules
have two chains frozen 1n the hganded state while the
other two are free to bind ligands Banerjee and Cassoly
studying oxygenation equilibria have shown [13,14]
that the two aquomet hybrnds have a suppressed atka-
line Bohr effect, although the degree of suppression 1s
quite different for both hybrids The oxygenation
studies of Brunon et al [15] indicate, however, that
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the cyanomet hybrids possess a suppressed but equal
Bohr effect The suppression of the Bohr effect ob-
served for the valency hybrids may be understood 1n
terms of tertiary structural changes, since upon ligation
only two of the four subunits change their tertiary
structure Relating the Bohr effect to the T—R transi-
tion the suppressed Bohr effect of the hybrids can also
be explained by assurming that of the intermediates in
the unliganded form not all molecules possess the qua-
ternary T-structure In the latter case, however, the full
Bohr effect should be restored by addition of an effector
such as IHP or DPG, which are known to stabilize the
T-structure [16]

To obtain more information on this subject we meas-
ured the Bohr effect of the artificial aquomet and cya-
nomet intermediates 1n the presence and absence of
IHP and DPG The results are compared with those ob-
tained for hemoglobin

2 Matenals and methods

Hemoglobin was prepared according to the toluene
method of Drabkin [17] The hemoglobin solutions
were freed from organic phosphates by passage over a
rmixed bed 10n-exchange column (Amberlite IRA 400
and IR 120) For the preparation of a and § chains
carbon monoxide hemoglobin was reacted with p-
chloromercuribenzoate [18] The chains were sepa-
rated on DEAE-Sephadex (start buffer, 0 1 M Tris-HCI,
pH 8 0, imut buffer,0 1 M Tris-HCl, pH8 0,04 M
NaCl) The regeneration of the SH-groups of the a and
B chains was achieved by a 3-mercaptoethanol treat-
ment on G25-Sephadex [19] After this treatment the
a chains contamed 1 O free SH-groups as judged from
a Boyer titration [20] A number of 2 O {ree SH-groups
for the § chains was found after they had been incu
bated for approximately 12 h with a 5-fold excess of
dithiothreitol, which was removed on G25-Sephadex

To check whether this procedure yielded native oSH
and #SH chains, the chains were recombined to form
hemoglobin The hydrogen ion titration curve of the
recombined « and § chains was within the experimental
accuracy 1dentical with the titration curve obtained
with freshly prepared oxyhemoglobin For the sedi-
mentation coefficient of the recombined hemoglobin
an apparent value of 4 1 S (20°C,0 1 M KCl, pH 7 3)
was found, 1dentical to the value we found for oxyhe-
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moglobin

After replacement of the bound CO by O; (see be-
low) the chamns were oxidized by adding a stoechio-
metric amount of K3Fe(CN)g 1n 0 2 M phosphate buf-
fer pH 6 6 [21] Immediately after chain oxidation the
hybrids were prepared by adding the other chain hav-
mng CO bound If required a small excess of KCN was
added to obtain the cyanomet hybrids

Measurements of the apparent sedunentation coef-
ficient of the hybrids yielded a value of 4 5 S (25°C,
005 M KCl, 0 05 M bis—tns buffer, pH 7 0) Electro-
phoresis showed that no single chains were present The
percentage of oxidized heme groups was determined by
optical spectroscopy, samples which showed a deviation
of more than 5% from the theoretical value were dis-
carded 13C-NMR spectra of the hybrids reacted with
13CQ (Stohler Isotope Chemicals), recorded one week
after preparation, showed one single resonance charac-
teristic for the reduced chain [22,23] indicating that
heme exchange from one chain to the other did not oc-
cur Nevertheless all experiments were carried out with-
in four days after chain recombination

Ultracentrifugation experiments were performed
with a model E Spinco ultracentrifuge at a speed of
67 770 rpm

The 13C-NMR spectra were obtamed at 25 2 MHz
on a Vanan XL-100 spectrometer equipped with a
Varian 620/L computer using the pulse Fourier trans-
form technique

Electrophoresis was performed with the Gelman
Sepratek electrophoresis system

DPG (Calbiochem), obtained as the pentacyclohex-
ylammonium salt, was converted to the acid form by
passage through Amberhte IR 120 The concentration
of the DPG stock solution was determined by titration
The DPG solutions were neutralized with NaOH

The concentration of the IHP (Sigma) solutions was
determined by weight

The Bohr curves (n the presence and the absence of
IHP and DPG were measured at 25°C with a pH-stat
equipment constructed for this type of expenments
[24]) After the hybrids were freed from the phosphate
buffer, removal of CO was achieved 1n a rotating ton-
ometer, passing oxygen over the solution under con-
stant 1llumination The tonometer was cooled by ice
to 0°C Subsequently the hybrids were deoxygenated
under a constant flow of argon From the tonometer
a known volume was transferred anaerobically to the



titration vessel of the pH-stat equipment Deoxygena-
tion was checked for completeness by withdrawing
anaerobically a small amount of the solution from the
titration vessel followed by measurement of the optical
spectrum For the measurement of the Bohr effect of
hemoglobin the same procedure was followed

3 Results and discussion

Fig 1 shows the Bohr effect of hemoglobin in the
absence and the presence of a 6-fold excess of IHP
The curves shown are very similar to those presented
by Kilmartin [21] The additional IHP induced Bohr
effect observed (1 e , the Bohr effect 1n the presence
of IHP minus the Bohr effect in the absence of IHP)
1s due to a difference in interaction of IHP wath oxy-
and deoxyhemoglobin

Figs 2 and 3 show the Bohr effect of the aquomet
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Tig 1 The Bohr effect of hemoglobin (measured as the num

ber of protons relcased per tetramer upon ligation) in the pre-
sence (®) and the absence (©) of IHP, hemoglobin concentra-

tion, L 7 X 10™ M on tetramer basis, [HP concentration, 1 0
X 107 M,0 1 MKCI,25°C
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TNg 2 The Bohr effect of a3, (measured as the number of
protons released per tetramer upon ligation) in the presence
(a) and the absence () of IHP, hybrnd concentration, 1 7 X

107 M on tetramer basis, IHP concentration, 1 0 X 1072 M,
01 MKCI, 25°C
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Fig 3 The Bohr effect of a; 3 (measured as the number of
protons released per tetramer upon higation) in the presence
(e) and the absence (©) of IHP, hybrid concentration, 1 7 X
10~ M on tetramer basis, [HP concentration, 1 0 X 107> M,
01MKCQl,25°C
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hybnds with and without IHP In the absence of IHP
both aquomet hybrids show a Bohr effect which 1s
about half the Bohr effect of hemoglobin Thus result
seems to contradict the observation of Banenjee and
Cassoly {13,14], that the hybrid with the § chain in
the oxidized form has a Bohr effect twice as large as
that of the other hybnd In our opinion this apparent
discrepancy can be accounted for by a difference 1in
solvent conditions

If the Bohr effect 1s related to the T—R transition,
the observed suppression of the Bohr effect for the
hybrids would suggest that in the deoxygenated form
about half of the molecules possess the R quaternary
structure In this event 1t 1s ikely that addition of IHP
will result in a Bohr effect comparable to that found
for hemoglobin in the presence of IHP Figs. 2 and 3
show that this 1s definitely not so The maximum value
for the Bohr effect measured 1n the presence of IHP 15
significantly lower than the value measured for hemo-
globin 1n the presence of IHP

The influence of IHP on the Bohr effect of the cya-
nomet hybrids 1s shown in the figs 4 and 5. In the ab-
sence of IHP a decreased Bohr effect 1s observed of
about half the effect of normal hemoglobin. It should
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Ig 4 The Bohr effect of a?CN{iz (measured as the number
of protons relcased per tetramer upon ligation) in the presence
(w) and the absence (o) of IHP, hybrid concentration, 1 7 X
107 M on tetramer basis, IHP concentration, 10 X 1072 ™,
01 MKCL25°C
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Fig 5 The Bohr effect of azB;CN (measured as the number
of protons released per tetramer upon hgation) in the presence
(®) and the absence (o) of IHP, hybrid concentration, 1 7 X
10~ M on tetramer basis, [HP concentration, 1 0 x 1073 M
Kcl, 25°C

be stressed here that this Bohr effect 1s observed while
1t 1s known from NMR studies [25] that in the absence
of phosphates the deoxy cyanomet hybrids are for the
greater part in the R quaternary state As s seen the ef-
fect of IHP on the Bohr effect of the cyanomet hybrids

Oifteryrce @ nymber — ——— _—_
of protons relessed

Fig 6 The additional IHP induced Bohr effect (1e the Bohr
effect with IHP minus the Bohr effect without IHP) of a38,

(— -),a3-g3 (———) and hemoglobin (——) Experimental
conditions as in figs 1,2,and 4
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Fig 7_The additional 1P induced Bohr effect ofaza; --),
azf3 N (---)and hemoglobin (—) Expenimental condi-
tonsasin figs 1,3 and §

1s similar to that observed for the aquomet hybrids

Figs 6 and 7 show the additional IHP induced Bohr
effect of hemoglobin and of the aquo- and cyanomet
hybrids The figures clearly demonstrate that the addi-
tional Bohr effect of the hybnds resembles very much
that found for hemoglobin This result suggests that 1n
the presence of IHP the deoxy hybrnds possess a qua-
ternary structure very similar to that of deoxy hemo-
globin The fact, however, that the additional Bohr ef-
fect of the hybrids does not exceed that observed for
hemoglobin indicates that upon addition of IHP the
suppressed Bohr effect observed without IHP does not
become restored Otherwise the additional Bohr effect
of the hybrnds should have exceeded that of hemoglo-
bin

Figs 8 and 9 show the additional DPG induced
Bohr effect of hemoglobin and of the aquo- and cya-
nomet hybnds [t 1s seen that DPG has an influence on
the Bohr effect of the hybnds analogous to the effect
of IHP From these data the same conclusions are
reached as from the results obtained with IHP

The results presented so far strongly suggest that the
alkaline Bohr effect 1s related to the state of ligation of
the subunits within the tetramer rather than to the
change 1n quaternary structure of the hemoglobin
tetramer This conclusion 1s supported by the observa-
tion that the sum of the Bohr effects of the two cya-
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Fig 8 The additional DPG induced Bohr effect of hemoglobin
), a?ﬂz (——-) and &3¢ Mg, (— -), protein concentration,
13 X 1074 M on tetramer basis, DPG concentration, 1 7 X
107 M,0 1 MKCl,25°C

nomet and the two aquomet sptn state hybrids 1s about
equal to the Bohr eftect of normal hemoglobin

Our observations are in accordance with the kinetic
studies of the Bohr effect [7—9] and with the stereo-
chemical model presented by Perutz {6] The observa-
tions of Olson and Gibson (9) that 1n case of n-butyl
1socyanide binding the § chains contribute 20% to the
Bohr effect and the a chains 80% cannot be readily
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Fig 9 The additional DPG induced Bohr effect of hemoglobin
(=), a20% (— ) and a23"N (- -), experimental condr-
uons as in fig 8
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understood unless there are bigand specific effects, be-
cause the four hybrids show similar Bohr effects, sug-

gesting an equal contribution of both chains to this ef-
fect 1n case of oxygen binding

In addition to the things we discussed some other
features of the data presented need some further com-
ment First figs 69 show that the intermediates with
the § chains in the ferric form have a lower additional
Bohr effect than the intermediates with the § chain in
the ferrous form, which have an additional Bohr ef-
fect which 1s almost 1dentical to the one of hemo-
globin This observation can be understood taking into
account that in the T state IHP and DPG are bound at
the entrance of the central cavity by a cluster of posi-
tively charged groups located on the § chains [26,27]
In the intermediates the geometry of this binding site
18 more hikely to be simular to that in deoxyhemoglobin
when the § chains are 1n the reduced form, than when
they are 1n the ferric form A similar difference in be-
haviour of the hybrids has been observed for the bind-
g of DPG and some spin labels [28,29]

Secondly no difference 1s found between the low
spin cyanomet hybnids and the high spin aquomet hy-
brids even at low pH In other words the spin state of
the heme 1ron of the two chains in the ferric form does
not influence the Bohr effect of the intermediates
studied

Finally, since part of the Bohr effect of hemoglobin
1s due to difference in interaction of chlonde 10ns with
the T and R state [4,5], the question remains which
part of the Bohr effect of the intermediates might be
due to differences 1n interactions of these 1ons with
the unligated and hgated hybnd Studies on this sub-
ject and on the interaction of IHP separately with the
oxy- and deoxy hybrids are 1n progress

Acknowledgement

This work was supported by the Netherlands Orga-
nization for the Advancement of Pure Research (ZWQ)
under auspices of the Foundation for Chemical Re
search (SON)

The authors thank Mr A FM Simons, Mrs PM
Loontjens Pieterse, Mr BJ HC Groniger and Mr
P A A van Puyenbroek for their assistance with the

54

preparation of the hybnids, Dr J A.L1 Walters for the
ultracentnifuge experiments and Mr J WM van Kessel
for the NMR experniments

References

[1] C Bohr, K A Hasselbalch and A Krogh, Skan Arch
Physiol 16 (1904) 402
[2] 3V Kumartinand L Rossi-Bernards, Physiol Rev 53
(1973) 836
[3] M T Perutz, Nature 228 (1970) 734
[4] SH de Bruin, HS Rollema, LHM Jansenand G AJ
van Os Biochem Biophys Res Commun S8 (1974) 210
[5) HS Rollema, S H de Bruin, L HM Janssenand G A J
van Os, ] Biol Chem 250 (1975) 1333
[6] M F Perutz, Nature 228 (1970) 726
[7] E Antonini, T M Schuster, M Brunoriand J Wyman,
J Biol Chem 240 (1965) PC2262
[8] RD Gray,J Biol Chem 245 (1970) 2914
[9]1 1§ Olson and Q Il Gibson,J Biol Chem 248 (1973)
1623
[10]) M F Perutz, P D Pulsinelh and [§ M Ranney, Nature
New Biology 237 (1972) 259
[11) HT Bunn, R C Wohl, T B Bradley, M Cooley and Q 11
Gibson, ] Biol Chem 249 (1974) 7402
[12] J V Kidmartin, J A Hewitt and J F Wootton, J Mol
Biol 93(1975) 203
[13] R Banerjec and R Cassoly, ] Mol Biol 42 (1969) 351
[14] R Banerjee, I' Stetzkowskiand Y Henry,J Mol Biol
73 (1973) 455
(15] M Brunori, G Amiconi, E Antonini, } Wyman and K
Winterhaiter, ] Mol Biol 49 (1970) 461
{16] R Benesch, R b Beneschand C I Yu, Proc Nat Acad
Sc1 USA, 59 (1968) 526
(17] DL Drabkin J Biol Chem 164 (1946) 703
(18] ¥ Bucciand C Ironticelli, J Biol Chem 240 (1965)
PCSS1
{191 I Tyuma, R E Benesch and R Benesch, Biochemistry §
(1966) 2957
[20] P D Boyer,] Am Chem Soc 76 (1954) 4331
[211 J V Kidmartin Biochem, J 133(1973) 725
[22] ¥ Antonini M Brunor, I Contiand G Geracy, [ I BS
Lett 34 (1973) 69
[23] R B Moon and J H Richards, Biochemustry 13 (1974)
3437
[24] SH de Brumn, LHM Jansenand G A ) van Os, Bio-
chem Biophys Res Commun 55 (1973) 193
[25] S Ogawa and R ; Shulman J Mol Biol 70(1972) 315
[26] A Arnoneand M T Perutz Nature 249 (1974) 34
127] A Arnone, Nature 237 (1972) 146
{28) R T Ogata and HM McConnell, Proc Nat Acad Sa
USA 69 (1972) 335
[29] C Bauer, Y Henry and R Banerjee, Nature New Biology
242 (1973) 208



CHAPTER 6

THE BOHR EFFECT OF THE ISOLATED a AND g CHAINS OF HUMAN HEMOGLOBIN
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1 Introduction

Although the Bohr effect (1e the linkage between
oxygen and proton binding sites) has been discovered
already 1n 1904 [1], still the molecular mechanism
of this effect 1s not completely understood A number
of groups responsible for a part of the Bohr effect has
been 1dentified [2] Recently we have shown that part
of the Bohr eflfect 1s not an intrinsic property of the
hemoglobin tetramer, but due to a difference 1n inter
action of chlornde 1ons with oxy and deoxyhemo
globin [3] A question which 1s still unanswered is
whether the Bohr effect 1s related to the change in
quaternary structure only or also to the change 1n
tertiary structure of the subunits

Experiments carried out in our laboratory on the
Bohr effect of valency hybrids (submitted for publi
cation) suggest that the Bohr effect is related to the
state of ligation rather than to the change in
quaternary structure This observation 1s in accor-
dance with the results of kinetic studies on the rate
of proton release upon ligand binding [4—6] which
suggest a relation between the Bohr effect and changes
In tertiary structure of the subunits If so, then it
becomes difficult to understand why the 1solated «
and 8 chains do not show any Bohr effect at al] as has
been suggested 1n oxygenation studies [7,8]

We present therefore a study of the Bohr effect of
the « and §§ chains of hemoglobin using the very
sensitive pHstat equipment we constructed [9] Ths
method 1s more sutted to observe small effects than
measunng oxygen binding curves

Horse heart myoglobin was studies for comparison

*Abbreviation los P, ositolhexaphosphate

It appeared that the a and § chains have a small but
significant Bohr effect while myoglobin shows no
Bohr effect In the case ot § chains a marked influence
of Ins P; on the Bohr effect 1s found

2 Expenimental

Human hemoglobin was 1solated according to the
toluene procedure of Drabkin [10] Organic phosphates
were removed by passage over amixed bed 1on exchange
column (Amberlite IRA 400 and IR 120)

Preparation of aPMB and gPMB chains was achieved by
incubating carbon monoxide hemoglobin with g
chloromercunibenzoate [11] followed by a chromato-
graphic separation on DEAE Sephadex

The aPMB and gPMB chains were demercurated by
a § mercaptoethanol treatment [8], resulting in a
complete regeneration of the SH group of the a-chain
To regain the theoretical number of free SH groups,
the g chains had to be incubated with a five fold
excess of dithiothreitol for 12 h

Horse heart myoglobin (obtained from Sigma) was
converted to the ferrous form by dithiomte 1n the
presence of CO

The removal of CO from the « and f chains and
from myoglobin was achieved by light The concentra-
tion of the Ins Pg (Sigma) solutions was determined
by weight The Bohr curves were measured with a
pH stat equipment described elsewhere [9]

3 Results

Fig 1 shows the Bohr effect of the a chains in the
presence and absence of Ins Pg It 1s seen that the
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Fig.1 The Bohr effect (measured as the number of protons
released per heme upon higation wath O,) of a chains 1n the
presence (©) and absence (@ and =) of Ins P, Circles and
squares refer to different preparations Protiein concentration
80 x 10 * M on heme basis, Ins P, concentration

25x 10 °M 01MKCl 25°C

a chain has a small alkaline Bohr effect amounting
to about 10% of the effect of hemoglobin The acid
Bohr effect of the a chain, however, 1s about 30% of
that found for hemoglobin Fig 1 shows that within
the expenmental accuracy Ins Pg has no influence on
the Bohr effect of the a chain

Fig 2 shows the Bohr effect of the § chain with and
without Ins Py The 8 chain has a small Bohr effect
with a quite different shape as compared to hemo
globin For this chain we found a marked influence
of Ins Pg on the Bohr effect

Experiments carried out with horse heart myo
globin 1n the pH range 5 5—9 0 showed that this
protein has no Bohr effect Upon ligation the changes
n the number of protons bound by myoglobin in the
presence and the absence of Ins-Pg did not exceed the
value of 0 0] and can be regarded as not significant

4 Discussion

The observed Bohr effect for the a and § chains of
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human hemoglobin shows that in the case of human
hemoglobin the occurrence of heterotropic allosteric
nteractions 1s not restricted to the tetramer formed
by the two different chains There 1s however a
difference 1n magnitude of these effects in the hemo
globin tetramer and the « and § chains The relative
large acid Bohr effect observed with the a chains
suggests that the tertiary structural change of the
a chain i hemoglobin could be responsible for a
significant part of the acid Bohr effect of the whole
tetramer The fact that myoglobin does not show
any Bohr effect at all indicates that the eftects
observed with the 1solated chains cannot be considered
as non specific

Since the expeniments presented 1n this paper are
performed in the presence of 0 1 M KCl there 1s a
possibility that part of the observed Bohr effect of the
chains can be explained by a dilference in interaction
of chlonide 10ons with the oxy and deoxy form of the
chamns



Finally the observation of an Ins-Ps induced change
in Bohr eflect in the case of the § chain leads to the
conclusion, that there 1s a difference I1n interaction of
oy and deoxy B4 with Ins-Pg. This can be explained
by assurming that the oxy and deoxy form of the f,
tetramer have a different structure, which 1s i
accordance with recent oxygenation studies of
Bonaventura et al. [12].
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CHAPTER 7

THE KINETICS OF CARBON MONOXIDE BINDING

TO PARTIALLY REDUCED METHEMOGLOBIN
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Universaity of Nijmegen, Toernooiveld, Nijmegen
The Netherlands
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SUMMARY: The pulse radiolysis technique has been used to study the kinetics
of the CO binding to partially reduced methemoglobin. Experaiments with horse
heart metmyoglobin show that thais technique gives results which are in good
agreement with those obtained by other methods. The kinetics of the CO
binding to partially reduced methemoglobin show two phases, whose amplitudes
appear to depend on the degree of reduction i1n such a way that they can be
attributed to methemoglobin molecules with one or two reduced heme groups.
In the presence of inositol hexaphosphate the rate of CO binding to partial-
ly reduced methemoglobin decreases strongly. With 1nositol hexaphosphate

a slight baiphasic behavior is observed independent of the degree of reduc-
tion.

Until now the kinetics of the binding of CO to hemoglobin have been studied
by rapidly mixing deoxyhemoglobin with CO or by following the CO recombina-
tion after removal of the ligand by flash photolysis (1). A new approach to
the CO binding kinetics of hemoglobin 1s offered by the pulse radiolysais
technique. Using this technique a methemoglobin solution 1s irradiated with
a short pulse of haigh energy electrons. The irradiation mainly results in
the formation of hydrated electrons, OH and H radicals. Of these primary
radicals OH and H can be removed by an appropriate scavenger. The hydrated
electrons reduce methecmoglobin within a few microseconds. Two secondary
processes which are complete 1in about 500 Ls are observed after reduction
(2) ., When the reduction 1s carried out in the presence of CO, the kinetics

of the CO binding to the reduced heme groups can be followed.

Abbreviations used: e;q, hydrated electron; IHP, inositol hexaphosphate;
bis-tris, 2,2'-bais(hydroxymethyl)-2,2',2"-nitrailotriethanocl, CO, carbon

monoxide.
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Partial reduction of methemcglobin by hydrated electrons produces a
number of intermediates, the concentrations of which can be calculated
assuming that e;q reacts randomly with the ferric heme groups.

An other aspect in the investigation of the kinetics observed for
the CO bainding to partially reduced methemoglobin 1s i1n that the quaternary
structure of methemoglobin can be altered by addition of IHP (3).

Experimental

Materials. Human hemoglobin was i1solated according to Drabkin (4).
After extensive dialysis against destilled water the hemoglobin solutions
were freed from organic phosphates by passage through a mixed bed ion-
exchange column (Amberlite IRA 400 and IR 120), Methemoglobin was prepared
by adding 50% excess of K3Fe(CN)6 to a solution of oxyhemoglobin. The excess
of K3Fe(CN)6) was removed on a G-25 Sephadex column or by dialysis, followed
by passage through a mixed bed ion-exchange column.

Horse heart metmyoglobain (Sigma) was used without further purification.

Pulse radiolysis. The irradiation was achieved by a 2 MV Van de Graaf

accelerator (High Voltage Engineering Europe), using pulse lengths of 0.5 or
S5 us with a maximum current of 1 A, To ensure homogeneous irradiation of

the sample a cell with dimensions of 9 x 5 x 1 mm (optical pathway 9 mm,
electron pathway 1 mm) was used. The optical detection system consisted of

a xenon arc (XBO 450 wW/1, Osram), two Bausch and Lomb grating monochromators
(1350 grooves/mm) and a RCA 1P28 photomultiplier; one monochromator was
placed between the light source and the cell, the other one between the cell
and the detector. The photomultiplier signal was recorded by means of a 7904
Tektronix oscilloscope.

To avoid denaturation of the protein during the removal of oxygen from
the solutions the following procedure was used. The buffers were freed from
oxygen by passing pure argon through the solutions for 1 h. A concentrated
protein solution was deoxygenated in a rotating tonometer by passing argon
over 1t for 15 minutes. A known volume of the concentrated protein solution
was transferred anaerobically to the buffer solution. The protein solution
was subsequently equilibrated with a mixture of argon and CO. During the
experiments a constant flow of this gas mixture was passed over the solution.
The mixture was obtained from a gas mixing pump (W3sthoff M300/a-F). The
concentration of carbon monoxide in the solution was calculated using a

solubility coefficient of 1.36 pyM/mm Hg (1). The concentrations of methemo-
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globin and metmyoglobin were determined spectrophotometrically. The protein
concentrations are given on heme basis.
Static difference spectra were recorded on a Cary 118 spectrophotometer.

As radical scavenger methanol was added up to a concentration of 0.1 M.
All kinetic experiments were carried out at room temperature (22 + 1°C).
Pseudo-first order conditions were satisfied in all experiments.

In cases where a biphasic behavior for the CO binding kinetics was ob-

served, the data were analyzed according to the equation:
F(t) = a exp(-kl.[CO].t) + (1-a)exp(—k2.[CO].t)

where F(t) = (Am - At)/(AuD - AO); A, A and Ao being the absorbances at the

t
end of the reaction, at time t and at the beginning of the reaction respective-
ly; k1 and k2 the CO binding rate constants; a the fractional contribution of
the fast phase to the change in absorbance,

RESULTS AND DISCUSSION

It has been shown before that ferrous hemoglobin obtained by reduction
of methemoglobin by means of e;q shows the same functional properties as
normal hemoglobin (2). The finding that irradiation does not influence the
functional properties of the protein i1s supported by the kinetics observed
for the CO binding to horse heart deoxymyoglobin, produced by the reaction
of e;q with metmyoglobin. The first order plot shown in fig. 1 demonstrates
clearly that the CO binding follows pseudo-first order kinetics with a rate
constant of (4.5 + 0.5) x 105M_1s_1. This value 1s 1n good agreement with the
results obtained with stopped flow and flash photolysis experiments (5).

The kinetic difference spectrum for the CO binding to reduced heme
groups of human methemoglobin is shown in fig. 2 together with the statac
dirfference spectrum of carboxy and deoxyhemoglobin. The figure shows that
no significant differences are observed.

The kinetics of the CO binding to partially reduced methemoglobin are
strongly dependent on the degree of reduction. Fig. 3 shows the first order
plot for the binding of CO to partially reduced methemoglobin at two degrees
of reduction. At a low degree of reduction, 1.e. under conditions where the
predominant reaction product 1s a methemoglobin molecule with one reduced
heme group, CO binding 1s monophasic and fast with a rate constant of

(7+1) x 10071572,
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Fig. 1. First order plots for the reaction of CO with myoglobin
followed at 435 (o) and 450 (®) nm, after the reduction
of metmyoglobin by hydrated electrons. 10 uM metmyoglobin,
degree of reduction 0.40; 155 uyM CO; S mM bis-tris, pH 7.0;
0.1 M. methanol; 22°C.
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Fig. 2. Kinetic difference spectrum for the reaction of partially
reduced methemoglobin with CO (o). Static difference spec-
trum between deoxy and carboxy hemoglobin (®); 20 uM
methemoglobin, degree of reduction 0.34; 25 mM bis-tris,
pH 7.0; 0.1 M methanol; 22%.

Assuming that eaq reacts at random with the heme groups of methemoglobin
this result indicates the absence of chain heterogeneity with respect to
the CO binding. Furthermore, the fast CO binding suggests that a methemo-
globin molecule with one reduced heme group is in the R state or the R

to T transition is too slow to interfere with the CO binding. This conclu-

sion is not in agreement with an earlier report (2) where the faster of the
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Fig. 3. First order plots for the reaction of CO with partially
reduced methemoglobin at a degree of reduction of 0.01 (®)
and 0.08 (o). 100 yM methemoglobin; 143 uM CO; 25 mM bis-tris,
pH 7.0; 0.1 M methanol; 29°C.

secondary processes following the reduction of methemoglobin by e; has

been assigned to a change in quaternary structure. Recently (unpublished
results) this process has been observed under solvent conditions (in 2 M KCl)
where methemoglobin is largely dissociated into dimers (6), invalidating the
assigment mentioned above.

At higher degrees of reduction where the concentration of molecules with
two reduced heme groups becomes significant; a slower phase in the CO binding
is observed. In this case the first order plot can be fitted using two
exponentials with ki =(7+1) x 106M_ls_1 and k2 = (3 +0.5) x 105M-ls_1.

The values for the rate constants are within the experimental accuracy
independent of the degree of reduction, CO concentration and protein concen-
tration and agree rather well with values observed for fast and slow reacting
forms of hemoglobin (1).

In fig. 4 the fractional contribution of the slow phase to the change
1n absorbance 1s shown as a function of the degree of reduction., The line in
fig. 4 gives the contribution to the change in absorbance of molecules with
two reduced groups, calculated under the assumption that the reduction of the
ferric heme groups by e;q proceeds at random and that the dissociation con-
stant for the tetramer-dimer equilibrium for methemoglobin has a value of

1 uM. It can be seen that the experimental points are in reasonable agreement

with the calculated curve. This strongly suggests that a hemoglobin tetramer

63



030p ™ ’ ]
o
o020} ]
o}
[o]
oo} ° :
[=]
O A 4 e
0 005 010 015

degree of reduction

Fig, 4. Fraction slow reacting material found in the reaction of
CO with partially reduced methemoglobin as a function of
the degree of reduction. The solid line 1s a theoretical
curve representing the fractional contribution of molecules
with two reduced heme groups to the change in absorbance.
The curve has been calculated assuming that the reduction
proceeds at random and that the dissociation constant for
methemoglobin has a value of 1 yM. 100 uM methemoglobin;

25 mM bis-trais; pH 7.0; 0.1 M methanol, 22°C.

with two ferrous and two ferric heme groups has the T quaternary structure
and that under the experimental conditions used the R to T transition for
this i1ntermediate 1s too fast to interfere with the CO binding. This finding
1s 1n contrast with the results of Cassoly and Gibson (7) who did not find
fast exchange between a slow and fast reacting species observed in the reac-
tion of CO with cyanomet hybrads.

Fi1g. 5 shows the effect of the presence of 1 mM IHP on the CO binding
kinetics. A slow baphasic CO binding 1s observed independent of the degree
of reduction. The first order plots can be fitted using two exponentials:
ky = (4.2 % 1.8) x 10’7171 ang ky = (1.2 + 0.3) x 10471571, The contribu-
tion from each phase 1s approximately 50% (a = 0.47 + 0.08). This equality
1n amplitude of the two phases suggests IHP anduced chain heterogeneity as
a possible explanation. The fact that in the presence of IHP the CO binding
characteristics do not show any dependence on the degree of reduction indi-
cates that as far as the kinetics of the CO binding are concerned methemo-
globin tetramers with one or two reduced heme groups are in the same con-
formational state.

The rate constants found for the two phases differ slightly from those

observed for deoxyhemoglobin in the presence of IHP (B). This difference 1is

in accordance with the results of Hensley et al. (9,10), who have observed
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Fig. 5. First order plots for the reaction of CO with partially
reduced methemoglobin in the presence of 1 mM IHP: 100 uM
methemoglobin, 143 uM CO, degree of reduction 0.02 (®) and
0.07 (o); 100 pM hemoglobin, 450 uM CO, degree of reduction
0.14 (4A); 25 mM bis-tris, pH 7.0; 0.1 M methanol, 22°C.

differences in T structure between deoxyhemoglobin and methemoglobin in the
presence of IHP.

In the presence of IHP no influence is found of the protein concentra-
tion on the CO binding kinetics. This is in agreement with the fact that in
the presence of IHP the dissociation of methemoglobin into dimers is greatly
suppressed (11,12).

In conclusion we can say that the pulse radiolysis technique offers a
new versatile method for studying ligand binding kinetics to hemoglobin with
submillisecond time resolution. Preliminary experiments have shown that this
method is also applicable to the study of oxygen binding kinetics to partially

reduced methemoglobin.
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CHAPTER 8

KINETICS OF CARBON MONOXIDE BINDING TO FULLY AND PARTIALLY
REDUCED HUMAN HEMOGLOBIN VALENCY HYBRIDS

* *
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University of Nijmegen, Toernooiveld, Nijmegen
The Netherlands

¥ and
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SUMMARY: The kinetics of the carbon monoxide binding following fast
reduction of the valency hybrads GZBEO and agch: by hydrated electrons
have been studied at different degrees of reduction. The results show
that at pH 6.0 and 7.0 reduction of one heme group yields a specles which
reacts fast with carbon monoxide (rate constant in the order of

10° M7t

s_l). At pH 6.0 the intermediates QSOBZ and uzggo, bind carbon
monoxide with a rate characteristic of the T state. It appears that
at pH 7.0 agoﬁz is for the greater part in the T state, while 1n the

case of “252 the R and the T state are about equally populated.

INTRODUCTION

Recently we have shown that pulse radiolysis can be used to study the
kinetics of the carbon monoxide binding to partially reduced methemoglobin
(1) . The use of pulse radiolysis to study the kinetics of CO binding to
hemoglobin derivatives 1s based on the fact that hydrated electrons,
generated upon irradiation of aqueous solutions, are able to reduce ferric
heme groups within a few microseconds. When this reduction is carried out

1n the presence of carbon monoxide the kinetics of the carbon monoxide

+ + co + +CN
Abbreviations used: g , ¢ CN, ar a and 8 , B r Be BC0' the aquomet,

cyanomet, unligated and CO ligated form of the a and 8 chain of human
hgmoglobln; bis-tris, 2,2-bis(hydroxymethyl)-2,2',2"-nitrilotriethanol;
eaq, hydrated electron.
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binding to the reduced heme groups can be investigated.

An 1nteresting feature of this method 1s that by irradiation of solutions
co Cco
5 and a, 82

are obtained. These intermediates are identical with two of the four

of valency hybrids the carbon monoxide intermediates aza

possible confiqurations, in which half ligated hemoglobin occurs in the
course of the reaction of deoxyhemoglobin waith CO. Since thas type of
intermediates cannot be isolated, 1in earlier studies the properties of
artificial intermediates like valency hybrids have been considered as
being characteristic of the half ligated state of hemoglobain.

In this paper we present a study on the kinetics of the carbon monoxide
binding observed after irradiation of solutions of valency hybrids. From
the dependence of the binding kinetics on the degree of reduction informa-
tion 1s obtained about the properties of the carbon monoxide intermediates.
The results show that a diastinct difference exists between the kinetic
behaviour of these intermediates and the ligand binding kinetics of the

valency hybrids as reported by Cassoly and Gibson (2).

MATERIALS AND METHODS

The 1solation of human hemoglobin and the preparation of valency hybrids
has been described elsewhere (3).

As a source of high energy electrons a 2 MV Van de Graaff accelerator
(High Voltage Engineering, Europe) was used. Prior to irradiation the
protein solutions were deaerated with pure argon (1). Afterwards the solu-
tions were equilibrated with a mixture of carbon monoxide and argon. This
gas mixture was obtalned using a gas mixing pump (Wosthoff M 300/a-F). The
concentration of carbon monoxide was calculated using a value of 1.36
uM/mmHg for the solubility coefficient.

The rate constant for the reaction of e;q with CO has a value of 109 M—ls-1
(4), while for the reaction of eaq with methemoglobin values 1in the order

of 1010 M-ls_1 are found (5,6). Therefore, under the experimental conditions
used the former reaction can be neglected.

To ensure homogeneous sample irradiation a small cell was used (1 x 5 x 9 mm:
electron pathlength 1 mm, optical pathlength 9 mm).

As radical scavenger methanol was added to the solutions.

The optical detection system has been described elsewhere (1).

The concentration of the valency hybrids, measured spectrophotometrically
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after reduction with sodiumdithionite i1n the presence of carbon monoxide,

1s given on heme basais.

The experiments were performed at room temperature (22 i'loc).

For the carbon monoxide binding pseudo-first order conditions were satisfied.
The carbon monoxide binding data were analysed using two exponentials accord-

1ng to the following equation:
F(t) = a exp(—kl.[CO].t) + (l—a)exp(—kz.[CO].t) [1]

where F(t) represents the fraction unreacted heme groups, k1 and k2 the two
second order rate constants (k1 > kz) and (l-a) the fractional contribution
to the change 1n absorbance of the slow phase. F(t) was calculated according
to:

A(t) - A=)

F(t) = X)) = ae)

with A(t) the absorbance at time t.
The change 1n absorbance due to the binding of carbon monoxide was measured
at 435 nm, using a bandwidth of 2 nm.

1 c1:n-1 for the

The degree of reduction was calculated using a value of 90 mM
difference 1in absorbance between unligated and CO ligated heme groups at

435 nm.

RESULTS AND DISCUSSION

Fig. 1 shows typical first order plots for the CO binding observed after
fast reduction of valency hybrids by hydrated electrons. From the figure

1t 1s seen that the kinetics of the CO binding strongly depend on the degree
of reduction. At low degrees of reduction the time dependence of the carbon
monoxide binding can be described by a single exponential. At high degrees
of reduction biphasic binding kinetics are observed. The time course of

the reaction can be described according to equation [1].

The values observed for k1 and k2 are summarized in Table 1. The table shows
that k1 and k2 do not differ significantly from the values characteristic

of the R and the T state (7-9). No indications for chain heterogeneity

with respect to the rate of carbon monoxide binding are found.

It appears that the values for the second order rate constants, k, and k2

1
are independent of the degree of reduction and the carbon monoxide con-
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Fig. 1. Carbon monoxide binding observed after partial reduction
of valency hybrids at different degrees of reduction (p);
95 uM valency hybrads, 125 uM coO, 30 mM phosphate buffer
pH 6.0, 0.1 M methanol, 435 nm, 22 C.

TABLE 1

Rate constants for the carbon monoxide binding observed after fast reduc-
tion of human hemoglobin valency hybrids. Conditions: hybrid concentration,
95 yM; buffer concentration 30 mM; wavelength 435 nm; temperature 22 C.

-1 -1 -1 -1
k1 M s k2 uM s
phosphate 3.4 + 0.6 0.33 + 0.1
+ coPH OO0 g tris 4.0 + 1 0.41 + 0.1
@8, - -
phosphate 4.3 + 0.6 0.34 + 0.07
pH 7.0
bis-tris 5.6 +1 0.36 + 0.08
phosphate 3.1 + 0.5 0.29 + 0.06
pH 6.0
CO _+ bis-tris 3.4 + 0.4 0.27 + 0.04
@y B - -
phosphate 4.7 + 0.6 0.41 + 0.1
pH 7.0
bis~tras 6.1 + 0.8 0.35 + 0.09
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centration. Only the ratio of the amplitudes of the two phases depends

on the degree of reduction.

The fast monophasic carbon monoxide binding cobserved at low degrees of
reduction, where the predominant reaction product 1s a hybrid molecule
with one reduced heme group, indicates that after reduction of one heme
group the hybrid remains in the R quaternary state. This conclusion 1s 1in
accordance with results of flash photolysis studies which show that a
hemoglobin molecule having three ligands bound possesses the R structure
(7). Moreover 1t has been reported that reduction of one heme group in
methemoglobin does not cause the molecule to change 1ts structure from

R to T (1).

The fact that the slow phase in the carbon monoxide binding 1s only ob-
served at degrees of reduction where an appreciable amount of fully reduced
valency hybrads 1s formed justifies the conclusion that this phase can be
attributed to the fully reduced hybrids. In order to obtain more informa-
tion about the fraction of the intermediates GZBSO and ugoBz
slowly with CO, the contribution of the slow phase to the change in ab-

reacting

sorbance was measured as a function of the degree of reduction (Fig. 2 and
Fig. 3).

Since the hydrated electrons react with ferric heme groups with a rate
constant approaching the diffusion controlled limit (5,6) 1t 1s reasonable
to assume that all ferric heme groups have the same probability to react
with e;q. This results in a binomial distribution of the_'reduced heme
groups among the hybrids. According to this assumption the contribution of
fully reduced hybrids to the change in absorbance can be calculated (lane

A 1n Figs. 2 and 3). Line B in these figures 1s obtained by taking into
account the presence of dimers, which are known to react fast with CO (10).
At pH 6.0 and 7.0 the concentration of dimers has been calculated using

a value of 10-5 M for the dissociation constant of the tetramer-dimer
equilibrium. Fi1g. 2 shows that at pH 6.0 the experimental values correspond
reasonably well with line B. This leads to the conclusion that at this pH
a2820 and agoﬂz
the deoxy or T quaternary structure.

react with CO predominantly with a rate characteristic of

From the data presented in Fig. 3 1t can be estimated that at pH 7.0 about
CcO

70% of the o, 82 intermediates react slowly while for azego this percentage

1s about 50%. This difference in the amount of slowly reacting material indi-

cates a slight but distinct chain heterogeneity. A similar conclusion has

)
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Fig. 2. The dependence of the relative amplitude of the slow
phase (1-a) on the degree of reduction (p) at pH 6.0
in 30 mM phosphate (®) and 30 mM bis-tris (o); 95 uM
valency hybrids, 125 uM CO, 0.1 M methanol, 435 nm,
227C. Line A and B represent the calculated contribution
to the change in absorbance of fully reduced hybrids
(for further details see text).
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Fig. 3. The dependence of the relative amplitude of the slow
phase (1-a) on the degree of reduction (p) at pH 7.0
in 30 mM phosphate (®) and 30 mM bis-tris (o); 95 uM
valency hybrids, 125 pyM €O, 0.1 M methanol, 435 nm,
22°C for line A and B see legend to figure 2.



been reached by Ogawa and Shulman from NMR studies on the cyanomet valency
hybrids (11).

+
Our results differ from the CO binding data for the valency hybrids a282CN
and a+CNB
2 2

PH 6.6 about 80% of both hybrids react fast with CO. Moreover both hybrids

as obtained by Cassoly and Gibson (2). Their results show that at

behave nearly identical indicating absence of chain heterogeneity.

The main conclusion which can be drawn from our results 1s that at pH 6.0
deoxyhemoglobin having two carbon monoxide molecules bound still possesses
the T quaternary structure, while at pH 7.0 the R and the T state are about
equally populated.

In terms of the model of Monod, Wyman and Changeux (12) these results mean
that at pH 6.0 the equilibrium constant of the R-T equilibrium for a hemo-
globin molecule with two CO molecules bound, ch has a value larger than

10 while at pH 7.0 Lc2 has a value ranging from 1 to 2.

In other words the switch-over point has a value near 3 at pH 6.0 and a
value slightly larger than 2 at pH 7.0.

At pH 6.0 and 7.0 for both hybrids the amplitude of the slow phase is not
affected by an increase of the CO concentration up to 625 uM. This indicates
that the rate of the change in quaternary structure induced by total reduc-
tion 1s faster than the rate of carbon monoxide bainding.

on the other hand the observation that at pH 7.0 the amount of slowly reacting
material of azﬂgo and agoez

on the CO concentration, leads to the conclusion that the rate of intercon-

and the second order rate constant do not depend

version between the T and R state of these intermediates 1s slower than the
rate of ligand banding. A similar conclusion has been given by Cassoly and
Gibson for the cyanomet valency hybrids (2).

Our observations imply that the quaternary structure of the fully reduced
hybrid immediately after reduction 1s different from the R state of the
hybrid during the CO binding. Accordingly the following reaction scheme can

be proposed:

co co CO,CO CO. CO.CO
a282 (R) —EI—+ ao 62 ———+-a2 32
+,CO ez’:—l co x_|1k_/1c?
R S O T a4 slTs
272 272
co co CO.CO CO. CO,CO
a8, (T K, By Ty By

The rate by which R* decays to the normal T and R state (this decay is
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schematically represented by two rate constants) 1s too high to interfere
with the carbon monoxide binding kinetics. In other words k3 and k4 are
much larger than kl.[CO]. Finally 1t should be noted that the scheme does
not account for the fact that before the binding of CO, the R and T struc-
tures are i1n a state of equilibrium. However, in the absence of CO all
spectral changes observed after reduction are completed within 500 us

(unpublished results). This indicates that after thais time period no re-

distribution of the intermediates between the R and T states occurs.
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SUMMARY

This thesis reports on the results obtained from studies on 1) the
1nfluence of organic phosphates and chloride 1ons on the Bohr effect of
human hemoglobin, 11) the Bohr effect of valency hybrids and isolated
chains and 1ii) the kinetics of carbon monoxide binding to partially
reduced methemoglobin and valency hybrids.

In chapter 1 an introduction 1s given to the following chapters.

In chapter 2 the influence of DPG(2,3-diphosphoglycerate) on the Bohr
effect of hemoglobin 1s described in terms of differences in interaction
of DPG with oxy- and deoxyhemogloban.

Chapters 3 and 4 present a study on the influence of chloride ions
on the Bohr effect. It 1s shown that the acid Bohr effect observed in the
presence of 0.1 M KCl can be attributed to a difference i1n interaction of
chloride 1ons with oxy- and deoxyhemoglobin. This difference in interaction
1s also responsible for about 25% of the alkaline Bohr effect.

Chapter 5 reports the results obtained from a study on the Bohr effect
of valency hybrids in the presence and the absence of organic phosphates.
In the absence of organic phosphates the number of Bohr protons released
by the valency hybrids per ligand bound 1s equal to the value found for
hemoglobin. Upon addition of DPG or IHP (inositol hexaphosphate) an increase
in the Bohr effect 1s observed. However the phosphate induced additional
Bohr effect 1s very similar to that found for hemoglobin. These results
lead to the conclusion that the Bohr effect 1s linked to changes in tertiary
structure of the subunits rather than to the change in quaternary structure,
which hemoglobin shows upon ligation.

In chapter 6 1t 1s shown that the isolated o and g chains of human
hemoglobin have a small but significant Bohr effect. The magnitude of the
acid Bohr effect of the o chain i1s comparable to that of hemoglobin. In
the case of the 8 chain IHP interacts differently with the ligated and un-
ligated form.

The kinetic properties of a number of hemoglobin derivatives 1s dis-
cussed 1n chapters 7 and 8. Pulse radiolysis has been utilized to study the
kinetics of carbon monoxide binding to partially reduced methemoglobin
(chapter 7) and to partially and fully reduced valency hybrids (chapter 8).

In chapter 7 1t 1s shown that at neutral pH after reduction of one

heme group methemoglobin remains in the R quaternary structure. Reduction
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of two heme groups in methemoglobin causes a transition from the R to the
T state. In the presence of IHP partially reduced methemoglobin reacts
with carbon monoxide with a rate characteristic of the T state.

Experiments with valency hybrids (chapter B) demonstrate that at pH 6.0

2
structure. At pH 7.0 these carbon monoxide intermediates show about equal

. . . co .
the carbon monoxide intermediates a 62 and u2B§O are in the T quaternary

populations of the R and the T state.
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SAMENVATTING

In dit proefschrift wordt verslag gedaan van studies over i) de in-
vloed van organische fosfaten en chloride ionen op het Bohr effect van
menselijk hemoglobine, ii) het Bohr effect van valentie hybriden en de
a en B ketens van hemoglobine en iii) de kinetiek.van de koolmonoxide
binding aan partieel gereduceerde methemoglobine en valentie hybriden.

Hoofdstuk 1 geeft een inleiding tot een aantal onderwerpen die van
belang zijn voor een goed begrip van de daarop volgende hoofdstukken.

In hoofdstuk 2 wordt aangetoond dat de invloed van DPG (2,3-difosfo-
glyceraat) op het Bohr effect terug te voeren is op een verschil in inter-
actie van DPG met oxy- en deoxyhemoglobine.

De hoofdstukken 3 en 4 beschrijven de invloed van chloride ionen op
het Bohr effect. Het blijkt dat het zure Bohr effect dat in de aanwezigheid
van 0.1 M KCl waargenomen wordt, toegeschreven moet worden aan een verschil
in interactie van chloride ionen met oxy- en deoxyhemoglobine., Dit verschil
in interactie is tevens verantwoordelijk voor ongeveer 25% van het alkalische
Bohr effect.

In hoofdstuk 5 wordt ingegaan op het Bohr effect van valentie hybriden
en de invloed van organische fosfaten hierop. In afwezigheid van fosfaten
vertonen de valentie hybriden een Bohr effect dat de helft kleiner is dan
het Bohr effect van hemoglobine. In aanwezigheid van DPG of IHP (inositol
hexafosfaat) wordt een toename van het Bohr effect geconstateerd. Deze toe-
name in Bohr effect, is ongeveer gelijk aan de toename die bij hemoglobine
wordt waargenomen., Hieruit kan geconcludeerd worden dat het Bohr effect
niet zo zeer gecorreleerd is aan de veranderingen in de quaternaire struc-
tuur, die hemoglobine ondergaat tengevolge van ligatie, als wel aan de
verandering van tertiaire structuur, die de subeenheden ondergaan als ge-
volg van ligand binding.

Uit hoofdstuk 6 blijkt dat de o en B ketens van menselijk hemoglobine
ook een Bohr effect vertonen. Het zure Bohr effect dat voor de o ketens
wordt waargenomen, is wat grootte betreft te vergelijken met het zure Bohr
effect van hemoglobine. Het blijkt verder dat IHP een verschil in inter-
actie vertoont met de geligandeerde en de niet geligandeerde vorm van de
B ketens.

De hoofdstukken 7 en B bevatten een onderzoek naar de kinetische
eigenschappen van een aantal hemoglobine derivaten. Er is gebruik ge-

maakt van de mogelijkheden die pulsradiolyse biedt om de kinetiek te be-
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studeren van de binding van koolmonoxide aan partieel gereduceerd methemo-
globine (hoofdstuk 7) en aan partieel en volledig gereduceerde valentie
hybriden (hoofdstuk 8).

Uit het onderzoek beschreven in hoofdstuk 7 blijkt dat bij neutrale
pH reductie van een heem groep in methemoglobine niet leidt tot een ver-
andering in de quaternaire structuur. Reductie van twee heem groepen heeft
de overgang van de R naar de T conformatie tot gevolg. In de aanwezigheid
van IHP blijkt dat partieel gereduceerd methemoglobine voorkomt in de T
structuur. Tevens worden aanwijzingen gevonden voor het bestaan van keten
heterogeniteit met betrekking tot de kinetiek van de koolmonoxyde binding.

Experimenten met valentie hybriden (hoofdstuk 8) tonen aan dat bij
pPH 6.0 hemoglobine moleculen, waarvan ofwel de a ofwel de B8 ketens in de
carboxy vorm verkeren, zich in de T conformatie bevinden. Bij pH 7.0 wordt
voor deze partieel geligandeerde moleculen een significante populatie van

de R toestand waargenomen.
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STELLINGEN

De door Imanaka et al. voorgestelde vlakke driegecoordineerde structuur voor
een rhodium(II) complex is aanvechtbaar.

T. Imanaka, K. Kaneda, S. Teramshi and M. Terasawa (1976), Proceedings 6th Inter-
national Congress on Catalysis, London 12-16 July, A41.

11

Bij de veronderstelling van Elligsen et al. dat een verhoging in lysosomale
enzymaktiviteit aanleiding kan geven tot een verlies aan celgrociregulering bij
getransformeerde cellen, is geen rekening gchouden met het feit dat deze
verhoging ook na de mitose kan plaats vinden.

J.D. Llligsen, J.&. Thomson and H.E. Frey (1975), Exp. Cell Res. 92, 87-94.

11

Op grond van de experimenten van Obermeier en Geiger met betrekking tot
de sermsynthese van mensehjk insuline, zou het aanbeveling verdienen, de
koppelingsplaats tussen het natuurlijke en het synthetische fragment te kiczen
tussen GluB2! en Arg.B22.

R. Obermerer and R. Geiger (1976), Hoppe-Seyler’s Z. Physiol. Chem. 357, 759-767.

v

De bewering van Benesch en Rubin dat bij hoge DPG concentraties de
Haldane en de Bohr coéfficient in getalwaarde verschillen, is niet in overeen-
stemming met het door henzelf gegeven theoretische verband tussen de
Haldane en de Bohr coéfficient.

R.L. Benesch and H. Rubin (1975), Proc. Nat, Acad. Sc1. USA 72, 2465-2467.

\Y

Het reactiemechanisme dat door Hendrickson et al. wordt voorgesteld voor de
electrochemische reductic bij -0.22 V van het tris(N,N-di-n-butyldithio-
carbamato)nikkel(IV) complex, is aan bedenkingen onderhevig.

A.R. Hendrickson, R.L, Martin and N.M. Rohde (1975). Inorg. Chem. 14, 2980-2985,






VI

De interpretatie die door Mieyal en Freeman gegeven wordt van de verzadi-
gingscurve voor de binding van aniline aan methemoglobine, 1s niet voldoende
gefundeerd

JJ Mieyaland L S Freeman (1976), Biochem, Biophys Res Commun 69, 143 148

VII

De door Arai et al berekende dissociatieconstante voor de binding van GDP
aan EF-Tu s strydig met hun experimentele gegevens

K Arai, M Kawakitaand Y Kaziro (1974), J Biochem. 76 293 306

vill

By de keuze van de kleur glas van flessen voor het bewaren van geneesmidde-
len dient meer aandacht besteed te worden aan de lichtgevoeligheid van be-
paalde geneesrmddelen

Nederlandse Tarmacopee 1966, zesde uitgave, tweede druk, Staatsdrukkery ’s-Graven
hage p 34

Nederlandse I'armacopee 1973, zevendc uitgave, Staatsdrukkery, ’s Gravenhage, p 268
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