
PROTON BINDING STUDIES ON 
HEMOGLOBINS OF COW AND 
EEL AND THE INTERACTION 
WITH ORGANIC PHOSPHATES 

RM.BREEPOEL ,̂.;, .-;?íÉ^^p·' 

ш 

& -
«^¡rr:. ϊί-τ-··-·-: A ІІІІІІІІІІИІМІІІІІІІІГМ 





Proton binding studies on hemoglobins of cow and eel and the 
interaction with organic phosphates 



Promotores : Prof.Dr. F. Kreuzer 

Prof.Dr. G.A.J, van Os 

Co-referent: Dr. S.H. de Bruin 

Het onderzoek voor dit proefschrift werd uitgevoerd aan de afdeling fysio

logie (Hoofd Prof.Dr. F.Kreuzer) van de medische fakulteit van de universi

teit te Nijmegen. Dit werd mede mogelijk gemaakt door de financiële steun 

van de Stichting voor Zuiver Wetenschappelijk Onderzoek en bijdragen in 

materiaal kosten door de Stiftung Volkswagenwerk. 



Proton binding studies on hemoglobins of cow and eel and the 
interaction with organic phosphates 

PROEFSCHRIFT 

TER VERKRIJGING VAN DE GRAAD VAN DOCTOR IN DE 

WISKUNDE EN NATUURWETENSCHAPPEN AAN DE KATHO

LIEKE UNIVERSITEIT VAN NIJMEGEN, OP GEZAG VAN DE 

RECTOR MAGNIFICUS PROF. DR. A. J. H. VENDRIK VOLGENS 

HET BESLUIT VAN HET COLLEGE VAN DECANEN IN HET 

OPENBAAR TE VERDEDIGEN OP DONDERDAG 29 JUNI 1978 

DES NAMIDDAGS TE 2 UUR PRECIES 

door 

Peter Maria Breepoel 

geboren te Terneuzen 





CONTENTS 

Voorwoord 

Abbreviations 

Chapter I. Structural aspects of the binding of hemoglobin 

with ligands 

Chapter II. The interaction of protons and organic phosphates 

with hemoglobins of newborn and adult cow 

Chapter III. The interaction of protons and organic phosphates 

with two major hemoglobins of European eel 

Summary 

Samenvatting 

Korte levensbeschrijving 





V O O R W O O R D 

Het totstandkomen van dit proefschrift is het werk geweest van vele handen 

en hoofden. De nauwgezetheid, ijver en opmerkingsgave van Marijke Hazevoet 

bij het uitvoeren van de vele ekspenmenten dient in het biezonder vermeld 

te worden. Verder ben ik dank verschuldigd aan Manette van der Ouderaa, 

Theo van de Wiel, Paul Verstijnen, Bini Ringnalda, Greet van Woerkom en 

Willem van de Ven, voor hun aandeel in diverse onderdelen van het eksperi-

mentele werk. De inzet, hulpvaardigheid, adviezen en belangstelling van Jo 

Michels zijn steeds belangrijk geweest, m e t alleen bij het bouwen van meet

opstellingen, maar ook voor de kontinuiteit van de werkzaamheden. Dank ook 

aan Henk Boone, Leo Frings, de immer hulpvaardige Albert Coenen, Jo Spaan 

voor de preparatie van zuurstofelektroden, Henme IJzenbrandt voor het bou

wen van een fotometer en de sekretaresses van de afdeling fysiologie. 

Veel en vaak barokke glasinstrumenten werden voortreffelijk vervaardigd in 

de glasinstrumentmakenj ; de pH-staat/titratie opstelling werd vervaardigd 

in de afdeling elektromka. Alle medewerkenden nieraan komen dank toe. 

Th. Clerbaux wil ik danken voor adviezen voor het bouwen van een meetopstel

ling voor zuurstofbindingsmetingen, Jan Everaerts voor zijn hulo bij mijn 

oriëntatie in het vissenrijk, op zoek naar een geschikt proefdier en Louis 

Hoofd voor zijn hulp bij komputer-berekemngen. 

Bij het schrijven van het proefschrift is de diskL,ssie over inhoud en vorm 

met diverse mensen onontbeerlijk gefeest. Een aantal van hen moet ik hier 

in hun anonimiteit dank zeggen. Wel genoemd kan en moet worden de dank die 

ik Jan de Koning verschuldigd ben voor het lezen en leesbaar helpen maken 

van onrijpe manuskripten, en Peter Houwen die, in een later stadium het 

geheel van kritische kanttekeningen voorzag en een belangrijke bijdrage bij 

de korrektie van het manuskript geleverd heeft. 

Voor het omslagontwerp tekende Henk van Hout, die hiervoor mijn biezondere 

waardering oogst. 

Het voortreffelijke type-werk dat door Sylvia Engels uitgevoerd werd, heeft 

de korrektie van het manuskript tot een lastige taak gemaakt. Ik ben haar 

daar erg dankbaar voor. 

Waar een proefschrift gezien mag worden als het afsluiten van een universi

taire wetenschappelijke opleiding, wil ik deze plaats ook gebruiken om mijn 

ouders te danken voor de mogelijkheid die ze me, nét hun belangstelling en 
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steun, verleend hebben om deze opleiding te volgen. 

De periode waarin ik intensief met het werk voor het proefschrift bezig 

was, moet een ongezellige tijd geweest zijn voor Griet en Polo. Hun geduld 

tijdens die periode, en Griet's belangstelling waren een grote steun voor 

me. 
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ABBREVIATIONS 

βη activity of compound ι 
A fructose-bisphosphate aldolase 
ADP adenosine-5'-diphospnate 
AMP adenosine-5'-monophosphate 
ATP adenosine-5'-triphosphate 
αχ (α-,) mol fraction of dissociation product X (or ionic species i) 
DPG 2,3-diphosphoglycerate 
DPGM diphosphoglycerate mutase 
DPGP diphosphoglycerate phosphatase 
E enolase 
EDTA ethylenediaminotetra-acetic acid 
E^ light absorption at vvavelength λ 
ε

λ
 molar light absorption at wavelength λ 

FDNB l-fluoro-ZH-dinitrobenzene 
GPDH glyceraldehydephosphate dehydrogenase 
GTP guanosine-5'-triphosphate 
Hb hemoglobin tetramer 
ι ionic species 
ΐχ total number of mois X per mol macromolecule present in solution 
IHP myo-inositolhexaphosphate -, 
kPa kilopascal (10

3
 Pa = 1 0

3
 N.n,"'") (= 7.5 mm Hg) 

kn

I η th order association rate constant 
k

n
 η th order dissociation rate constant 

k
H
 pH dependent association rate constant 

К association equilibrium constant 
Kl, ...K» intrinsic association equilibrium constants for binding of the 

four respective oxygen molecules to hemoglobin 
K

a
 acid dissociation equilibrium constant 

LDH lactate dehydrogenase 
λ wavelength 
Mb myoglobin 
n-, number of titratable groups belonging to class ι in titration 

analysis 
п ц т П slope of the ligand equilibrium curve in a Hill plot (eq.I.4.2) 
П50 пн-iii at Y = 5(H 
n

m a x
 maximum value of п н щ in Hill plot 

NAD nicotinamide adenine dinucleotide 
p-CMB para-chloromercunbenzoate 
pH negative logarithm of activity of H

+
 ions 

pH-, intra-erythrocytic pH 
pHp plasma pH = extra-erythrocytic pH 
pK negative logarithm of association equilibrium constant 
pK

a
 negative logarithm of acid dissociation equilibrium constant 

pK-, pK
a
 of group of titratable class ι 

pX negative logarithm of activity of species X 
Ρλ inorganic phosphate 
Pm median oxygen pressure 
Porg organic phosphate 
P50 oxygen partial pressure at Y = 50 
Ρχ partial pressure of gaseous compound X 
PFK phosphofructo kinase 
PGM phosphoglycerate mutase 
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PGK phosphoglycerate kinase 
PK pyruvate kinase 
t time 
TPI tn'osephosphate isomerase 
V volume 

•VQ initial volume 
д change in volume 
w electrostatic interaction factor 
Y degree of ligand saturation of hemoglobin 
ZH mois of protons bound to macromolecule in solution 
Zmax maximum positive Ζμ of native protein 
Ζχ (Z-j) mois of compound X (ion i) bound to macromolecule in solution 
ΔΖΗ number of mois protons released upon binding of heme-ligand to 

deoxyhemoglobin 
ΔΖχ (ΔΖ-j) number of mois of compound X (ion i) released upon binding of heme-

У . ligand to deoxyhemoglobin 
ΔΖ

Η
 (ΔΖΜ) number of mois protons released upon binding of compound X (ion Γ 

to macromolecule 
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1.1. Introduction 

Hemoglobin is the protein molecule studied more thoroughly than any other 

with respect to the binding of physiologically important ligands. 

A general feature of all these ligands is the mutual interaction 

between their respective bindings. Partly these interactions can be inter

preted in terms of competition, but in many cases also their interference 

with the overall structure of the hemoglobin molecule plays a role in their 

mutual interactions. 

Apart from the ready availability of hemoglobin solutions of high 

purity in relatively large amounts, another advantage of these studies is 

the detailed knowledge of the three-dimensional structure of the hemoglobin 

molecule, owing to the masterly work of Perutz and his coworkers at Cam

bridge (Perutz, 1970). 

Hemoglobin has been used as a model protein in much theoretical work, 

in particular with respect to the so-called allosteric properties of ligand 

binding. 

Several excellent reviews have been published in recent years on the 

subject of the interaction of the hemoglobin molecule with its physiologic

ally important ligands (Kilmartin and Rossi-Bernardi, 1973; Bauer, 1974; 

Antonini and Brunori, 1971; Shulman et al., 1975; Baldwin, 1975; Robert, 

1975). 

The present chapter will provide condensed information about the gen

eral outlines of the binding of the various ligands to hemoglobin and their 

mutual interactions. Concerning a description of the historical development 

of the subject, the reader is referred to the reviews cited above, and to 

Edsall (1972). 

1.2. General structure of hemoglobins 

Hemoglobins may be composed of 1, 2, 4 or many more subunits arranged in a 

stable molecular conformation. 

Basically a hemoglobin subunit is a globular protein molecule to which 

an iron-containing chelate compound (iron protoporphyrin IX) is firmly an

chored by both hydrophobic (van der Waals) interactions and by a coordi

nation bond between the iron ion and an imidazole side chain of the protein 
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(the so-called proximal histidine). 

The heme iron in active hemoglobin is in the ferrous valency state; 

four coordination sites are occupied by the four nitrogens of the porphyrin, 

one by the aforementioned proximal histidine, and the sixth position is the 

ligation site for the heme-ligands: oxygen, carbon monoxide, nitric oxide 

or alkylisocyanides. In the physiologically inactive methemoglobin the iron 

is oxidized to ferric ion and cannot be liganded by oxygen anymore. Possi

ble ligands for methemoglobin are HpO, OH", F", CN", etc. 

Hemoglobins may occur in various degrees of aggregation. 

The myoglobins are monomeric and occur in the muscles where their pri

mary functions are storage for oxygen and enhancement of oxygen diffusion. 

Apart from a few exceptions, all vertebrates possess one or more types 

of tetrameric hemoglobins contained in the red blood corpuscles (erythro

cytes), which circulate with the blood stream. Their principal function is 

the transport of oxygen from the environment to the oxygen-consuming sites 

in the organism, while some waste products are transported in the opposite 

direction. Their molecular weight is about 65.000 daltons. 

A notable exception among the vertebrates is the lamprey in which the 

hemoglobin's state of aggregation depends upon the degree of ligation. The 

larvae of the European eel (Anguilla anguilla L) as well as members of the 

family Chaenichthyidae, the Antarctic icefishes, have erythrocytes which 

contain no colored oxygen-transporting pigment at all. 

Among the evertebrates several phyla contain polymeric hemoglobins 
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whose molecular weights range from 3.3 χ 10 up to 3.0 χ 10 daltons. 

Other oxygen-transporting pigments (chlorocruorins, hemocyanins, 

hemerythrins) may occurr too (Manwell, 1960). Some pigments are contained 

in cells, some are not. 

This thesis is restricted to studies on hemoglobins of vertebrates, 

which are of the tetrameric class. Hence we focus our attention on their 

specific properties. 

1.3. Structure of tetrameric hemoglobin 

The tetrameric hemoglobin molecule is composed of chains, each containing 

some 140 amino acids coupled in a particular sequence (the so-called 

"primary structure"). 

1-2 



F¿guAe 1-7 

Re£at¿ve po-i-ùtioni od the. kmt-Алоп atomi о^ thz α and β chouini ¿η thz 
ігЛлателІс. dpoxy- ití^t) and oxyhmoqlobtn molícuZe. [fviqht). 
T/ie cLóitat: ЬсЛиееи the. ілоп atom але. gtven ¿.η pojizvithueA. 

Two pairs of different types of chains (called a- and ß-chains) 

aggregate to form the tetrameric hemoglobin, in which the heme irons of 

the four constituent chains are located at the corners of a tetrahedron 

(Fig. 1-1). 

The globular structure of the globin of each α and β subunit is main

tained by three types of molecular interactions, which are of hydrophobic, 

hydrogen-bonding or ionic nature. These forces maintain the structure on 

the secondary and tertiary level. The "secondary structure" may be described 

by eight helices named A through H, which are interconnected by non-helical 

regions. Amino acids in the helical and non-helical regions are numbered 

according to their order in the particular section, starting from the a-

amino end, according to the convention proposed by Kendrew et al. (1961). 

The well-defined folding of these helices results in a globular structure, 

where generally apolar side chains are directed inwards and polar and 

charged side chains outwards, the so-called "tertiary structure". 

The spatial arrangement of the four subunits is defined by the 

"quaternary structure". 
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1.4. Binding of oxygen 

In the deoxyhemoglobin molecule the three molecular interaction types main

tain a well-defined structure in which the affinity of the a- and ß-chain 

hemes for oxygen is markedly lower than that of the isolated chains. The 

deoxyhemoglobin structure thus imposes constraints on the individual chains; 

the structure is said to be constrained or tense (T-state). 

Ligand binding to this tense deoxyhemoglobin molecule gradually re

leases the constraints, thus giving rise to the so-called cooperative ligand 

binding. The ultimate fully liganded hemoglobin molecule lacks the con

straints typical for deoxyhemoglobin, and has a structure which is charac

teristic for heme-liganded hemoglobin (relaxed = R-structure). 

Based upon a comparison of the crystallographic structures of deoxy-

and methemoglobin Perutz (1970) proposed a simplified scheme of the struc

tural consequences of all four successive oxygen-binding steps, thereby 

presenting a useful model for the mode of allosteric interactions within 

the hemoglobin tetramer. 

The trigger of this structural change upon heme-ligand binding origi

nates from a reduction of the radius of the heme iron caused by the ligand 

binding. In deoxyhemoglobin this radius is so large that the iron atom pro

trudes out of the plane of the porphyrin in the direction of the sixth 

coordination position. The reduction of the iron radius induced by ligand 

binding causes the iron ion to approach the heme plane, thereby pulling the 

proximal histidine towards the heme. The tertiary structure is distorted 

by this movement. The accumulative effect of the tertiary structural chang

es of the subunits cause a change in the quaternary structure, which in

volves slight shifts and rotation of the subunits with respect to each 

other. In Fig. 1-1 this is visualized by the changes in the positions and 

distances of the iron atoms. 

The release of the constraints in the hemoglobin molecule results in 

an increase of ligand affinity, and hence in the cooperative binding of 

ligands. In Fig.1-2 oxygen binding curves of myoglobin and hemoglobin are 

shown. The monomeri с myoglobin has a hyperbolic oxygen binding curve and 

* 
Liganded hemoglobin during the procedure of crystallographic experimentation 
is converted to the oxidized state, unable to bind ligands like CL and CO, 
but isomorphous with liganded ferrous hemoglobin. 
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Oxijgan buiding CLLWZÌ {b&tiMcutxon, V, гиш cxi/gen раьСсаі рггаике., PQ ) 
о{ human hemugtobA,n (Ho) and myoglobin (Mb) at 25 0C. T/ie сил г ufi 
mijogtobtn WCLÌ calaulixtzd aiitmuig an ai-bocj-oJxon zqu.AJU.bnA.um ccniitant K= 
9.1 fePa_? [calculated frrom data bij Rciò-t-FaudXt and Antonine, 195$, теаьилга 
at pH 7.45 -en T t x i - b a ^ c i at a сспсгпііаісоп о^ 0.2 mmol Mb/¿). Рол t/ie 
/геліодСоЬ-сн сил е da-ta ісе-ге íafcen ^ о т Tyuma e-í a£. (Í973).· K;=0.S5 fePa~'; 
K2-1.24 fePa-'; K3 = S.9 fePa"'; K4 = 30.3 fePa"' (meaic^temetói pc^^^ned a-í pH 
7.4 ^и B^-TUxS b u ^ á ^ a-í л ùoncziitratLon o{, 0.015 mmol Hb/l). 

high oxygen a f f i n i t y . The stripped (= phosphate-free) hemoglobin has lower 

oxygen a f f i n i t y and the oxygen binding curve is sigmoid or S-shaped. The 

sigmoid binding curve can be described by the equation: 

Y = 

2 3 4 
K1P02

 + 3 I < 1 K 2 P 0 2
 + 3 I < 1 K 2 K 3 P 0 2

 + K 1 K 2 K 3 K 4 P 0 2 

1 + 4 Κ 1 Ρ θ 2 + бК^Р^ + 4 К 1 К 2 К З Р 3 2 + ψ^κ/^ 
(1.4.1) 

Here K, through K. are intrinsic association equilibrium constants of the 

four oxygen binding steps;Y = degree of oxygenation of hemoglobin (expressed 

in percent ; P« = oxygen partial pressure. 

The cooperativity of the oxygen binding is better visualized in the so-

called Hill plot (Fig. 1-3): the oxygen binding data are plotted according 

to the relation (Hill, 1910): 

log ( r ^ r )
 = l o

9
K + n

HilT
l o
9

P
o (1.4.2) 
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F-tguAe 1-3 
y 

HdLl pioti [log [γζγί еЛіил IO$?Q„\ O¡$ tkz охудгп b^ndcng сиыгл ofa myogiobm 

(Mb) and lie.mog¿ob-ui (Hb) ihoicn -en F-tg.I-2. 

In the absence of cooperativi ty (myoglobin) the so-called H i l l coef f ic ient 

(nHi-|-|) equals uni ty . Whenever cooperativity occurs Πη^-ιι has a value d i f f e r 

ing from u n i t y , where_n;l_denotes_gositive_çooperatiyityj_and_n<l_nieans 

!]§9§СІУ§-С°°Е?§!Г§£ІУІ£У· ^ n t , i e l i t e r a t u r e oxygen binding data may be charac

terized by either η (maximal value of Пи·-,,) or n 5 0 (value of Пп·,, at 

Y=50). 

1.5. Binding of protons 

Several amino acid side chains on the hemoglobin molecule are able to ex

change protons with the aqueous environment. These t i t r a t a b l e groups may be 

divided into several subclasses, any of which is t i t r a t a b l e in a speci f ic pH 
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range. Carboxyl groups of glutamic and aspartic acid have pK values (acid 

dissociation equilibrium constants) at the acid end of the pH scale, a-

amino groups of both α and β chains as well as a number of the imidazole 

side chains of the histidines generally titrate in the neutral pH range. 

A number of the imidazoles of hemoglobin are, however, reported to be hid

den (Janssen et al.,1972). ε-amino groups from lysines as uell as sulf-

hydryl (cysteine), hydroxyl (tyrosine), and guanidinium groups (arginine) 

are found in the class of alkaline titratable groups. 

The fitting of experimental titration curves of hemoglobin in general 

calls for further subdivision of these classes (de Bruin and van Os, 1968). 

1.6. Protons and heme-ligand binding 

The change in structure of the hemoglobin molecule upon heme-ligand binding 

results in an alteration of some of the ionic interactions between the sub-

units. The ionic contacts present in deoxyhemoglobin and ruptured in ligand-

ed hemoglobin are shown in Fig.1-4. 

Salt contacts between ionic species induce a shift of the proton dissociation 

equilibria of these groups, resulting in an increase of the absolute charges 

of the interacting charged groups. In the neutral pH range almost exclusive

ly imidazole side chains and α-amino groups are titrated. Hence only pK 
α 

shifts of these two types of groups can be observed in this pH range. By a 

combination of crystallographic and chemical investigations the groups re

sponsible for the change in proton binding at neutral pH have been eluci

dated. 

As may be seen from Fig.1-4 the terminal amino groups of the α-chains 

(NAl-al) in deoxyhemoglobin are involved in constraining salt bridges with 

a СОСГ-group of asparagine (A4-a6), a COO -group of the terminal arginine 

(HC3-al41), and probably via a CI ion with the guanidinium side chain of 

the same terminal arginine. The COO -groups of asparagine (A4-a6) and ar

ginine (HC3-al41) also interact with an ε-amino group of lysine (H10-al27), 

whereas the guanidinium side chain of arginine (HC3-al41) is also in salt 

contact with the COO'-group of asparagine (H9-al26). 

A second group of salt linkages exists between the imidazole side chain 

of histidine (HC3-3146) and the C00"-group of asparagine (FG1-394); the 

terminal COO -group of histidine (HC3-ßl46) forms a salt bridge with the ε-
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NHg Gua Gua 

COQ-Im COO 
Ι Ν/ 

Asp 94 His 146 

ß^ 

coo" 
1 

3lu 43 

His 143 

Lys 82 

Val 1 

His 2 

•Im 

•ΜΗ 

•™3 

Glu 43 

Im- His г 

Im-

COO COO Іп -СОО 
J Χ / ι 

His146 Asp 94 

Val 1 

Lys 82 

His 143 

ß2 

^¿дило. 1-4 

Sdizmcuttc xzp-itbíntatíon о^ tho. oxylabiZz оЛо.сХлоstatic со іасХл within 
the. de.oxijhmogiobin tzttamzx. 

amino group of lysine (C5-a40). 

The guanidinium side chain of arginine (FG4-a92) contacts the C00~-

group of glutamine (CD2-343). 
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The a-amino groups of the a-chains and the imidazole side chains of the 

C-terminal histidine of the 3-chains are the only oxylabile interacting 

groups which are titratable in the neutral pH range. The pK. change of the 
α 

amino terminal groups of the α-chains is from 7.79 in deoxyiemoglobin to 

6.95 in carboxyhemoglobin (Garner et al., 1975) at 26
 0
C and ю т е strength 

0.2. By NMR spectroscopy at 30
 0
C Kilmartin and bootton (1970) determined 

a pK shift of the 6146 imidazole side chains from 8.0 in deoxyhemoglobin 
α 

to 7.1 in oxyhemoglobin. 

These pK
a
 shifts result in a release of protons when the nemoglobin 
α 

passes from the deoxy to the liganded quaternary structure in the neutral 

pH range. Apart from this effect, at acid pH the reverse effect is observed: 

upon heme-ligand binding protons are taken up. Attempts to identify tne 

residues responsible for this effect have failed so far. Owing to the ther

modynamics of this effect the involvement of imidazoles can be refuted and 

the involvement of carboxyl groups seems probable (Antonini et al., 1965). 

The total phenomenon of oxylabile proton binding is called the fixed-

acid Haldane effect and is expressed by the quantity ΔΖ
Η
. 

The reverse effect, the influence of proton concentration (pH) upon 

oxygen binding to hemoglobin, can also be demonstrated. The term fixed-

acid Bohr effect is used here, and in its general form this phenomenon is 

dlogP 
expressed as — ¡ - π — . Ρ is the median oxygen pressure, defined by tne 
expression (Лупіап, 1964): 

/•InP С +·» 
m
YdlnP =

 l n
p (lOO-Y)dlnP (1.6.1) 

The expression for the fixed-acid Bohr effect can for practical purposes 
dlogP

5 0 

be reformulated as — - r - n — , because the oxygen partial pressure at SOi 

saturation (Ρ™) equals Ρ when the following relation between the Adair 

constants holds (Hoofd, personal communication): 

K
2
K

3
 = K j ^ (1.6.2) 

In general for normal human hemoglobin the equation 

dlogP5û 

- - W ^ =
*

Δ Ζ
Η
 ( Ι

·
6
·

3 ) 

holds witmn the limits of accuracy of the measurements. This equation can 

be derived using the principle of linked functions (л'упап, 1964), provided 
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several simplifying requirements are fulfilled. These requirements hold only 

approximately, but are never met perfectly. For example the shape of the 

oxygen binding curve should be pH independent. This statement is valid only 

approximately as was shown by the work of Imai and Yonetam (1975), who 

showed a pH dependence of the Hill constant (n ) and a non-umform pH de-r r v
 max'

 r 

pendence of the four Adair constants. 

The two interdependent effects (influence of oxygenation on proton 

binding and influence of proton binding on oxygen binding equilibrium) are 

both examples of so-called heterotrogic_interactions. The effector acts at 

a kind of site which differs from that of the heme ligand. In contrast the 

so-called homotropic_interactions are interactions between the binding of 

one type of ligand at multiple identical binding sites within the same 

macro-molecule, as is the case in cooperative heme-ligand binding to hemo

globin. 

1.7. Carbon dioxide binding 

CCL is excreted in the blood as a waste product of the metabolic processes 

in the tissues. 

In aqueous solution C0„ is involved in several chemical equilibria 

C0
2
 + H

2
0 • - H

2
C0

3
 (1-7.1) 

Н
2

С О
з ^ = ί

 h + + H C 0
3 ~ Π·?.2) 

HC0
3
" j- - H

+
 + C 0

3

2
" (1.7.3) 

The rate of the reaction involved in the (de-)hydration equilibrium 

(eq. 1.7.1) is slow, but in the erythrocytes it is sned up some 16,000-

fold by the catalytic action of the enzyme carbonic anhydrase. 

Tne change in hydrogen ion concentration which results from changes in 

C0
?
 concentration (P

r n
 ) affects the functional properties of hemoglobin in 

the way shown in the previous section. Furthermore CO« itself is bound to 

qlobin amino groups as carbamate according to the reaction
-

-NH
2
 + C0

2
 ^ • - -N

H
 - COOH (1-7.4) 
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-N
H
 - COOH -N

H
 - COO" + H

+
 (1.7.5) 

The dissociation according to reaction (1.7.5) is virtually complete at 

neutral pH because of the low pK value of carbamic acid (Roughton, 1970). 

a 

1.8. Protons and carbon dioxide binding 

Carbamates can only be formed with unprotonated amino groups (reaction 

1.7.4). At physiological pH (approximately 7.2) only the α-amino groups of 

the four subunits are present in unprotonated form in significant amounts: 

-a - NH_,
+
 ^ -a - NH, + H

+
 (1.8.1) 

Thus carbamate formation under physiological conditions is dependent upon 

the dissociation equilibrium constant (pK ) of the four α-amino groups. 

At higher pH also ε-amino groups of lysine residues are involved in car

bamate formation. 

1.9. Carbon dioxide and oxygen binding 

Carbamate formation also depends upon the state of ligation of the hemo

globin and hence upon the quaternary state of the molecule. T-state hemo

globin (adult human deoxyhemoglobin) binds more C0
?
 than the (liganded) fi-

state does (Meldrum and Roughton, 1933). The difference in bound CO- between 

deoxy- and oxyhemoglobin per mol tetrameri с hemoglobin is denoted by ΛΖ™ 

(the COp-Haldane effect). Under physiological conditions deoxyhemoglobin 

binds about 1.6 mol C0
?
/tetramer, whereas liganded hemoglobin binds about 

0.6 mol C0
?
/tetramer, and hence ΔΖ

Γ ( ί
 is approximately 1 (Kilnartin and 

Rossi-Bernardi, 1969). Binding of C0
?
 to the ß-chain terminal amino groups 

in deoxyhemoglobin was shown by Arnone (1974a) in an X-ray diffraction 

study; he failed, however, to demonstrate CO- binding to α-chain α-amino 

groups. The α-amino groups of the a- and g-chains have been shown to con

tribute unequally to carbamate formation in deoxyhemoglobin: the two ß-

chain α-amino groups bind C0
?
 more firmly than the α-chain groups. In the 
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liganded hemoglobin, however, this difference is virtually absent (Perrella 

et al., 1975; Morrow et al., 1976), and the affinity of both types of a-

armno groups is lower even than the affinity of the α-chain α-amino group 

in deoxyhemoglobin. Thus the ß-chain a-amino groups primarily contribute to 

the overall lowered C0 ? affinity of the liganded hemoglobin. 

The reverse effect, the influence of C0„ upon the oxygen affinity of 

hemoglobin (Margana and Green, 1933) (the C0?-Bohr effect) is linked to 

the CCL-Haldane effect by the equation: 

d log P C 0 2 = ì A Z C 0 2 ^1·9·1) 

It was demonstrated that the S-chain α-amino groups play a more prom

inent role than the α-chain groups in this reverse effect too (Kilmartin 

et al., 1973). 

I.10. Protons, carbon dioxide and heme-ligand binding 

One type of identified oxylabile proton binding sites is the a-amino group 

of both α-chains. The pK shift from 7.79 in deoxyhenoglobin to 6.95 in 

a 

liganded hemoglobin (Garner et al., 1975) results in a higher amount of un-

protonated a-amino groups in the latter. Nevertheless the C0
?
 affinity of 

this α-amino group in liganded hemoglobin is slightly decreased rather than 

increased (Perrella et al., 1975). The same phenomenon was reported on 

binding of cyanate to α-amino groups, as a structural analog of CO« (Jensen 

et al., 1973). Apparently steric factors account for this behavior, as they 

probably also do at the 3-chain α-аплпо groups. Their pK values change 
α 

only slightly upon ligand binding (from 6.84 to 7.05; Garner et al., 1975) 

but considerable C0„ release has been reported (Perrella et al., 1975). 

As may be clear from reactions 1.7.4 and 1.8.1, C0„ binding decreases 

proton binding at the α-amino groups. More CO« is bound to deoxyhemoglobin 

than to the liganded hemoglobin, and hence more amino groups will become 

exposed upon ligand binding in the presence of C0
?
, and an uptake of protons 

may occur. This may explain the decreasing effect of C0„ on the fixed-acid 

Haldane effect (Rossi-Bernardi and Roughton, 1967; Siggaard-Andersen, 1971). 

Δ Ζ
Η
 may even become negative at alkaline pH (> pH 7 ) , when the number of 
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protons taken up exceeds that released from the "normal" oxylabile groups. 

The reverse effect, the influence of CO, on pH-dependent oxygen bind-
d log P

m

 2 

ing was also observed: — g — q — becomes smaller as Ρ_
0
 increases (Dahms 

et al., 1972).
 2 

1.11. Organic phosphate binding 

Notwithstanding the intensive study of hemoglobin properties for at least 

a century, the crucial regulatory role of the organic phosphates in 

Рсдцле. 1-5 

VaAtLoJL lipizizntcLtLOH οζ t/ie binding icta-j ^ci Cigaiitc pko!>p!iate.b in dc-
ox'jkemcgZob^n, Lvctk thz k¿-r<cglcbai ігмаись uiicíved ^n taz ¿izdVioitattc 
cuntact ιο-ίΧ/ι i/ie 2,3-d<Lpiiv!ip!icgiijce.ïa.tz тоігсиіг. 
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hemoglobin-oxygen binding was not discovered until 1967, independently by 

two groups (Chanutin and Curnish, 1967; Benesch and Benesch, 1967). Within 

a few years a full structural explanation of their molecular interaction 

became available. 

The major organic phosphate in human erythrocytes was shown to be 2,3-

diphosphoglycerate (DPG) (Rapoport and Guest, 1941). This compound was 

demonstrated by X-ray crystallographic analysis to be bound electrostatic

ally at the entrance of the central cavity, the cleft between the two ß-

chains in deoxyhemoglobin (Arnone, 1972). Seven positively charged residues 

are within interaction distance of 5 negatively charged groups on the DPG 

molecule as shown in Fig. 1-5. The hemoglobin residues involved are two cl

amino groups (ΝΑΙ, αϊ), two imidazoles (his NA2, 32), two other imidazoles 

(his H21, 6143) and one out of two lysines (EF6, ß8Z). 

Binding of DPG to deoxyhemoglobin results in a composite of small 

structural changes in the hemoglobin molecule (Arnone, 1972), which seem to 

oppose the transition of the structure from the deoxy to the oxy form. 

Other organic phosphates may also interact at the same site: adenosine-5'-

triphosphate (ATP), inositolhexaphosphate (IHP). IHP binding to deoxyhemo

globin has been studied crystallographically (Arnone and Perutz, 1974). 

In many different types of experiment binding of organic phosphates to both 

deoxy and liganded hemoglobin has been demonstrated. Whereas the absolute 

values of the binding equilibrium constants vary considerably throughout 

the literature, general agreement exists with regard to the lower binding 

of phosphates to liganded hemoglobin (about two orders of magnitude) as 

compared to deoxygenated hemoglobin. 

From several studies (Chanutin and Hermann, 1969; Garby et al., 1969; 

Hedlund et al., 1972; Brygier et al., 1975) the existence of one or more 

weaker organic phosphate binding sites on both deoxy and liganded hemoglobin 

may be inferred. These interactions are supposed not to be oxylabile. 

Whereas in the deoxyhemoglobin molecule the organic phosphate binding 

site was convincingly identified by X-ray crystallography, no attempt thus 

far has been reported to identify the binding site in the oxyhemoglobin 

molecule. Much indirect evidence, however, points to the involvement of the 

entrance of the central cavity in this interaction too (Benesch et al., 

1972; Williams et al., 1975; Jensen et al., 1973; Morrow et al., 1976). 

Upon ligand binding to deoxyhemoglobin this central cavity between the 

two ß-chains will become narrower by the inward movement of the two ß-chain 
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H-hel ices, whereas at the same time the two 3-chain α-апп no groups move 

apart: the two 3-chains slide along each other. 

Althougn the binding of organic phosphate to liganded hemoglobin was 

unequivocally shown by many investigators in diverse types of direct bind

ing studies, the analysis of heme-ligand binding data led to the opposite 

conclusion in some investigations (Benesch et al., 1971; Tyuma et al., 

1971a): accurate oxygen binding data in the presence of excess amounts of 

DPG or ATP reveal a pronounced influence of these organic phosphates on the 

Hill constant (n increases), and a decrease of the Adair constants of 

the first three oxygen molecules, whereas the oxygen binding equilibrium 

constant of the fourth binding site (when the hemoglobin molecule is pre

sumed to be in the quaternary R-state) is unaltered (Tyuma et al., 1971a; 

Tyuma et al., 1971b). This phenomenon is not observed in the presence of 

an excess amount of IHP, where all four Adair constants are decreased, as 

is the Hill constant (n ) (Tyuma et al., 1971b). Furthermore the shift 

to the right of the oxygen binding curve is much more pronounced with IHP 

as compared to DPG and ATP. The organic phosphates investigated have the 

same sequence of affinity for deoxyhemoglobin and for liganded hemoglobin: 

the affinity is decreasing in the sequence IHP > DPG >_ ATP > other erythro

cytic phosphorylated intermediates. 

The difference in organic phosphate (P
n r a

) binding between liganded 

and unliganded hemoglobin (ΔΖρ ) is dependent upon many solvent factors, 

as is the inverse effect, the influence of organic phosphates on the bind-
d log Ρ 

ing of heme ligand, , y -γη г · An inverse relationship has been reported 

9' org'
1 

between temperature and organic phosphate binding (Janig et al., 1970; 

Hedlund et al., 1972) and between temperature and the influence of organic 

phosphates on the oxygen affinity (Benesch and Benesch, 1970, Bunn et al., 

1971; Imai and Yonetam, 1975). With an increase of hemoglobin concentra

tion the affinity of both deoxy- and oxyhemoglobin for DPG decreases marked

ly (Garby and de Verdier,1971; Hedlund and Lovrien, 1974). It has been pro

posed that the main binding site has a concentration dependence differing 

from the weaker (and probably not oxygen-linked) binding site(s) (Gustavson 

and de Verdier,1973). 

Note: In the following the term "stripped hemoglobin (solution)" will be used 
frequently. Strictly speaking this implies a nemoglobin solution free of any 
compound interfering with functional behavior. In general, however, the term 
is used for hemoglobin solutions free of endogeneous organic phosphates. 
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1.12. Protons and organic phosphate binding 

The pH interferes with the binding of organic phosphates too. The binding 

of organic phosphates with hemoglobin is electrostatic. DPG has five lomz-

able groups whose pK values differ considerably. pK , and pK 0 are low, a a, i a,¿ 

resulting in virtually complete proton dissociation of these groups at pH 

higher than 6. pK , is estimated to be 6.95 (de Bruin and Janssen, 1973), 

so these groups will be partially dissociated at physiological pH. From the 

residues of the hemoglobin molecule interacting with DPG, the lysine (EF6, 

S82) may be assumed to be fully positively charged at pH 7.2, whereas the 

pK 's of the other six residues have values of about the physiological pH, 
α 

and hence w i l l be p a r t i a l l y posi t ive ly charged. 

PKa,2 Н О ч 
0 = P-0-CH? 

P K , , HO' ' s0" PKa,3 
HC-O-P = 0 

1 N 0 H Ph ? 
COOH ú ' c 

P K a , l 

4 a , 3 

FiguAe 1-6 

2,3 - dtphoi phoglijue-icut e. 

Upon coulombic interact ion the pK values of these six groups on the 
α 

hemoglobin molecule will increase, resulting in an uptake of protons. On 

the other hand the two DPG phosphate groups will decrease their pK -, upon 

a, J 

interaction, and hence release protons. In general these opposing effects 

will not cancel each other and hence DPG binding to deoxyhemoglobin and to 

oxyhemoglobin will result in an uptake of protons at pH values wnere the 

hemoglobin pK shifts predominate, and in a release of protons at lower pH 

values where the phosphate pK -, shift predominates (de Bruin et al., 1973). 
a, j 

Notwithstanding the lack of direct (X-ray crystallographic) observa

tions, a wealth of indirect evidence makes it highly probable that the 

organic phosphates interact at the same site in deoxyhemoglobin and in 

liganded hemoglobin. In the liganded hemoglobin the entrance of the central 
1-16 



cavity is much narrower than in the unliganded quaternary state. The a-

апппо groups (NA1, ßl) move apart, whereas the other phosphate-interacting 

residues approach each other. The pattern of electrostatic interactions will 

differ fron the situation in unliganded hemoglobin. Therefore the pK shifts 
α 

upon interaction will differ, whereas some shift in the non-interacting 

pK 's of the hemoglobin side chains may also have occurred. This will re-
α 

suit in different amounts of phosphate-labile protons in organic phosphate 
ΔΖ

Η 

binding ( -г* ) to either liganded or unliganded hemoglobin, as was 
p
org 

shown by de Bruin et al. (1973), Kilmartin (1973, 1974) and Brygier et al., 
(1975). This change in proton binding will contribute to the fixed-acid 

ΔΖ
Η
 ΔΖ

Η 

Haldane effect by an amount equal to -= (liganded Hb) - -r* (
un
" 

ι j j uu\ ^orq Porg 

liganded Hb).
 э a 

1.13. Binding of protons, organic phosphates and carbon dioxide 

In unliganded hemoglobin the »-amino groups of the ß-chains are involved in 

the interaction with organic phosphates, while the same residues can inter

act with C0?. Hence in the presence of both C0 ? and organic phosphates these 

two types of interaction will interfere. This was shown by Bauer (1970) and 

later confirmed by others (Pace et al., 1970; Caldwell et al., 1971; Brenna 

et al., 1972; Morrow et al., 1973). It could be shown directly that the 

interactions compete predominantly at the ß-chain amino terminals (Perrella 

et al., 1975; Morrow et al., 1976) of deoxyheraoglobin, and that in liganded 

hemoglobin C0 ? binding is influenced by organic phosphate too (Morrow et 

al., 1976). 

It is shown in Fig.1-7 that the oxygen affinity of hemoglobin in the 

simultaneous presence of C0? and organic phosphate is decreased more than 

it is by any of these two effectors alone (Bauer, 1969; Dahms et al., 1972). 

At physiological pH their combined effect, however, is less than the sum of 

the individual effects of both C0„ and organic phosphates (Brenna et al., 

1972). This may be seen from Fig.1-8 where logP50 is given versus pH under 

the conditions of (a) no effector, (b) Pco = 5.3 kPa, (c) 1.2 mol DPG/ 

mol hemoglobin, and (d) the combined presence of CO« and DPG as under (b) 

and (c). At low pH, where C0? binding is low and organic phosphate binding 

is high, the influence of DPG predominates, whereas at higher pH values 
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Oxygm bending сик и {охудгп icUuAcvUon, У, ельаі охі/дси ρα/ιΖίαί рко,ы>илг, 
Ρθ 2) 0(S acía¿t 'гитан '.imoglcbln out 37 0C, 0.) moi КСг/.?, 2.0 mmof. Hb/1 and 
pH 7.22 αί 505 iaiu/urtum. Силие α: 4^лч.ррес( hemoglobin oolixtcon; сил г b: 
я* PCU2 '5.3 kPa; сил с с: at tppg = /.2 wol WG ¡moi Hb; силиг d: ccmblnzd 
concLvUoni ûjj сх і гі b and с. Таг broken ¿ine. со vie ь pondi to the охудгп 
bÁncUng сиЛ г о ¡J whole blood at pH 7.4 [data {¡пот Влглпа oX al., 1972). 

(where the r e l a t i v e a f f i n i t i e s of DPG and CCL are reversed in magnitude) 

COp prevai ls. The f ixed-acid Bohr ef fect is smaller in the presence of both 

C02 and DPG than in the sole presence of DPG (Bauer, 1969; Dahms et a l . , 

1972). The same holds for the f ixed-acid Haldane e f f e c t (Siggaard-Andersen, 

1971). 

1.14. Interaction with other erythrocytic constituents 

Under experimental conditions where ionic strength, pH, Prn and DPG con-
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centration are similar to erythrocytic conditions, the oxygen binding curves 

of hemoglobin solutions are similar to those of whole blood: broken line 

in Fig.1-7 (Brenna et al., 1972). Nevertheless, apart from protons, C02 and 

DPG, also other erythrocytic constituents have been shown to interact with 

hemoglobin and with its oxygen binding. 

Chloride ions seem to influence both oxygen affinity (Rossi-Fanelli 

et al., 1961) and fixed-acid Bohr effect (Antonini et al., 1962). This is 

probably not only due to its concomitant contribution to ionic strength 

(and hence by its influence on the stability of salt bridges in the hemo

globin molecule), but it can mainly be attributed to the differences in the 

interaction with deoxygenated and with liganded hemoglobin (de Bruin et al., 

1974; Rollema et al., 1975). The specific interaction of anions with certain 

positively charged sites on the hemoglobin molecule was also reported from 

crystal!ographiс studies (Arnone, 1972; unpublished results by Arnone, 
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quoted in Kilmartin, 1975, Wyman, 1965, Ryne et al., 1977). 

Apart from chloride ions, many univalent and multivalent anions were shown 

to exert an effect on functional properties of hemoglobin (Sidwell et al., 

1938, Kreuzer et al., 1972, Janig et al., 1973). In this context the organic 

phosphates have been termed "supersalts" (Benesch et al., 1969), as their 

influence is similar, but their potency in altering oxygen binding charac

teristics exceeds the influence of inorganic ions by several orders of mag

nitude. Chloride and other inorganic ions compete with DPG in its inter

action with hemoglobin (Benesch et al., 1969, Brenna et al., 1972; Kreuzer 

et al., 1974). Competition, though different in nature, was also reported 

in the presence of Mg ions (Bunn et al., 1971, Gerber et al., 1973). 

ATP, and to a lesser extent also DPG forms complexes with Mg (Bunn et al., 

1971, Sari et al., 1973) and thereby is prevented from interaction with 

hemoglobin. Mg is present in human red cells in a concentration of about 

2 to 3 mmol/1 (Long, 1971). 

Zinc ions (Zn ) were reported to interact with hemoglobin by an in

crease of the oxygen affinity and by interference with the interaction of 

DPG with hemoglobin (Rifkind and Heim, 1977). The intraerythrocytic concen

tration of zinc under normal conditions amounts to about 0 2 mmol/1 (Long, 

1971). 

Part of the hemoglobin in the red cells will be present in some in

active form. Generally 1-2°» of methemoglobin are present, whereas carbon 

monoxide may (particularly in heavy smokers) occupy up to 10°o of the heme-

ligand binding sites. These hemoglobins behave as partially saturated, and 

their oxygen binding curves show higher oxygen affinities and lower cooper

ati vity, and their fixed-acid Bohr effect is lower (Rouqhton, 1964) than 

normal hemoglobin. 

1.15. Linked functions 

In the preceding sections we dealt with the various hemoglobin ligand inter

actions in the light of their mutual interdependence. A mathematical des

cription of linked ligand binding was worked out by Wyman in a series of 

papers (Wyman, 1948, 1964, 1965, 1967, 1971). Making use of the concept of 

binding potential he derived the linked functions which allow to quantita

tively interpret the mutual ligand binding interactions. 

One concept of particular interest to this thesis is the Bohr-Haldane effect. 
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Having been formulated for the first time as the effect of carbon dioxide 

on the oxygen binding equilibrium curve (Bohr et al., 1904), and later as 

the effect of oxygenation on the carbon dioxide content of blood (Chris

tiansen et al., 1914), our present understanding enables us to formulate 

this phenomenon taking into account its complex chemical consequences. 

The effects as described in the original concepts (Bohr et al., 1904; 

Christiansen et al., 1914) are composites of the effects of protons (Section 

1.6) and CO,, (Section 1.9), whereas the organic phosphate (Section 1.13) 

and other anion interactions (Section 1.14) will also play a role here. 

In Section 1.6 the linkage between the pH dependence of the oxygen 

affinity and the amount of oxylabile bound protons was given by: 

dlog Ρ 
50 

"iïpFT ίΔΖ, (1.6.3) 

This linkage equation is derived from the more general equation: 

I «log P
c 

"̂ рГ 

6Z, 

δΥ 
Y
'

P
C0

2
'

a
i 

р Н
'

Р
С0

2
'

а
і 

(1.15.1) 

where a. represents the activity of all solutes apart from 0«, protons and 

COj. One of the assumptions for the transformation of eq. 1.15.1 to eq. 

1.6.3 was mentioned in Section 1.6: the pH-independent shape of the oxygen 

binding curve. A further requirement is that a. is constant over the entire 

oxygen binding curve. This cannot be true for DPG whose free concentration 

in deoxygenated hemoglobin solution is lower (due to binding to hemoglobin) 

than in oxygenated hemoglobin (Benesch and Benesch, 1967). 

A second aspect of the classical Bohr-Haldane effect is the specific 

influence of CO« on the oxygen affinity, which in Section 1.9 was shown to 

be linked to the oxylabile bound CO,, by the equation: 

dlog P
5 0 

d l °g P
C0. 

\M CO, (1.9.1) 

derived from the more general equation: 
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ólog Ρ 

álog Ρ 

0. 

CO, 

Í<5Z 
CO, 

δΥ 
(1.15.2) 

Υ,ρΗ,3
η
. 

p H
'

P
C 0

2
'

a
i 

The interaction of CO,,, oxygen and anion binding (Section 1.13) limits the 

applicability of this equation. 

I.16. Hemoglobin in the in vivo system 

The efficiency of the oxygen transport by the blood is influenced by the 

hemoglobin oxygen affinity, by the oxygen content of the blood and by the 

cardiac output. 

Factors influencing oxygen affinity were described in the previous 

sections. Ontogenetic and mutagenic alterations (yielding embryonic and 

fetal, or abnormal hemoglobins, respectively) result in hemoglobin molecules 

with altered oxygen binding properties, thus influencing the in vivo oxygen 

carrying capacity of the blood. The pH of the highly complicated system 

within the erythrocytes is dependent upon a number of intra- and extra-

erythrocytic factors. A pH difference across the red cell membrane arises 

from the so-called Donnan distribution. The extra-erythrocytic (= plasma) 

pH (pH ) normally is about 7.4, whereas the intra-erythrocytic pH (pH.) 

is in the order of 7.2. The Donnan distribution, and hence the pH difference, 

across the erythrocytic membrane depends upon the concentrations of im

permeable ionic species on both sides of the membrane. The proteins (mainly 

hemoglobin) and the larger anions (among others the organic phosphates) do 

not penetrate the membranes; the cation distribution is controlled by 

membrane-bound enzymes. Generally speaking the Donnan distribution in

fluences the partition ratios of all freely penetrating anions (Cl~, HCO, , 

0H~) and of Η . As a consequence the Donnan distribution is under erythro

cytic metabolic control (Duhm, 1971). The intra-erythrocytic pH depends 

upon organic phosphate concentration according to the empiric expression 

(at pH 7.40): 

pH. = 7.306 - 0.0083 χ [P ] 
Г η L

 o r
gJ 

(1.16.1) 

Intra-erythrocytic pH is also influenced by C 0
?
 release from metabolizing 
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tissues into the blood stream. The reactions in which C0
?
 can be engaged 

were outlined in Section 1.7. Reaction 1.7.1 is generally slow but is sped 

up some 16,000 times by the enzyme carbonic anhydrase (Kloeke, 1973) 

present within the red cells, but absent in plasma. The major part of C0
? 

excreted into the blood will be converted to HC0
3
 within the red cells and 

in this way will upset the Donnan equilibrium. Abundance of HCO," ions with

in the red cells results in movement of these ions out of the erythrocytes 

and an inward flux of Cl" ions (the so-called Hamburger shift). 

In the lungs, where C0
?
 is excreted from the blood, the reverse phenomenon 

occurs. The Bohr-Haldane effect also influences the erythrocytic pH, though 

to a minor extent, because of the high buffer capacity provided by the red 

cell hemoglobin; in the normal physiological situation the arterio-venous 

pH difference may be as small as 0.02 pH units. A pathological situation 

in which the blood is chronically hypoxemic induces a sustained mean pH 

increase by virtue of the lower mean hemoglobin-oxygen saturation. Anaerobic 

metabolism, arising during periods of supranormal energy demand (severe 

muscular activity), yields lactic acid as a waste product. Lactic acid pas

ses through the membrane and thus influences both intra- and extra-erythro-

cytic pH. 

The erythrocytic CO- content is governed primarily by metabolic pro

cesses in the tissues. Furthermore, the actual pH influences the CO* capac

ity of the blood by way of the influence on the combined reactions 1.7.1 

and 1.7.2. The enzymic activity of the red cell carbonic anhydrase deter

mines the amount of ( Ж converted to HC0
3
 during passage through actively 

metabolizing tissue and hence the total amount of C0
?
 taken up. 

The red cell DPG content is controlled by the enzymes of the so-called 

Embden-Meyerhoff-Parnas glycolytic system (see Fig.1-9). In this system DPG 

is a shunt product. Apart from its regulatory interaction with hemoglobin-

oxygen binding, the role of DPG may be to store energy-rich phosphate 

bonds, and it is one of the obligatory activators for the enzyme phospho-

glycerate mutase (PGM). The level of DPG is under direct control of the 

enzymes diphosphoglycerate mutase(DPGM) and diphosphoglycerate phosphatase 

(DPGP), whose activities in turn are dominated by pH, chloride and in

organic phosphate concentrations in the erythrocytes. Therefore, metabolic 

and pathological situations resulting in an alteration of one or more of 

these parameters will influence erythrocytic DPG content. 

A second parameter affecting the efficiency of oxygen transport is the 
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mctaid (EC 5 . 3 . Î . Ï ) ; GPPH, gíijcíwJÍdzkijdepkoiphcitz dekijdicgzncibe. (ЕС 1.2.1. 
12); PGK, piiubpLuauicetcute kuiaíz (LC 2 . 7 . 2 . 3 ) ; PPGM, íicpíiyop/ic^ít/cetomu.íaie 
(EC 2 . 7 . 5 . 4 ) ; PPGP, "dtp/iuip'iogíyceía-te jj/tcip/itttaie (CC 3.1.3.13; PG4, pdoi-
p/iog£í/cetaíe na-taie (EC 2 . 7 . 5 . 3 ) ; E, ічюЫьс (EC 4.2.1.11); Р/С, py luv ate 
binai e (EC 2 . 7 . 1 . 4 0 ) ; EPH, l a c t a t e cíc/u/dicodiicLie (EC 1.1.1.27) [Lnzijmí λ'ο-
menciata ie , 19731. АІЛОЮІ te t.'ie etizt/mci іЫісо-іе ti'̂ e ^act i ' i i poictiue£i/ 
UÌ^ucucitig ti LÌ leactioni, xhe.iea.i ban.-headed алло χ ь indicate tnlu-biXou 
of the "LcactiiMi. 

oxygen content of the blood. This parameter is also influenced by several 

factors. The amount of oxygen taken up in the lungs, and the amount of oxy

gen delivered to the tissues a f f e c t , respectively, the a r t e r i a l and venous 

Pn . The oxygen in the blood is part i t ioned between physically dissolved 

and hemoglobin-bound oxygen (mainly the l a t t e r ) , and hence tne oxygen con

tent is dependent upon hemoglobin concentration. In normal adult numan i n 

dividuals hemoglobin concentration is 5.5 mmol/l red blood c e l l s , but may be 

considerably less in anemia. Tne percenti le volume occupied by the red cel ls 

in the blood may vary too. This quant i ty, called hematocrit, in normal adults 

is 44°=, but in anemic conditions i t may be considerably less. 

1.17. The concept of the "Physiological Bohr groups" 

On the basis of the chemical evidence summed up in the foregoing sections 

we may define a so-called physiological Bohr e f f e c t and pnysiological Bohr 

groups (Riggs and Imamura, 1972; de Bruin et a l . , 1973; Garby et a l . , 1972; 

Arnone, 1974). 

The physiological Bohr ef fect is the composite change of the binding 

of a l l o s t e n c cofactors to hemoglobin upon the changes in P- and P-Q 

occurring throughout the respiratory cycle, either on the environmental side 

(oxygen uptake, carbon dioxide excretion) or on the metabolic side (oxygen 

release, carbon dioxide uptake). 

The physiological Bohr groups are a l l chemical groups of tne hemoglobin 

molecule, whose cofactor binding is under the control of heme-ligand satu

r a t i o n . 
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II.1. Introduction 

In the foregoing chapter the molecular interactions involved in the regula

tion of oxygen binding by the blood have been described. In essence this 

description concerned the situation in adult human blood. Extrapolation of 

these findings to other species of the animal kingdom should always oe car

ried out with much caution and critical reserve. For, to some extent, in 

any other animal modes and types of interactions may differ. 

This chapter deals with studies on adult and fetal bovine Hemoglobin, 

presenting an example wnere nature solved respiratory problems in a .jay 

similar to, but slightly different from the human organism. 

Tne adult bovine hemoglobin molecule differs in the amino acid com

position and sequence from adult human hemoglobin at many sites. The general 

characteristics of the hemoglobin, however, are similar. The molecule is 

tetrameri с and shows cooperative oxygen binding, Haldane effect, Bohr effect, 

etc. 

The oxygen affinity of adult bovine blood under physiological condi

tions is characterized by a P
5 0
 ranging between 3.5 and 4.9 kPa (28-37 mmHg) 

(Roos and Romijn, 1938). The values given by 3artels and Harms (1959) (4.1 

kPa; 31 mmhg) at blood pH 7.4 and by Gahlenbeck et al.(1968), obtained 

under the same conditions, lie well within this range. The mean value of 

4.1 kPa (31 mmHg) from the work of Roos and Romijn is also cited in the 

Biological Handbook on Blood and Otner Body Fluids (1961). In tne sane Hand

book the generally accepted value for human blood at blood pH 7.40 is re

corded: P
5 0
 = 3.51 kPa (26.3 mmhg). A similar value (P

5 0
 = 3.53 kPa; 26.5 

mmHg} is given by Lecompte et al. (1975); the latter also investigated the 

oxygen affinity of phosphate-free (stripped) hemoglobin solution under the 

same conditions of hemoglobin concentration (2.3 mmol Hb/1 , pH (7.2), 

temperature (37
 0
C) and P.« (5.3 kPa; 40 mmHg), and reported a value of 

P
5 0
 = 2.39 kPa (17.9 mmHg). 

Recently Laver et al. (1977) investigated the intrinsic oxygen affinity 

of cow hemoglobin (concentration 3.6 mmol Hb/1, pH 7.1 in borate buffer, 

37
 0
C , P

c o
 4.7 - 5.3 kPa) and reported a P

5 0
 of 2.98 kPa (22.4 mmHg), 

which was increased to 4.05 kPa (30.4 mmHg) upon addition of sodium chloride 

to a final concentration of 70 mmol/1. This value is close to the P
c o
 of 

bU 
adult bovine blood. Bunn (1971) investigated the oxygen affinity of, among 

others, human and bovine nemoglobin at 20 С and 0.05 mmol Hb/L. He found 
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values of Ρ ™ = 0.55 кРа (4.1 mmHg) in human, and 1.47 kPa (11 mmHg) in 

bovine hemoglobin solution. In the present study the value of Ρ ™ of bovine 

hemoglobin at 37 C, a concentration of 0.6 mmol Hb/1 and pH 7.2 was found 

to be 3.76 kPa (28.1 mmHg), whereas under identical conditions in numan 

nemoglobin solution P ™ was 1.66 kPa (12.5 mmHg). 

It is nence generally agreed tnat, whereas bovine blood oxygen affinity 

is only sligntly lower than that of man, the intrinsic oxygen affinities of 

the respective pure lemoglobins differ considerably. T m s discrepancy may 

be explained by tie ^act tiat numan hemoglobin oxygen affinity is highly 

sensitive to erythrocytic organic phosphates (principally DPG), whereas 

bovine hemoglobin is much less influenced by DPG (Bunn, 1971). Furthermore 

the concentration of organic phospnates in bovine erythrocytes is low as 

compared to human erythrocytes, as we know fron the work of Rapoport and 

coworkers (1941). 

The diminished interaction of bovine nemoglobin with DPG finds its 

structural explanation in the deletion of the am no-terminal amino acid of 

tne β chains as well as in the replacement of histidine (32, NA3) by methi

onine. Both residues have been assigned to be engaged in tne interaction of 

DPG with human hemoglobin (Arnone, 1972). 

The discovery of the vital regulatory interaction of DPG with adult 

human hemoglobin also led to an understanding of the hitherto puzzling be

havior of fetal human hemoglobin. Whereas fetal hemoglobin nas an intrin

sically slightly lower oxygen affinity than adult human hemoglobin (Mc

Carthy, 1943), the physiologically more favorable situation of a signifi

cantly higher oxygen affinity of fetal human blood as compared to adult 

human blood had remained unexplained for a long time. Tyuma and Shimizu 

(1969) showed that fetal human hemoglobin is far less sensitive to DPG than 

adult human hemoglobin. This is probably due to the loss of a histidine 

((5143, H21) normally engaged in the interaction with DPG (Arnone, 1972), 

which is replaced by serine in fetal human hemoglobin. 

From the work by Roos and Romijn (1938, 1940a, 1940b, 1940-1941) we 

know that fetal Ьо іле blood oxygen affinity is higher than that of adult 

cous and of maternal blood. No oxygen binding data on fetal bovine hemoglo

bin have come to ny attention, and only few data on other (pnysico-)cheirical 

parameters are known: amino acid sequence (Babin et al., 1966), electro-

phoretic mobility in comparison to various phenotypes of adult bovine nemo

globin (Efremov and Braend, 1965), cnromatograpmс seoaration, fingerprints 
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of the separated globin chains, and alkaline resistance and spreading veloc

ity (Brinkman and Jonxis, 1937). 

Erythrocytes of young bovine fetuses have been reported to contain DPG 

in appreciable amounts. This content, however, decreases during later intra

uterine development, but steeply rises to considerable quantities in the 

first days after delivery (Zinkl and Kaneko, 1973). It might be questioned 

in which way these variations in DPG content are advantageous in the oxygen 

binding regulation in fetal and newborn calves. Apart from its direct in

fluence on oxygen affinity for human hemoglobin, DPG is also known to in

fluence the interaction of hemoglobin with other cofactors (protons, C0 ?, 

CI ). Furthermore DPG contributes to the total amount of non-permeable 

erythrocytic constituents, thereby affecting the Donnan potential and hence 

the proton distribution over the red cell membrane. The latter effect was 

reported to occur in newborn lambs (Battaglia et al., 1970), where the DPG 

content varies in a way similar to the level in newborn calves. The former 

effect (the influence of DPG on other cofactor interactions) may be impor

tant in bovine hemoglobin. 

The fixed-acid Haldane effect under physiological conditions (erythro

cytic pH 7.2, Prn = 6.0 kPa, 45 mmHg) in bovine erythrolysate has been 
L U2 + 

found to be 1.24 mol H /mol Hb (Takano and Nishikura, 1976). This value is 

similar to that in organic phosphate-free human hemoglobin under identical 

conditions: 0.96 (Siggaard-Andersen, 1971a).At a DPG/Hb molar ratio (innp) 

of 0.84 (which is somewhat lower than generally found in human red cells) 

the Haldane effect in human hemoglobin solution is about 1.80 (Siggaard-

Andersen, 1971). It needs to be investigated whether a similar increase in 

the fixed-acid Haldane coefficient in newborn calves arises when DPG is 

present in the erythrocytes in the appreciable quantities reported by several 

authors. 

The work by van Kempen et al. (1975) suggests the absence of any in

fluence of DPG on the total C0? content of both deoxygenated and oxygenated 

bovine hemoglobin solutions. This contrasts with the behavior of human 

hemoglobin solutions where the presence of DPG reduces the amount of bound 

oxylabile C0? to about half the value in the absence of organic phosphates 

(Pace et al., 1970) as a result of competitive binding of DPG and CO« to 

the same site in human hemoglomn. The work by van Kempen et al. thus sug

gests an absence of interaction between DPG and bovine hemoglobin. 

This study was intended to investigate the interaction of organic phos-
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phates with proton binding and fixed-acid Haldane effect of bovine hemo

globins (newborn and adult) in order to evaluate the possible significance 

of the high postnatal DPG concentration in newborn calves. 

II.2. Methods and materials 

Hemoglobin solutions used in this study were prepared and stored at 4 0C. 

Blood was obtained from the slaughterhouse and heparin was added to prevent 

clotting. The blood was centrifuged at 3000 revolutions per minute (r.p.m.), 

equal to a force of 1200 times the earth's gravity force (1200xg). The 

plasma was removed and the red cells were washed 3 times with isotonic 

saline. The washed red cells were hemolyzed by either of the two following 

methods. 

(1) After the addition of two volumes of ice-cold distilled water, stirring 

and one hour standing in the cold, the stromata were spinned down at 10,000 

r.p.m. (13,500xg). The erythrolysate was dialyzed against several runs of 

distilled water. After dialysis generally some material had precipitated, 

and this was removed by centrifugation at 15,000 r.p.m. (30,500xg). 

(2) To one volume of packed red cells half the volume of toluene and one 

volume of distilled water were added. Tne slurry was stirred during about 

one hour in the cold and thereafter centrifuged at 5,000 r.p.m. (3,400xg). 

The upper (toluene) layer containing the membrane material was drained at 

the water pump, and the erythrolysate was dialyzed as described previously. 

The hemoglobin solutions so obtained could, without further treatment, 

be stored and used during one week with no considerable methemoglobin for

mation; when equilibrated thoroughly with pure oxygen, and the growth of 

microorganisms being inhibited by strepton-ycin (Byrne, 1966), the methemo-

globin content remained below 5" during several weeks. 

Fetal bovine blood was obtained from one-day-old calves. Routinely 

their hemolysates were electrophoretically analyzed on cellulose-tri

acetate paper using a Sepratek electrophoretic eauipment (Gelman Instrument 

Company), in order to determine contamination with adult hemoglobin. 

The hemoglobin solution prepared from fetal blood was used for our 

studies only if the amount of contaminating adult bovine hemoglobin was 

small or absent. Otherwise the sample was discarded. 
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Better analytical separation of the respective hemoglobins than with 

the cellulose-triacetate method, was established by isoelectric focusing 

on Polyacrylamide gels. The gels for isoelectric focusing contained: 

6% (w/v) acryl ami de, 

0.1% (w/v) N,N-niethylenebisacrylaniide, 

2% (w/v) ampholine (pH range 6 to 8 ) , 

0.05% (w/v) Ν,Ν,Ν',Ν'-tetramethylethylenediami de, 

0.02% (w/v) ammonium peroxosulphate. 

The hemoglobin sample was applied to the gel in the carboxy-form, diluted 

1:1 with 40% ampholine solution. After isoelectric separation the position 

of the hemoglobin bands was scanned photometrically at 580 nm. 

Before use the hemoglobin solutions were deionized on a mixed-bed ion 

exchange column (IRA 400 OH" and IR 120 H
+
, BDH) by cycling until virtually 

all salt was removed. This was checked by conductivity measurement. Then 

KCl (Suprapur, Merck) was added to adjust the appropriate salt concentration. 

For titration and pH-stat studies this hemoglobin solution was ready 

for use, and in hemoglobin-oxygen binding studies the hemoglobin solution 

was mixed with an appropriate buffer. 

Methods 

Titration and pH-stat studies were performed using custom-built equipment 

whose construction was essentially based on a design provided by Prof.Dr. 

G.A.J.van 0s (de Bruin and van 0s, 1973). Essentially the equipment (sche

matically shown in Figure II-2-1) consisted of a stepmotor-driven burette 

A (or better two burettes: one filled with acid and the other filled with 

alkaline titrant) fed from a stepmotor steering B. Alternatively a program-

able automatic titration unit I or a potentiostat unit II could be connected 

with the stepmotor steering. In the automatic titration mode an adjustable 

amount of acid or base could be added to the test solution contained in a 

thermostated vessel by one of the burettes. The solution was allowed to mix 

during a programmable time, and thereafter the pH potential from the pH 

amplifier G was read ten times on a digital voltmeter F (Hewlett 

Packard, model no 3490 A ) , printed out on a data printer D (Addo X), and 

the mean value of these ten measurements was determined. 

Then the cycle was repeated with the addition from the burette. The entire 

program was started and stopped by hand. In the potentio-stat unit a 
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potential obtained from the pH amplifier G was compared with a preset 

reference potential, and the difference was used to add proportionally 

(at a programmable sensitivity) either acid or base with the burette to 

compensate for this difference. The volume of acid or base added was dis

played and/or could be recorded as a function of time. This system enabled 

us to adjust the pH to within 0.0001 unit, and hence to detect small chang

es in proton binding in a buffering protein solution. 

The acid and base solutions used in these experiments were prepared 

from Suprapur chemicals (HCl and NaOH) purchased from Merck. Standardization 

of the acid solution was performed with Suprapur quality borax from Merck, 

and the base was standardized on this acid. The pH amplifier was equipped 

with a calomel electrode К 401 and a glass electrode G 202 В or С (Radio

meter). The pH was calibrated using two phosphate buffers prepared accord

ing to the NBS primary standards (Bates, 1973). Methemoglobin content was 

determined spectrophotometrically using the method of Kilmartin and Rossi-

Bernardi (1971). The total hemoglobin content was measured as carboxy-
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hemoglobin after the addition of sodium dithionite. 

In the course of the investigation two methods have been employed for 

the determination of hemoglobin-oxygen equilibrium binding. 

Method 1. 

This method may be described as a discrete-point spectrophotometric method. 

Hemoglobin solutions were equilibrated with various gas mixtures of oxygen 

and nitrogen and subjected to spectrophotometric analysis. The spectrophoto

meter used was a Cary 118C (Varían). Gas mixtures were prepared using a 

Wösthoff gas mixing pump. Either pure oxygen and nitrogen or (in order to ob

tain low PQ mixtures) nitrogen-oxygen mixtures and nitrogen were mixed. 

The composition of the premixed nitrogen-oxygen was tested by Schol ander 

gasometric analysis. 

Method 2. 

In order to be able to record oxygen binding to hemoglobin in a continuous 

system we developed the equipment schematically represented in Fig.II-2-2. 

The design consisted of a closed circuit in which the main parts were: 

filling compartment В 

gas exchange device С 

photometric system D 

block containing P
0
 and pH probes E and E' 

peristaltic pump F 

The gas exchange device consisted of seven parallel elements (Fig. II-2-2B). 

In each element a "Cylastic" tube (Dow Corning) was coiled on a plexiglass 

rod with intercoil distances of about 1 mm. The dimensions of the "Cylastic" 

tubes were: length 500 mm, inner diameter 1.5 mm, and outer diameter 3.3 mm. 

The seven elements, each contained in plexiglass tubes (inner diameter 5 

mm), were arranged as shown in Fig.II-2-2C. The solute flow inside the 

"Cylastic" tubes was directed countercurrent to the gas flow outside these 

tubes. The purpose was to control equilibration of the hemoglobin solution. 

The photometric system (D) was essentially constructed according to the 

design of Fesler and Clerbaux (1974). The detection system consisted of a 

LED and phototransistor (arranged as shown in Fig.II-2-2C), being part of 

an electronic circuit (Fesler and Clerbaux, 1974), with two linear out

puts (an absorbance and an inverted output) (G). The LED had an emission 

spectrum with a peak at 670 nm. In this spectral range the absorbance of 

deoxyhemoglobin is much larger than that of oxyhemoglobin, whereas the 

molar absorptivity is low (at 670 nm 0.77 and 0.08 /mmol Hb/1 respec-
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lively (van Assendelft, 1970;). 

Flow-through cuvettes of various optical pathlengths can be placed in the 

photometric block, ranging from very small (about 0.3 mm to be used with 

whole blood) to up to 1 cm (for dilute hemoglobin solutions) P
n
 was 

detected with a 2 mm Clark-type electrode (Kimmich and Kreuzer, 1969), 

A 
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liquid 
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Ν,/Ο,—>-

UT 
о, - > -
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В 
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and pH with a combined electrode (Ingold, model no Lot 403 M5), connected 

with amplifiers H and I respectively. A peristaltic pump ensured a flow 

rate of 40 ml/min. All parts of the device were connected by Viton tubing 

which has a very low permeability for oxygen and carbon dioxide. The total 

set-up was immersed in a thermostated waterbath (Tamson model no TXV 45), 

which, with the aid of a thermostatic bath cooler (Tamson, model no TK 20), 

accurately maintained temperature (better than + 0.05
 0
C) from 1 to 60

 0
C. 

The signals from the PQ amplifier, the photometric amplifier and the pH 

amplifier were fed to, respectively, the X, Y, and Y
?
 inputs of an XYiY

? 

recorder (Kipp, model no BD 31) (J). P« readings were calibrated with 

solutions containing 0 and 21°= oxygen; the 21% oxygen-nitrogen mixture was 

calibrated previously by Scholander gasometric analysis. The pH was cali

brated with two phosphate buffers prepared according to the directions of 

the NBS (Bates, 1973). Before each experiment the circuit was emptied and 

flushed with pure nitrogen until virtually all oxygen was removed. Approx

imately 8 ml of a deoxygenated hemoglobin solution were introduced. When 

constant readings on all outputs were attained, oxygen was gently adminis

tered to the gas-exchange device, and the change in optical density and the 

pH were recorded versus P
n
 . 

0
2 

The hemoglobin solutions used were previously deionized and diluted if 

necessary (and KCl added to a final concentration of 0.1 mol/1) so as to 

obtain, after mixing with an appropriate buffer, a final concentration of 

15 umol Hb/1 for use in method 1, or a concentration of 0.5 to 0.7 mmol Hb/ 

1 for use in method 2. The buffers used were Tris-HCl and bis-Tris-HCl in 

their appropriate pH ranges; they also contained 0.1 mol KCl/1. 

II.3. Titration curves of newborn and adult cow hemoglobin 

Bovine adult and fetal hemoglobin have identical α-chains as is the case in 

the human adult and fetal hemoglobins. The primary structure of the non-a-

chains of adult bovine hemoglobin of phenotype A, called 3 -chains, and of 

fetal bovine hemoglobin, called γ-chains, has been reported to differ in 

* Tris is the compound Tris(hydroxymethyl )aminomethane and bis-Tris is the 
abbreviation of 2,2'-bis(hydroxymethyl)-2,2',2'' tris-nitrilo-ethanol. 

11-10 



Tab Сe II-3-7 

-іУ)ел.е>ісел ¿η am uw асла compoi-ϋίίον ЬеЛссеи ad'jlt (НЬА) anrf ¡íp^af (líbF) 
òow'iia /icmog-fobiti (BabZii eJ: al., 1966; ScíiioedeA et at., 7967). in qioup 3 
the apficxAmcUe сімлде at pH S.7 ¿¿ given -m рачепіііелел, aaumtng that 
the gwupi aie actuaííij tAtKatable. 

residue number 
in non-a-chain 

position in sec
ondary structure 

adult 
bovine HbA 

fetal 
bovine HbF 

group 1: non-titratable residues 

13 
14 
15 
53 
54 
74 

A 11 
A 12 
A 13 

5 
6 
19 

Phe 
Trp 
Gly 
Val 
Met 
Met 

Leu 
Phe 
Ala 
lie 
Leu 
Leu 

group 2: polar or neutral residues 

3 
12 
49 
83 
86 
122 
134 

A 1 
A 10 
D 1 
EF 8 
F 3 
H 1 
H 13 

Thr-polar 
Ala-neutral 
Thr-polar 
Thr-polar 
Ala-neutral 
Thr-polar 
Ala-neutral 

Ser-polar 
Ser-polar 
Ser-polar 
Ala-neutral 
Ser-polar 
Ser-polar 
Thr-polar 

group 3: ionizable residues 

55 
71 
72 
76 
103 
116 
119 
124 
128 

D 7 
E 16 
E 17 
EF 1 
G 6 
G 19 
GH 3 
H 3 
H 7 

Asp 
Ser 
Aps 
His 
Lys 
Asn 
Lys 
Val 
Asp 

- i ) 
0) 
- i ) 
0 to +1) 
+ 1) 
0) 
+ 1) 
0) 
- i ) 

Gly 
c.ys 
Glu 
Gin 
Arg 
Arg 
Ser 
Glu 
Ser 

(0) 
(0) 
(-ι 
(0) 
( + 1 
(+1 
(0) 
(-ι 
(0) 

22 residues (Babin et al., 1966; Schroeder et al., 1967). These amino acid 

substitutions may be divided into three groups (Table II-3-1): 

1. Six substitutions involve amino acids with non-titratable residues only. 

These are aliphatic and aromatic residues which may be involved in van der 

Waals contacts within the tertiary and quaternary structure of the hemoglobin 

molecule. Arata and Otsuka (1975) calculated a considerable energy contri

bution by hydrophobic van der Waals interactions to the quaternary integri-
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ty of the hemoglobin molecule. Their calculations also showed little differ

ences in these contributions between quaternary deoxy- and oxyhemoglobin 

conformations. Therefore these six substitutions probably little affect the 

functional properties. These residues cannot be studied by our acid-base 

titration technique. 

2. There are seven sites where polar-polar, neutral-polar or polar-neutral 

substitutions occur. Polar residues can be involved in hydrogen bonds which, 

with their bond energy of some 6 kJ, may contribute significantly to the 

stability of the tertiary and quaternary architecture of the protein mole

cule. 

3. The remaining nine substitutions involve iom'zable amino acid residues. 

Amino acid replacements of this type either increase or decrease the net 

charge and/or the number of titratable groups of the hemoglobin molecule, 

provided the ai.n'no acid residues are accessible to proton exchange. 

That this is not always tne case is illustrated by the occurrence of 

so-called buried imidazole residues in hemoglobins. Only 20 out of the 38 

imidazoles are titratable in adult human hemoglobin. The remaining 18 resi

dues apparently occupy a hidden position at sites where no proton exchange 

can occur. A survey of the titratable imidazoles was given by Janssen et al. 

(1972). They compared human and other mammalian hemoglobins and attempted 

to identify the titratable imidazole groups. They were unable, however, to 

decide whether the residue of His EF1 (ß76) is titratable. According to 

Table II-5-1 this residue is present in adult bovine hemoglobin as histidine, 

but is substituted by glutamine in fetal bovine hemoglobin. 

This study was undertaken to provide evidence about the possible ti trat

abi li ty of His EF1 (676) by comparison of the acid-base titrations of bovine 

fetal and adult hemoglobin. 

Acid-base titration curves were calculated using the Linderstr^m-Lang 

equation. For each class of titratable groups i: 

ai 
pH = pKi + log( γ-τγ:) - 0.868.w.Z

H
 ц.З.І 

where pK- = acid dissociation constant of titratable groups belonging to 

class i ; α. = degree of dissociation of groups of class i ; Zn = overall 

protein charge, assuming that only protons are bound to the protein; w = 

electrostatic interaction factor. 

Zn can be calculated from: 
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vihere Z„.„ = maximal positive charge of the native protein; η. = number of 

groups belonging to class i. 

The purity of the hemoglobin solutions was tested by electrophoresis on 

cellulose triacetate at pH 8.7 and by isoelectric focusing in an ampholine 

gradient. 

1ι.Ι1§9ΪΓ9Β09ί§§ί§ 

Hemoglobin obtained from newborn calves revealed an electrophoretic pattern 

shown in Fig.II-3-1. Samples from four different calves (a-d) are compared 

with adult bovine hemoglobin (e). Some of the neonatal blood samples contain 

considerable amounts of hemoglobin with an electrophoretic mobility similar 

to that of adult bovine hemoglobin (b, с and d). These heterogeneous hemo

globin solutions viere not used in further experiments. The fetal hemoglobin 

bands appear to be homogeneous upon electrophoresis on cellulose triacetate. 

According to the amino acid substitutions described in Table II-3-1 it may 

be expected that at pH 8.7 fetal bovine hemoglobin has a smaller negative 

mean charge than adult bovine hemoglobin. This expectation is, however, not 
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borne out by the findings in Fig.II-3-3, where a more anionic behavior of 

fetal bovine hemoglobin is evident at pH 8.7. This electrophoretic behavior 

agrees with the work reported by Grimes et al. (1958). Similar electro

phoretic mobility patterns were also reported by Efremov and Braend (1965), 

Schroeder et al. (1972), and Lee et al. (1971). In the last-mentioned study 

also cellulose acetate was used as a supporting medium for the electro

phoretic separation, whereas in the other three studies different methods 
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F-(-guAe 11-1-2 

lioelzc&iic {¡ocuaing o{¡ от iamplz οζ {¡z^tal bovine, hemoglobin iolatLon 
[iample. с in F-cg.II-3-7) [panel 8) a.nd o¿ aduJüt Ьо ше hemoglob-Ln iolaùLon 
[iample e in F-tg.11-3-1) (paneZ C] on poiyacAyicm-tde. gel. The dotted Ілпе. 
at the le^t in panel В indU-aateM peaH (¡ound -tn iomt bixt not all nestiboin 
exythKolijiateA. The pH gradient [panel А) мал meaiu/ied in anothen. tube -си 
uiÌiich {¡etal bovine hemoglobin iolat^on мал iepoAated. 

11-14 

http://le.it


were applied. The study by Efremov and Braend revealed increasing anionic 

mobility of the diverse bovine hemoglobin phenotypes in the sequence: 

HbD < HbA < HbC < HbF < HbB. 

In Fig.II-3-2 isoelectric patterns are shown for fetal and adult bovine 

hemoglobin solutions. The pH gradient applied in both separations is shown 

in panel A, where the pH is plotted versus the length of the electrofocusing 

tube. In Fig.II-3-2B the respective maxima of the absorbance (Егп
0
) along 

the electrofocusing tube indicate the fractions (numbered 1-11) separated 

from newborn erythrolysates. Peaks 1-4 are given in dotted lines and in

dicate four fractions present in some, but not all of the investigated new

born erythrolysates. The typical newborn hemoglobins are strongly hetero

geneous with predominance of one type (peak 8). The maxima of the absorbance 

of the isoelectro-focused adult erythrolysate are shown in Fig.II-3-2C 

which indicates that adult bovine hemoglobin solutions of the animals stud

ied are heterogeneous too. The areas under the two main peaks have a ratio 

of about 2 : 1. In the sample of newborn calf hemoglobin the same adult 

components are found (peaks 10 and 11). From two gels loaded with newborn 

bovine erythrolysate the hemoglobin bands were cut and the pH of these bands 

was measured. The pH values of the bands numbered 1 through 11 in Fig.II-3-

3B are listed in Table II-3-2. 

Tabic 11-3-2 

T/ie pH тг<ыиле.а οι bandi ccи&и.л.шд iípoAated ¡izmcgicbin{i\ а^іел. исгігсілі 
¡JocLLi-tng а^ aio ck.¡$¿e<toií іатрігі с(5 nm'buin ocu-uie. kmoglob-ui bctixtcoM 
[HbFji). Tliz пшпЬгм o{, the bandi, ссАЛаьропа to tlia ишпЬел.і tu Ftg.II-3-28. 

number 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

pH sample 1 pH samp 

absent 
absent 
absent 
absent 
6.28 

ì 6.30 

6.41 
6.48 
6.82 
6.85 

• 6.17 

6.29 

l· 6.34 
6.40 
6.46 
6.82 
6.87 

T T - 1 F 



10 о ю 

F-cgtifre 11-3-3 

T^ÜLCutton (pH ел-баб ZH) and а^Це.лгпХл.а! t-Ltn.a£¿0n(-bpH/№tf VZ-ULLÍ 2Ц) O¿ 
dzoxijgmatcd bourne hmoglob-in ÒO-ÌWLLOHÌ A (G) and F] (о) . СопсгнХшСсоп 
od hmoglob-Ln 0.1 mmol Hb/¿; 0.1 mol KC¿/1; tempzbvtuAz 25 CC. The ioltd 
tenu ало. coJLcuZaZzd ai-cng thn ралатоХгЛі givzn -си TabZn 11-3-3. 

The occurrence of d i s t i n c t phenotypes in adult c a t t l e is well establ ish

ed (Bangham, 1957; Sukumaran, 1965; Efremov and Braend, 1965; Bobbio and 

Bermúdez, 1974; Huisman, 1974). Dutch cat t le h i ther to has been assumed to 

be phenotypically homogeneous in type HbA. 

Heterogeneity of fe ta l bovine hemoglobin has not been reported before. 

Therefore, at the beginning of th is study we applied the rather insensit ive 

cel lulose t r iacetate electrophoresis adequate to determine contamination of 

fe ta l with adult bovine hemoglobin. The f i r s t sample of newborn ca l f blood, 
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investigateci with this method, revealed a single hemoglobin band not iden

tical to that of adult bovine hemoglobin. However, it appeared that the 

titration curve obtained from this sample markedly differed from that of 

all subsequent ten samples of newborn calf erythrolysate; in our later work 

we called these two types of erythrolysate HbF. and HfaF,, respectively. 

In Fig.II-3-3 the titration curves (pH versus Z
H
) and differential 

titration curves (ΔρΗ/ΛΖη versus Zy) are shown for the deoxy derivatives of 

adult bovine hemoglobin ( z : HbA) and of the first type of fetal bovine 

hemoglobin (o : HbF.). The titration curve of HbA agrees very well with 

that reported by the Bruin et al. (1969). In the differential titration of 

HbA a peak at Zn = +11.4 is found at pH 6.0 and another peak at Z
H
 = -10 

at pH 8.9. Distinct maxima in the differential titration curve indicate pH 

ranges where addition of acid or base results in relatively large pH changes: 

few of the protons added (or removed) are bound to (resp. released from) 

the protein. Therefore the maxima in the differential titration curve can 

be considered to separate classes of titratable groups. Between the two 

peaks neutral amino acid residues (imidazoles) and terminal amino groups 

are titrated (de Bruin and van 0s, 1968). With minor modifications the 

experimental points of the HbA titration can be fitted to the parameters 

used by de Bruin et al. (1969) (Table II-3-3); the solid lines in Fig.II-3-

TabÍ¿ 11-3-3 

Pa.n.am<i,te и a.ie.d (¡UH. tlie. ducu-pticn и^ the. tcüía-tici сил ел с ζ dzoxijQZiiatzd 
h<¿müQÍubÁ.n botwtLOM C'¡) adiiLt and лгічЬочп cea'i. 
Kt = the. пшпЬел o i tvtiatablz дгсарь o¿ сіаьь -с; 
pKí = acj-d doibocj-CLtton щиА.?л.Ь>ішт conita.it of дгоирь -ы с£аі5 с; 
1тах = maximcuL poi-tttve. с'лалдг о& tíie nattvz pioterai; 
ш = zZzctyiobtcLttc intsACLctLon (¡actox. 

adult bovine HbA feta l bovine HbF. feta l bovine HbFrT 

n i 

68.6 
4 
10 
4 
8 
60 

PK1 

4.25 
5.30 
7.10 
7.15 
8.00 
10.60 

ni 

68.6 
4 
10 
4 
8 
58 

PKÍ 

4.25 
5.30 
7.10 
7.17 
8.00 
10.55 

ni 

68.6 
4 
10 
-
8 
58 

P<i 

4.25 
5.25 
7.07 
-
8.00 
10.55 

max 

w 

84 

0.017 

82 

0.017 

78 

0.017 
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pH 

¥.<.дилг ΊΙ-3-4 

Скалде. сііЦе.ітсг bcíweeti òo^^ne líeme glob in io-Cmtiom A and Fj (ΔΖ^" 
vtiK-buA pH (¡on átuxtjgznatzd (Δ) and oxijgvnatzd ίο] Wemogtobini. Ti'ie con
dótto Ri яле the. лси е ал tu Ftg.n-3-3. 

..A-F) 

3 are calculated using these parameters. Compared to HbA both original and 

differential titration plots of HbFj are shifted by about two charges in 

negative direction. The distance between the two peaks in the differential 

titration at Z
H
 = +9.2 (pH 6.05) and at Z

H
 = -12.3 (pH 9.0), respectively, 

is about 21.5; in HbA this distance was approximately 21.4 charge units. 

The HbF, measurements could be fitted using the parameters shown in Table 

II-3-3; the fitted titration curves are again shown by a solid line in Fig. 

II-3-3. The charge difference of about two units over the entire titration 

range is also evident from Fig.II-3-4 where this difference((Z|,).-(ZM).- = 

Δ Ζ
Η
 ') is plotted against pH for both deoxygenated (Δ) and oxygenated (o) 

hemoglobin. All points are close to ΛΖ,, = 2 (broken line), and the data of 

oxygenated hemoglobin agree well with those of deoxyhemoglobin. The points 

of oxyhemoglobin were taken from titration data not shown here. 

These titration data do not agree with what may be expected from the 

amino acid substitutions listed in Table II-3-1. The expected net charge 

calculated from this table is two units more negative on adult bovine hemo

globin over the total pH range, assuming non-titratability of His EF1 in 

HbA. If this His EF1 is considered ti'tratable then at low pH about equal 

charges of adult and fetal hemoglobins would be expected because of the 

positively charged imidazole, and at high pH HbA would be two units more 

negative. However, as indicated by both the titration data and electro-

phoretic mobilities at pH 8.7 (Fig.II-3-1), the net charge at high pH is 

less negative on bovine HbA than on HbF.. 
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Ftga^e П-3-5 

TcViatLon (pH ue-tio-i Zf/I and di $ ie xe ivti aZ tiixcittOril-ipH/M^ ve.xiuA 2ц) of, 
dcoxygancitid bov-tm k&mogtubui Je· Cateo ni A ¡G) and Fjj (o). CcndUxonb але. 
the. lame ai -си F tg . I Ï -3-З. Τ/ι e boítd ¿enei агс ca£cu.2aCed aò^ng the рала-
теСелл g-tv m -in Table. П-3-3. 

A second type of bovine feta l hemoglobin (4bF T I ) was present in a l l 

other samples of blood -from newborn calves. The or ig inal and d i f f e r e n t i a l 

t i t r a t i o n plots of deoxygenated solutions of hemoglobins from adult c a t t l e 

( u : HbA) and newborn calves (o : HbF..) are snown in F ig. I I -3-5. The 

t i t r a t i o n of HbF.j s t r i k i n g l y d i f f e r s from that of HbF,. That these d i f f e r 

ences are not a r t i f a c t u a l may be concluded from the r e p r o d u c i b i l i t y of the 

respective data and in part icu lar from the fact that t i t r a t i o n curves of 

bovine HbA in a l l cases, measured on the same day under the same condit ions, 

yielded identical resul ts . The r i g h t peak of HbF,, in the d i f f e r e n t i a l 
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titration plot is found at ZM = -12.3 (pH 9.0) in good agreement uith HbF., 

but the other maximum is found at Zn = +4.9 (pH 6.1). So the number of 

titratable residues in the neutral region is 17.2 and hence by about four 

residues less than in HbF, and in HbA. The buffer capacity is decreased 

(ΐρΗ/ΛΖη increased) in the transitional region between the two peaks, also 

indicating less titratable groups in the neutral pH range for HbF,, than 

for HbF, and HbA. The titration data of HbF,, were also fitted with the 

parameters given in Table II-3-3 (solid lines in Fig.II-3-5). Ле conclude 

that in the neutral pH range four groups with a pK of about 7.15 are 

a 

deleted in HbF,, as compared with HbF,. A similar pK value for the deleted 

groups is also obtained from Fig.II-3-6 where the difference titrations of 

adult bovine and fetal bovine hemoglobin (HbF,,) solutions are shown 

(ΔΖΜ II) for the deoxygenated (Δ) and oxygenated (o) species. The solid 

line in Fig.II-3-б is the calculated titration curve of four groups with a 

pK of 7.15 in adult bovine hemoglobin. 

The data reported here on the titration behavior of fetal bovine hemo

globin solutions markedly disagree with the analysis of the primary struc

ture of bovine γ-chain by Babin et al. (1966). 

The following discrepancies were found: 

1) Fetal bovine hemoglobin is heterogeneous. Isoelectric focusing of new

born hemoglobin solutions reveals a large number of hemoglobin components, 

pH 

F-cgafie, 11-3-6 
A-F 

С'лалдг ¿ с ^ е л е п с е beJitie.e.n bov-uie. кетидІсЬш iulmttonA А ала Fj j (ΛΖ^ | 
еллил pH /ίοΊ агсхудепсиіЫ (л) and oxijgzuatzd [с] mmoglobA.n-i,. T/ie. con-

dOttoni але. tilt iame. ал л.п f-tg. 11-3-3. 
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apart from variable amounts of adult hemoglobin. In most newborn erythro-

lysates band 8 (Fig.II-3-2) is predominant. In the course of this study 

the occurrence of two types of titration curves was established for newborn 

erythrolysates. This indicates that in certain cases some other hemoglobin 

component may be predominant. Heterogeneity of newborn calf hemoglobin has 

not been reported hitherto. Heterogeneity of fetal human hemoglobin has 

been reported, though this heterogeneity only involves neutral amino acids: 

γ136 may be either alanine ( γ ) or glycine ( γ ) (Schroeder et al., 1968). 

A small part of fetal human hemoglobin occurs in which the γ-chain α-amino 

groups are acetylated (Schroeder et al., 1962). The titration curves (Fig. 

II-3-3 and 5) show that at high pH, where electrophoretic studies of bovine 

hemoglobin invariably were performed throughout the literature (generally 

pH 8.9), both fetal bovine hemoglobin differ from adult bovine hemoglobin 

by two charge units. 

2) According to the analysis by Babin et al. (1966) fetal bovine hemoglobin 

differs from adult hemoglobin with respect to the histidine content of the 

non-a-chains by one residue per chain. Our study indicates that in HbF, the 

histidine content is the same as in adult hemoglobin, whereas HbF., solu

tions contain in total four histidine residues less than HbA. 

3) The overall difference in charge of the two fetal hemoglobin solutions, 

as compared to HbA in electrophoretic studies at high pH, does not tally 

with the differences in acid and basic amino acid residues as reported by 

Babin et al. (1966). Instead of a more negative charge on HbF as found here, 

one would expect a less negative charge at high pH on the basis of the amino 

acid content reported by these authors. 

This study was initially undertaken to investigate the titratability 

of residue His @76 (EF1) found in adult bovine hemoglobin, which is, accord

ing to Babin et al. (1966), replaced by glutamine in fetal bovine hemoglobin. 

Our results, however, do not permit an unequivocal conclusion about His 876. 

Primarily this is because the hemoglobins in fetal erythrolysate are hetero

geneous. This implies that the properties of these erythrolysates represent 

a composite of the properties of the respective hemoglobins present. Com

parison of the titration curves of adult bovine hemoglobin and erythro

lysate HbFr indicates non-titratabi 1 ity of His 376, whereas comparison with 

the titration of HbF.. suggests that the non-a-chains of adult and fetal 

bovine hemoglobin differ by more than one residue titratable in the neutral 

pH range, one of which may be His g76. 
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II.4. Fixed-acid Haidane effect of nev;born and adult cow hemoglobin 

In section 1.6 the fixed-acid Haldane effect vías defined as the change in 

proton binding accompanying the transition from deoxygenated to fully heme-

liganded hemoglobin. The fixed-acid Haldane curve ( Λ Ζ
Η
 versus pH) can be 

obtained from the charge difference between the titration curves of deoxy

genated and heme-liganded hemoglobin solutions under identical solvent 

conditions. A more accurate determination, however, can be achieved by 

applying a pH-stat method where the amount of protons liberated or taken up 

upon the binding of heme-ligand to deoxygenated hemoglobin can be titrated 

with great precision (de Bruin et al., 1973b). 

With the equipment shown in section II.2 pH stability is better than 

+ 0.0005 pH units. At neutral pH (about 7), where ̂  = 0.1 (Fig. II-3-3), 

this implies an accuracy of about 0.005 charge units, based solely upon pH 

stability. As ΔΖη values in the neutral range are about 2 (Fig.II-3-3) very 

accurate results can be expected with the pH-stat method. 

Тлаихе 1Ί-4-1 
fly.iid-ac.-Ld HaJLdane. eaaect (ΔΖ )̂ o(¡ bovuit hmoglobin A сл-іаі pH m 0.1 
moi KCÍ/¿ at tuo ck^eAen-t tmpzuatuAzb : 25 0C (D) ciuci 37 "C (o). Tiie 
btofe.e.n LLUH ti t/ie ät^etei ice tsJyiattcn сил е aalculatzd ¿lom tiZna-bton 
cuAvu oh bovino, dzoxij- and окуІітодІоЫп A oí 25 0C. 
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The fixed-acid Haldane effect of adult bovine hemoglobin at 25 С (G) 

and 37 С (о) is shown in Fig.II-4-1, where the open symbols represent the 

measurements performed with the pH-stat method, and the broken line was 

obtained from the difference of the titration curves of deoxygenated and 

carboxyhemoglobin at 25 С The results of the two types of measurements 

(pH stat and difference titration) are in good agreement and also tally 

with the data reported by de Bruin et al. (1969) at 25
 0
C. In contrast the 

results at 37 С are not in agreement with the recently published data of 

Takano and Nishikura (1976) who reported a maximal fixed-acid Haldane 

effect at pH 7.2 of 0.49 mol H /mol monomer (Zn = 1.96), too large a value 

as compared to our value of about 1.55 mol H /tetramer hemoglobin at 37
 0
C. 

Both quantitatively and qualitatively the fixed-acid Haldane effect of 

adult bovine hemoglobin at 25 С is very similar to that of adult human 

and horse hemoglobin under the same conditions (de Bruinet al., 1969; 

Janssen, 1970). 

Previous measurements of the fixed-acid Haldane effect of human and horse 

hemoglobin (Antonini et al., 1965; Rossi-Bernardi and Roughton, 1967) were 

published in the period when the tight interaction of erythrocytic organic 

phosphates with these hemoglobins was not yet known. Therefore one cannot 

be sure that in these studies organic phosphates were adequately removed 

in the isolation procedure. Because of the well established influence of 

organic phosphates on the fixed-acid Haldane effect (de Bruin, Janssen and 

van 0s, 1971) these data cannot safely be compared with later data on human 

and horse hemoglobin. 

The residues involved in the oxylabile proton interactions in human 

hemoglobin (outlined in the introductory section 1.6) are the terminal a-

amino group of both α-chains, and the imidazoles of both histidines ВІ43. 

These residues are also present in adult and newborn bovine hemoglobin and 

all amino acid residues in direct oxylabile contact with these two Bohr 

groups are invariant in human, horse and bovine hemoglobins. Hence the same 

proton binding sites are probably involved in the fixed-acid Haldane effect 

of these hemoglobins. Details in the interactions may differ as a result of 

minor differences in the immediate environment of the interacting residues. 

The fixed-acid Haldane effects of fetal bovine hemoglobin (MbF..) at 

both 25
 0
C and 37

 0
C in 0.1 mol KCl/1 are shown in Fig.II-4-2 (a: 25 C; 

o: 37
 0
C ) . The difference titration at 25

 0
C (between deoxygenated and 

carboxyhemoglobin) is given as a broken line. 
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T-LXid-acA-d Haídam e^ec-t (Ыц) od bovine kmogZobui Fjj еллил pH ui 0.1 
mol.KCZ/l at ttìo ¿сделен* trnpciatuAtii : 75 ОС (Π) дна 37 0C (o). T/ic bicfedn 
¿¿ne -co ί/ге ск^елепсе ¿LÜiation сил г calcùlatid ¡{tom tctïatLon cuw&i ο ¡ξ 
Ьоілше dzoxy- and охуІігтодІоЬш F.. αί 25 0

C. 

The shift of the fixed-acid Haldane curves of both fetal and adult 

hemoglobin in respons to changes in temperature is qualitatively in agree

ment with the work by Antonini et al. (1965) on human and horse hemoglobin, 

and by Rossi-Bernardi and Roughton (1967) who also included adult bovine 

hemoglobin in their study. The general tendency is a lowering of the maxi

mal effect, and a shift of the position of the maximum to lower pH values 

in respons to an increase in temperature. In the studies by Antonini et al. 

(1965) and by Rossi-Bernardi and Roughton (1967), however, the presence of 

organic phosphates (predominantly DPG) was not taken into account, and their 

methods of preparing hemoglobin samples do not guarantee complete removal 

of endogeneous phosphates. Organic phosphates present in unknown amounts 

will seriously affect the temperature dependence of the fixed-acid Haldane 

effect, since an implicit assumption in their analyses is the absence of 

" significant differences between deoxyhemoglobin and oxyhemoglobin 

in their binding of ions, other than protons " (Rossi-Bernardi and 
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Roughton, 1967). 

The temperature dependence of the fixed-acid Haldane effect originates 

from the dependence of the ionization equilibria of the proton binding 

groups on temperature. It may readily be seen that, if the influence of 

temperature on the proton binding equilibria of all oxylabile groups were 

equal in both deoxygenated and liganded hemoglobin, the shape of the fixed-

acid Haldane curve would be invariant with temperature, and only the posi

tion of the curve would vary with temperature. The fact that the shape of 

the curve is actually temperature dependent was seen in Figs.II-4-1 and 2. 

This indicates different temperature dependences of the same proton binding 

groups in deoxy and liganded quaternary states, and besides also the tem

perature dependences of the respective oxylabile groups (α-amino groups 

and imidazoles) in a given quaternary structure may differ. 

II.5. Influence of organic phosphates on the fixed-acid Haldane effect of 

newborn and adult cow hemoglobin 

Benesch et al. (1969a) were the first to demonstrate the influence of organ

ic phosphates on the fixed-acid Bohr effect of human hemoglobin, the vari

ation of P
5 0
 with pH. They studied the influence of DPG (2,3-diphospho-

glycerate) on AlogP
50
/ApH in two ranges of pH (between 7.0 and 7.3, and 

between 7.3 and 7.6). They found a considerably increased fixed-acid Bohr 

effect at concentrations of about 0.2 to 0.3 mmol DPG/1 (inpg about 16 mol 

DPG/mol Hb, the hemoglobin concentration thus being extremely low), but 

with more DPG added, the effect decreased again so that at high DPG concen

tration the fixed-acid Bohr effect was about equal to the effect in the 

absence of organic phosphate. 

Bailey et al. (1970) investigated the influence of DPG on the fixed-

acid Haldane effect of hemoglobins of several species and demonstrated con

siderable differences. In human and mouse hemoglobin both positive (oxy

labile proton release at pH above 6) and negative (oxylabile proton uptake) 

fixed-acid Haldane effect were increased, whereas in guinea pig hemoglobin 

both the positive and negative effect were increased at pH between 6 and 

6.8, but decreased below pH 6. The fixed-acid Haldane effect of pigeon hemo

globin was hardly affected by DPG except at high pH (above 7.8). Later 

studies unequivocally showed that the influence of organic phosphates on 
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Р-сдилс 11-5-1 

F'txe.d-acA.d Haldane. &í{e.ct (ΔΖΜ) O$ 
adult bov-Luz hmoglob-Ln А ал a function 
o{¡ the. то ¿ал. latto OPG :Hb (-t-ppg). 
Hmoglobtn concewtAotcon 0.6 tmol'l 
¿n 0.1 mol KCl/l. ТгтрепаХиле. 25 0C. 
Меаіилетепіл at dtfáeAent pH valuti: 
6.0 (о) ; 6.5 ($); 7.0 (Δ); 7.5 (À! 
and S.0 (ϋ) . 

Figtm II-5-2 

F^KCd-actd Haldane e^ect (ΔΖ̂ ) о^ 
ada¿í faou-tnc kemoglobui A ab a 
(¡unctton οά the то ¿ал icutco AT? : 
Но (<.д7р). Hemoglobtn concetvttation 
0.6 mmol/¿ -en 0.1 mol KCl/l. Ттрел-
аіиле 25 0C. MeaiuAementi at cU^fer-
ent pH valu.(U>: 6.0 [о); 6.5 [Φ); 
7.0 (Λ); 7.5 (A] and S. О ÍD). 

both the fixed-acid Bohr effect and the Haldane effect results from pK 

changes of some of the electrostatically interacting groups on the organic 

phosphate ions and the hemoglobin derivatives (deoxy, oxy, carboxy) in

volved (de Bruin et al., 1971, 1973b; Riggs and Imamura, 1972; Kilmartin, 

1973, 1974; Benesch and Rubin, 1975; Brygier et al., 1975). 

We investigated the fixed-acid Haldane effect of adult bovine hemo

globin A in the presence of DPG, ATP (adenosine-5'-triphosphate) and IHP 

(inositolhexaphosphate), and of fetal bovine hemoglobin F.. in the presence 

of DPG. 

In Fig.11-5-1 the influence of DPG on the fixed-acid Haldane effect of 

adult bovine hemoglobin A at 25 0C is given at five different pH values, 

6.0 (o), 6.5 (·), 7.0 (Δ), 7.5 (A) and 8.0 (-). The fixed-acid Haldane 

effect ( Δ Ζ
Η
) is plotted versus the molar ratio between the total amount of 
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DPG added and the amount of hemoglobin tetramer (inng)· These results show 

a very pronounced effect of DPG on the Haldane effect τη both the alkaline 

and acid pH range. Similar to the findings by Bailey et al. (1970) on the 

hemoglobins of several other species, both the positive and negative fixed-

acid Haldane effect are increased by the organic phosphate. 

Measurements of the influence of the organic phosphate ATP on the 

fixed-acid Haldane effect of adult bovine hemoglobin A (Fig.II-5-2) show 

similar results. Here the effect was considered at five different pH values 

at 25
 0
C in 0.1 mol KCl/1 too. 

On the other hand the IHP-induced fixed-acid Haldane effect shows the 

higher potency of IHP as compared with the other two organic phosphates 

(Fig.II-5-3). The maximal value of ΔΖπ at pH 7.5 is higher (approx. 3.25) 

than in the case of DPG and ATP. The increase of the negative fixed-acid 

Haldane effect (at pH 6.0) is however less pronounced in the case of IHP 

as compared with DPG and ATP. 

In Fig.II-5-4 the complete fixed-acid Haldane curves of adult bovine 

hemoglobin A are shown in the presence of several concentrations of ATP. 
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T-tguAz ΊΊ-5-4 

F-cxed-acxd Haldane. сиі м (pioti о ¡J ΔΖΗ υ ель ил pH] o ó adult bovine, hemo
globin А ш the ркелтсе. oi cU-ííeAent тоіал fiatici ol AT? : Hb (̂ дур -ti О 
[сил. е. î), 0.77 [cuAve. 2), 7.30 (сил е. 3), 2.20 килие 4) on. 5.56 [сил е. 
5)). Hemoglobin concentration 0.6 mmo£/£ in O.J mo£ KC£/£. TzmpeAatuAe. 25 
0C. 

It is clear from these experiments that the positive as well as the nega

tive fixed-acid Haldane effect are enhanced by this organic phosphate 

(experimental points have been omitted in the figure to prevent crowding). 

The different potencies of the three organic phosphates DPG, ATP and 

IHP in influencing the fixed-acid Haldane effect are clearly illustrated 

in Fig.II-5-5. Haldane curves are shown, which were measured at 25 0C in 

0.1 mol KCl/1; in all three cases the organic phosphate concentration is 

about twice the concentration of hemoglobin. When we take into account the 

slightly lower concentration of DPG (iDpG = 1.8) as compared to ATP and 
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F-txed-ac-td Haldane. CWWZA [pioti о^ ΔΖ^ уел-іоі pH) o¿ adulX. bovine, hemo
globin A -tn -the. аЬіеисе OjJ otigaivcc рІгоіркаХгі [bwken Lene), and -en tkz 
pníiínce od WG UppG - J.S: Δ), ATP (-сдтр = 2.2: o) and K/P kjHp = 2.2: 
O ) . Hemoglob-tn concentJurtxon 0.6 mmot/l -tn 0.J moi KCZ/l. Тетрелаіиле. 
25 0C. 

IHP (ідтр = ijup = 2.2), we may estimate the fixed-acid Haldane curves with 

ATP and DPG to be about equal, and the IHP curve to be far more influenced 

by the organic phosphate. It is remarkable that, whereas IHP has a much 

stronger influence on the positive Haldane effect than the other two 

phosphates, its influence on the negative fixed-acid Haldane effect is not 

stronger, at least not in the pH range studied. 

Riggs (1971) analyzed the influence of organic phosphates on the oxygen-
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proton binding interaction from results by Benesch et al. (1969a) of the 

dependence of the fixed-acid Bohr effect on organic phosphate concentration 

at pH 7.3. According to Benesch et al. around this pH the Bohr effect at 

sufficiently high DPG concentrations virtually equals the Bohr effect with

out organic phosphates added. Riggs' analysis is based on several simplify

ing assumptions. Some of these are: 

(a) the number of organic phosphate-labile protons maximally taken up or 

released at full organic phosphate saturation of deoxygenated hemo

globin equals the amount of organic phosphate-labile protons of oxy

genated hemoglobin; 

(b) organic phosphate bindings (and the concomitant proton uptakes) have 

the same pH dependence in both deoxygenated and oxyhemoglobin, 

(c) the extra amount of protons released or taken up upon ligand binding in 

the presence of organic phosphate equals the shift in л1одР(.
п
/дрН at 

any pH and organic phosphate concentration. 

Assumption (a) leads to the consequence that at high organic phosphate 

concentration, where deoxy- and oxyhemoglobin are completely saturated with 

organic phosphate, no organic phosphate-induced change of proton binding 

will accompany the "normal" fixed-acid Haldane effect. This assumption was, 

however, refuted by the work of de Bruin et al. (1974a) in a study which 

extended over a broad pH range (between 6.8 and 8.5). The work of these 

investigators also suggests that assumption (b) is invalid (de Bruin et al., 

1973, 1974a). Assumption (c) is equivalent to the statement that the fixed-

acid Haldane effect and the fixed-acid Bohr effect are equal in magnitude 

in the presence of organic phosphates. It was shown experimentally and 

theoretically by Benesch and Rubin (1975), however, that this equality does 

not hold (at least not at pH 7.3). 

Comparison of our results on the influence of DPG on the fixed-acid 

Haldane effect of adult bovine hemoglobin with the work on adult human 

hemoglobin (de Bruin et al., 1974a) shows a less pronounced effect in the 

case of bovine hemoglobin. This might well be related to the differences 

in primary structure between human and bovine hemoglobin. In bovine hemo

globin amino acid NA2 (ßl) is methionine instead of histidine which in adult 

human deoxyhemoglobin was shown to be involved in the interaction with 

organic phosphates (Arnone, 1972; Arnone and Perutz, 1974). Being a titrat-

able group with a pK in the neutral range (Ohe and Kajita, 1977), the 
α 

imidazole of His NA2 contributes to the organic phosphate-induced extra 
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fixed-acid Haldane effect. In human hemoglobin the electrostatic interaction 

of IHP with deoxyhemoglobin results in a pK change of the imidazole of His 

a 

NA2 from the normal value of 6.9 (at 36.5 C, Hb-concentration of 2.76 

mmol/1 and ionic strength 0.2) to 7.7 with a tenfold excess of IHP present 

(Ohe and Kajita, 1977). No change of this pK was found in oxyhemoglobin 

in the presence of IHP. Methionine, which replaces histidine in bovine 

hemoglobin, very probably does not interact electrostatically with organic 

phosphate, and hence will not influence the fixed-acid Haldane effect. The 

second relevant difference in primary structure between bovine and human 

hemoglobin is the deletion of the first N-terminal amino acid of the 3-

chains. Due to this shortening of the chain the a-amino group of the N-

terminal amino acid in bovine hemoglobin is displaced as compared with its 

position in human hemoglobin. Inspection of a structural model of hemoglobin 

(constructed according to X-ray crystallographiс data supplied by Dr. M.F. 

Perutz (Perutz et al., 1968)) revealed tnat consequently the terminal a-

amino group is farther removed from the dyad axis (the axis of symmetry) 

through the central cavity. Hence the distance between the organic phos

phate molecule bound and the α-amino group in bovine hemoglobin is larger 

than it is in human hemoglobin. Electrostatic interaction will therefore 

be smaller, if present at all in bovine hemoglobin. As a consequence the 

contribution of the α-amino groups to the organic phosphate-induced extra 

fixed-acid Haldane effect also will be less or absent. Four other residues 

remain for the interaction between bovine hemoglobin and organic phosphates: 

two ε-amino groups of lysines EF6 and two imidazoles of histidines H21. 

The latter may well contribute to the fixed-acid Haldane effect. The former 

groups are fully positively charged at neutral pH as their pK values are 
α 

in the order of 9 to 10. 

These considerations are based on the assumption that the way organic 

phosphate binds to bovine hemoglobin is similar to that in human hemoglobin. 

An important feature in favor of this hypothesis is the fact that the 

stoichiometry of organic phosphate binding to (the stronger binding site 

of) adult bovine hemoglobin was shown to be 1 : 1 (Kuwajima and Asai , 1975). 

Binding of one organic phosphate molecule per hemoglobin molecule indicates 

that the interaction site very probably is located on the dyad axis of the 

hemoglobin tetramer, presumably between the two з-chains. 

Comparison of the influence of DPG on the fixed-acid Haldane effect 

of adult bovine (HbA) and of fetal bovine (HbFjj) hemoglobin reveals 
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s t r i k ing differences as shown in F ig . I I - 5 -6 . 

Both the DPG-induced increase of the ef fect at pH 7.5 and the decrease at 

pH 6.5 are diminished as compared to adult bovine hemoglobin. These d i f f e r 

ences are ref lect ions of differences in primary structure between adult and 

feta l bovine hemoglobin. Neither of the two types of residues presumed to 

be d i rec t l y engaged in the binding of DPG in adult bovine hemoglobin is 

substituted in fe ta l bovine hemoglobin (Babin et a l . , 1966). 

I I . 6 . Proton binding study of organic phosphate interact ion with adult cow 

hemoglobin 

I t has been shown in several investigations that the ef fect of organic poly-

amons on the f ixed-acid Haldane ef fect probably is a resul t of differences 

in amon-induced proton uptake between deoxy- and liganded hemoglobin. This 

f inding allows to explain the results presented in the previous section on 
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adult and fetal bovine hemoglobin, and is supported by investigations on 

adult human hemoglobin (de Bruin et al., 1973, 1974a; Kilmartin, 1973, 

1974; Brygier et al., 1975; Benesch et al., 1977) as well as by investiga

tions of the interaction of other polyvalent anions with fetal and adult 

human hemoglobins (Bucci, 1974; Shimizu and Bucci, 1974; Benesch et al., 

1976). 

Upon the interaction of organic phosphates with deoxygenated as well 

as liganded species the proton binding of the hemoglobin changes. This 

effect is composed of three concurrent phenomena. 1) The electrostatic 

interaction between the negatively charged organic phosphate molecule and 

the positive charges of residues on the hemoglobin molecule increases the 

pK values of the latter and hence forces the residues to take up protons. 
a 

2) The same electrostatic force induces a lower pK of the groups on the 

organic phosphate which thus release protons. 3) Binding of organic phos

phates to hemoglobin removes inorganic anions electrostatically bound to 

hemoglobin, probably at the same site (Arnone and Perutz, 1974). Displace

ment of these anions will result in a release of protons from the inter

acting residues on the hemoglobin molecule. When the interacting groups 

are weak acids and bases (hemoglobin residues and organic phosphate groups 

respectively), with pK values in the same range, the net change in proton 
α 

binding will not be large and can be either an uptake or a release of 

protons. Furthermore the maximal change of proton binding upon binding of 

organic phosphate is dependent on pH, the identity of the organic phosphate, 

ionic strength, and the kind of hemoglobin considered (de Bruin et al., 

1974a; Brygier et al., 1975). 

Figures II-6-1 and II-6-2 give the proton uptake (¿ZH) of adult bovine 

hemoglobin as a result of the binding of DPG and of IHP respectively at 

25 0C in 0.1 mol KCl/1 (inpg and ijHp represent the molar ratios organic 

phosphate/hemoglobin). Deoxygenated and carboxylated hemoglobin were studied 

(panels A and В respectively) at several pH values: c: 6.0; u: 6.5; 

о : 7.0; · : 7.5. The data were obtained by stepwise addition of a concen

trated solution of the organic phosphate in 0.1 mol KCl/1 at the same pH of 

the hemoglobin solution. After each addition the protons taken up were 

titrated with a 0.1 molar HCl solution with the aid of a pH-stat equipment. 

In similar experiments it has been shown by de Bruin et al. (1973) that the 

observed pH change does indeed correspond to the organic phosphate-induced 

proton uptake by the hemoglobin molecule. Our results indicate a consider-
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Vambe-t o¿ plotoni ptl mol liemuglobui ІЫц) taken up upon binding ofa DPG to 
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pH 6.0 (Π), 6.5 {•), 7.0 (e! Linci 7.5 (·). Hemogiobtn concentrati ом, lan.ged 
batmen 0.2S and 0.39 mrwZ НЫІ in 0.1 mot KCH/t at 25 "C. 

able uptake of protons when DPG and IHP are added to bovine hemoglobin in 

both deoxygenated and liganded hemoglobin. The uptake of protons induced 

by addition of IHP is particularly large ( Δ Ζ
Η
 rises above 5) and for three 

pH values almost linear in the IHP concentration range studied. The larger 

number of protons taken up upon binding of IHP as compared to DPG may be 

expected from knowledge of the structures of the respective deoxyhemoglobin-

organic phosphate complexes (Arnone, 1972; Arnone and Perutz, 1974). The 

binding of IHP to human deoxy hemoglobin strongly resembles the binding of 

DPG. The eight basic groups of the two ß-chains (a-amino 3NA1, imidazoles 

Í5NA2 and 3H21 and e-amino group of ßEF6) are all within interaction dis

tance of the phosphate groups of DPG and IHP (and furthermore two asparagines 

ßH17 are probably able to form hydrogen bonds with two phosphates from IHP). 

However, at physiological pH IHP has approximately eight negative charges 

(Arnone and Perutz, 1974), about double the charge of DPG under these con

ditions. It may therefore be expected that the electrostatically induced 
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proton uptake by basic protein groups is larger on binding of IHP as com

pared to binding of DPG. 

In bovine hemoglobin the imidazoles ?NA2 are absent, whereas the cl

amino groups of the ß-chains are positioned further apart due to deletion 

of one amino acid at the ^-terminal of these p-chains (Babin et a l . , 1966). 

These structural features are l i ke l y to lead to smaller uptake of protons 

upon binding of organic phosphates to bovine hemoglobin as compared to 

human hemoglobin. Instead, we f ind much more proton uptake in bovine hemo

globin upon binding of IHP. In numan hemoglobin solutions Brygier et a l . 

(1975) measured a maximal uptake of 2.2 protons upon IHP binding to deoxy-

hemoglobin at pH 7.3, and about 1.6 protons at pH 6.5, and these maxima are 

reached at about ι 
IHP 

1. Furthermore the data on human deoxyhemoglobin 

show a sharp bend at ί,,,ρ = 1, which indicates almost stoichiometric bind

ing of the organic phosphate, and hence a very low dissociation equilibrium 
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constant. At low hemoglobin concentration (2.0 χ 10 mol/1) Edalji et al. 

(1976) determined by the same method a dissociation equilibrium constant 
-8 

of 6 χ 10 mol at pH 7.3 for the deoxyhemoglob n-IHP complex, which indeed 

is very low as compared to the dissociation of other hemoglobin-orgamc 

phosphate complexes. The addition of IHP to adult bovine deoxyhemoglobin, 

however, induces the uptake of much larger amounts of protons (Zn > 5). 

Even above ΐτ
Η
ρ = 5 addition of IHP to bovine hemoglobin induces an uptake 

of protons. A similar finding was reported by Edalji et al. (1976) at low 

concentrations of deoxyhemoglobin and IHP, and they accounted for this 

behavior by the assumption that IHP changes its ionization with a rise in 

concentration. Measurements at higher protein and IHP concentrations by 

Brygier et al. (1975), however, do not show this behavior (at least not in 

deoxyhemoglobin solutions). In fact the latter experiments were performed 

under conditions of concentration, ionic strength and temperature identical 

to the investigations dealt with in this study. Proton uptake by free IHP 

should therefore be of minor importance in our experiments too. 

Alternatively the large uptake of protons may be caused by inter

action of organic phosphates with additional binding sites on the protein 

with lower affinity. Multiple binding sites for organic phosphates on bovine 

hemoglobin have been reported by Kuwajima and Asai (1975). The weaker bind

ing site(s) may not be oxy-labile. This is suggested by the fact that, at 

the upper end of the binding curves in Figures II-6-2 A and B, at each pH 

the slopes of the curves in deoxy- and liganded hemoglobin experiments are 

very similar. 

Another, albeit speculative, explanation for the large proton uptake 

in our experiments as compared with human hemoglobin is suggested by reports 

on binding of inorganic anions to hemoglobin. Specific binding of inorganic 

anions to deoxy- and liganded hemoglobin was inferred from X-ray studies 

(Arnone and Perutz, 1974; Arnone et al., 1976), studies on abnormal hemo

globins (Nigen and Manning, 1975; Bonaventura et al., 1976; Ryrie et al., 

1977), and NMR studies (Chiancone et al., 1972, 1974, 1975; Bull et al., 

1973). In our experiments the only possible inorganic anions in solution are 

Cl~ ions. As was shown in the X-ray crystallographic studies inorganic ions 

are displaced by the binding of organic phosphates, and can probably be bound 

between lysine @EF6 and histidine 3NA2 and α-amino of valine ßNAl in each 

ß-cham. Competition between organic phosphates and chloride ion binding is 

also shown in both deoxy- and liganded hemoglobin solution by NMR qua-
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drupole-relaxafion studies (Chiancone et al., 1972, 1975). Electrostatic 

interaction of human hemoglobin with CI ions induces proton uptake in deoxy-

and liganded human hemoglobin, similar to the binding of organic phosphates 

(de Bruin et al., 1974b). Hence organic phosphate binding at this site will 

cause release of protons, concomitant with displacement of CI ions, and 

subsequent binding of protons due to organic phosphate binding. The result

ing proton uptake is given by the relation: 

(¿ZH>total = < о г д - A Z
H

C 1
 11.6.1 

Similar proton binding studies of CI binding to bovine hemoglobin have not 

been carried out. The differences between organic phosphate-induced uptake 

of protons by bovine and by human hemoglobin might be explained by assuming 

that Cl" ions interact with bovine hemoglobins to a lesser extent. The ab

sence of imidazoles 3NA2 and the displacement of the terminal amino groups 

of the ß-chains in bovine hemoglobin result in less tight binding of the 

Cl ions at this site. As a consequence the binding of Cl ions to bovine 

hemoglobin is associated with binding of less protons than in the case of 
Cl" 

human hemoglobin, and therefore ΔΖ
μ
 is smaller. This results in an in-

Ρ 
crease of (^u)f0fa-i ο η

 organic phosphate binding, provided ΔΖ
Η
 org is not 

very much lowered. Laver et al. (1977), however, reported a pronounced inter

action of Cl" ions with bovine hemoglobin, giving rise to a profound in

fluence of Cl ions on the oxygen affinity. This influence of Cl ions (20 

mol Cl /mol Hb) on bovine oxygen affinity is about equal in magnitude to 

the influence of DPG (1 mol DPG/mol Hb). In the simultaneous presence of 

these amounts of Cl ions and DPG the oxygen affinity is not reduced more 

than by the presence of these two effectors alone. In contrast in human 

hemoglobin solutions Cl ions do lower the oxygen affinity much less than 

DPG does. Laver et al. concluded therefore that chloride and organic phos

phates compete more strongly for the same site on bovine hemoglobin than on 

human hemoglobin, but furthermore that the influence of organic phosphates 

is obscured by the presence of chloride ions. These findings may invalidate 

our hypothesis about the role of сГ-ions in the large proton uptake. 

The observed phenomena of organic phosphate-induced proton binding may 

of course be explained by a combination of the alternatives presented. 

In analogy with human and other hemoglobins we assume, in the case of 

multiple binding of organic phosphates, the stronger binding site at the 
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entrance of the central cavity to be oxylabile by virtue of the conforma

tional change occurring upon ligand binding. The other sites may be located 

at any site on the hemoglobin molecule where two or more positive charges 

are grouped in a sterically favorable conformation to accommodate a poly-

anion. 

When a ligand (e.g. 0
2
 or CO) is bound to deoxygenated hemoglobin in 

the presence of organic phosphate the number of protons released or taken 
ρ 

up ((ΔΖ
Η
) org) differs from the change in bound protons in the absence of 

organic phosphate (ΔΖ
Η
), as we showed in our work on bovine hemoglobins in 

the preceding section. This extra, organic phosphate-induced, fixed-acid 

Haldane effect is composed of contributions of protons associated with, 

respectively, release of organic phosphate from deoxygenated hemoglobin 

((ΛΖ
Η
 org)

D
) and subsequent binding of organic phosphate to liganded hemo

globin ((ΔΖ
Η
 org)

L
), as was demonstrated for human hemoglobin by de Brum 

et al. (1973b). 

FiguAe II-6-3 

Compcvu-ion оеЛиееи the. DPG-^nduc&d ^xerf-aocrf Haldane. e^ec-f ¡ΔΖΗ) obtaxned 
i>wm Ftgo-te Π-5-J (pH 6.0 [o\, 6.5 ( · ) , 7.0 (л) and 7.5 [к}) and the 
d^/)(,(>fieпсгл ЬеЛшееи the DPG-uiduced pKoton uptake cuivei c& deoxy- and 
caAboxijkmoglcbui obtcuned ^rom F-tguAc. 11-6-1 {bottd ttnei). 
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This leads to the equality: 

(AZ
H
)

P
org - ΔΖ

Η
 = (Z

H

P
org)

L
 - (Z^org^ II.6.2 

In Figure II-6-3 the right-hand side of this equation, calculated from the 

smoothed curves of Figures II-6-1 A and B, is represented by the solid 

lines at the four pH values of 6.0, 6.5, 7.0 and 7.5 as a function of ipPG' 

The points shown in the figure represent the organic phosphate-induced 

fixed-acid Haldane effect calculated from the data in Figure II-5-1. The 

agreement between the curves and the points is fairly good. Apart from the 

inherent scatter in the pH-stat determinations, the differences may be caus

ed to a great extent by the differences in hemoglobin concentration used in 

the two types of experiments. In the Haldane determinations the hemoglobin 

concentration was between 0.6 and 0.7 mmol Hb/1, whereas in the mixing ex

periments the concentration ranged between 0.3 and 0.4 mmol Hb/1; Comparison 

of the IHP-induced Haldane effect data and the difference curves of the 

right-hand side of equation II.6.2 for mixing with IHP yields results simi

lar to those for DPG. This is shown in Figure II-6-4. The solid lines were 
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calculated from the smoothed curves of Figures II-6-2 A and B, whereas the 

points were calculated from the data in Figure II-5-2. The symbols used are 

identical too and indicate the same pH as in Figure II-5-2. 

The results shown in Figures 11-6-3 and 4 give strong evidence for the 

conclusion that the phosphate-induced fixed-acid Haldane effect is a result 

of the interaction of the organic phosphate with both deoxygenated and 

liganded hemoglobin. 

II.7. Oxygen binding to newborn and adult cow hemoglobin and the influence 

of organic phosphates 

The oxygen affinity of adult bovine hemoglobin is intrinsically low in com

parison with the affinity of adult human hemoglobin. Bovine hemoglobin 

shares this property with other ruminant hemoglobins and with hemoglobins 

from feline species (Bunn, 1971). These hemoglobins also show only a slight 

effect of DPG on oxygen affinity (Bunn, 1971) in contrast to most other 

mammalian hemoglobins. The slight effect of DPG on the oxygen equilibrium 

of adult bovine hemoglobin was confirmed by van Kempen et al. (1975) and by 

de Bruin et al. (1977). Benesch et al. (1968b) reported, however, a pro

nounced effect of DPG in the case of sheep hemoglobin (unidentified pheno-

type). In a recent study by Laver et al. (1977) a pronounced allosteric 

regulation of sheep and bovine hemoglobin oxygen affinity by DPG was report

ed. It was also found that Cl" ions (at a concentration of 70 mmol/1) have 

about the same effect on the oxygen affinity of these two hemoglobins as 

DPG (at a concentration of 1 mol/mol Hb), whereas in human hemoglobin the 

oxygen affinity is much more lowered by DPG than by Cl" ions. Oxygen bind

ing to fetal bovine hemoglobin has been studied in whole blood (Roos and 

Romijn, 1938, 1940a, 1940-1941; Gahlenbeck et al., 1968), but no investi

gations on isolated fetal bovine hemoglobin came to our attention. In 

whole-blood studies the oxygen affinity is reported to be considerably 

higher than in maternal and non-pregnant adults. It needs to be investigated 

whether this property is based on the intrinsic oxygen affinity of bovine 

fetal hemoglobin or on the interaction with some intracellular factor. 

In the previous sections the hemoglobins of newborn and adult cow 

were shown to interact with organic phosphates, though to a minor extent 
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as compared to adult human hemoglobin. As suggested by Bunn (1971), smaller 

interaction of organic phosphates with these hemoglobins can be expected 

from the differences in primary structure between newborn and adult bovine 

hemoglobin and human hemoglobin (Babin et al., 1966; Schroeder et al., 1967). 

However, the functional significance of the high postnatal DPG level in 

blood of newborn bovines (Zinkl and Kaneko, 1973) in relation to the oxygen 

affinity still needs elucidation. High organic phosphate levels were also 

observed in newborn lambs and goats where within three days after birth the 

DPG level (expressed as inpp) increased to nearly 1.6 mol/mol Hb (Blunt et 

al., 1971; Agar and Harley, 1976). In vitro experiments failed to show a 

direct effect of DPG on the oxygen affinity of fetal hemoglobin of goats, 

whereas the in vivo oxygen affinity during the change in concentration of 

DPG progressively decreased. This decrease was not attributable to the 

appearence of adult goat hemoglobin, whose oxygen affinity is lower than 

the affinity of fetal goat hemoglobin (Blunt et al., 1971). 

These findings are, however, opposed by the work of Battaglia et al. 

(1970) in an analysis of the factors influencing oxygen affinity of newborn 

lamb blood. They showed that the decrease in oxygen affinity after birth 

cannot be accounted for completely by the simultaneous increase in adult 

sheep hemoglobin concentration and the change in intraerythrocytic pH 

concomitant with the increase in DPG concentration, and hence concluded a 

significant direct interaction of DPG with sheep hemoglobin. Our findings 

in the previous sections indicate unequivocal interaction of organic phos

phates with bovine hemoglobins. Particularly the influence of organic 

phosphates on the fixed-acid Haldane effect was clearly demonstrated. A 

similar influence should be detectable for the fixed-acid Bohr effect of 

bovine hemoglobins. 

During our investigations two methods have been employed to determine 

oxygen equilibrium curves. These have been designated method I and method 

II and were described in Section II.2. 

Hemoglobin-oxygen equilibrium data as obtained with method I are shown 

in Fig.II-7-1. In the lower part of this figure, logPj-Q values are plotted 

versus pH. P
5 0
 is expressed in kPa (1 kPa =7.5 mmHg). The oxygen affinity 

was measured in stripped adult bovine hemoglobin solutions ( O , 15 ymol Hb/1 

in 0.05 mol bis-Tris or Tris/1 and 0.1 mol KCl/1), and in the presence of 

IHP ( D : i
I H
p = 2 mol/mol Hb; о : i

IH
p = 8 mol/mol Hb). 

It is evident from these data that the addition of IHP has a pronounced 
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In íde иррел panel the H-dl сопл tant {птах] at 50oo Lcgand iotuAatxon еліил 
pH -со g^ven by the iame njmboti. 

effect on the oxygen a f f i n i t y of adult bovine hemoglobin over the t o t a l pH 

range studied. No such influence was found in experiments using DPG (results 

not shown in Figure 11-7-1) The f ixed-acid Bohr e f f e c t of bovine hemo

globin in the absence of a l l o s t e r i c ef fector has a maximal value ofAlogPgQ/ 

ΔρΗ = -0.61 at pH 7.0. The maximal values of the f ixed-acid Bohr e f f e c t in 
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the presence of a 2- or 8-fold IHP concentration per hemoglobin-tetramer 

concentration are -0.87 and -0.92 at pH 7.3 and 7.6 respectively. In the 

upper part of Figure II-7-1 the values of the Hill parameter Пн·,, (= 

Alogíj^yJ/Aloq P Q 9 ) determined at Y = 50°¿, versus pH are given. nH.,-, values 

for hemoglobin solutions without added allosteric effector show consider

able scatter. All but one of the Πμ.,, values obtained from the oxygen 

equilibrium curves in the presence of IHP are found below the regression 

line calculated from the experiments in the absence of IHP. Comparison of 

the results in Figure II-7-1 with data obtained by other methods should 

always be done with care, keeping in mind the low hemoglobin concentration 

used in the experiments of Figure II-7-1. Hemoglobin-oxygen equilibrium 

characteristics have been reported to depend upon hemoglobin concentration, 

especially at the low end of the concentration scale (Forster, 1972). In 

saline solution, DPG-free human hemoglobin shows an increase of oxygen 

affinity upon a decrease in hemoglobin concentration in the range between 

10 and 10 mol monomer/1; above a concentration of 10" mol monomer/1 

Рщ-, is virtually concentration-independent (Sinet et al., 1976; Torelli et 

al., 1977). In the presence of DPG and well dialyzable erythrolysate con

stituents a pronounced concentration dependence of the oxygen affinity is 

found even at high hemoglobin concentrations (Forster, 1972; Torelli et al., 

1977). The shift in position and change in shape of the oxygen equilibrium 

curve in the low hemoglobin-concentration range have been interpreted in 

terms of a 1igand-mediated dissociation of the hemoglobin tetramer into 

dimers and into sub-units (Ackers et al., 1975). In liganded hemoglobin 

solutions more tetramers are dissociated than in unliganded hemoglobin. The 

reported influence of DPG on the concentration dependence of ligand affin

ity of human hemoglobin solutions may be related to the tetramer dissocia

tion when we realize that binding of DPG occurs preferentially at the 

entrance of the so-called "central cavity", the cleft between the two g-

chains in deoxyhemoglobin. Hence binding of organic phosphate shifts the 

association-dissociation equilibrium by virtue of its stabilizing influence 

on the tetrameric quaternary deoxyhemoglobin structure. The bovine hemo

globin tetramer is more stable than that of human hemoglobin, as is evident 

from a slower rate of alkaline denaturation (Haurowitz et al., 1954) and 

less dissociation at acid pH (Hanlon et al., 1971) of bovine hemoglobin. 

According to Perutz (1974) the higher stability of bovine hemoglobin at 

alkaline pH might be due to the smaller number of cationic residues at 
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alkaline pH in bovine as compared to human hemoglobin. 

Several reasons led us to develop another method for the study of oxy

gen equilibrium binding to bovine hemoglobin. The considerable scatter in 

the results of method I, particularly in the determination of the Hill 
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coefficient, raised some doubt concerning the value of this method. Another 

point was the need to compare the oxygen binding data with data from ex

periments described in the previous sections, i.e., to compare the fixed-

acid Bohr effect with the fixed-acid Haldane effect. A third motif was the 

need for a more rapid method. These requirements led to method II. the 

velue of this method was assessed from the reproducibility of parameters des

cribing the oxygen equilibrium curve. Triplicate measurements of the curve 

of identical samples under the same set of conditions are shown in Fig.II-

7-2 in a Hill plot (1од(-т—γ) versus log PQ?). Adult bovine hemoglobin was 

flgiLXd 11-7-3 

Öxi/gen CL^^ubüij (log P50) ve '«αϊ pH otf icCottc iu c.í aduZt bevine (Ζ) and 
{¡eXaJL bovine hzmogtobin (0) . Hmogiobin ccncentx&ticn beù'.'een 0.45 and 0.60 
mmol Hb/l in 0.05 mol bii-Ttii or Tili'I and 0.1 mal KCl added. Те»чрсла£ил.е 
25 0C. In the appesi panel the Hill co iü tac t s in, 
ike iame i imbolò. 

; г t i ал pH are given by 
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used; the concentration was 0.8 mmol Hb/1 in 0 05 mol bis-Tns-HCl buffer 

with 0.1 mol KCl/1 at pH 6.9. The methemoglobm content was 1A% at the 

start and 1.6% at the end of each run. The maximal slopes of the Hill plots 

are 2.95, 3.03 and 3.09; the loq P
5 0
 values are 0.51, 0.53 and 0.56 (if Ρ 

is expressed in kPa). These values are in satisfactory agreement. 

Results of oxygen equilibrium measurements at 25
 0
C on both adult (o) 

and fetal (HbF,,, о) bovine hemoglobin solutions are shown in Figure II-7-

3. Log PJ-Q versus pH curves calculated from fixed-acid Haldane curves at 

25 С in Figures II-4-1 and 2 are fitted to these oxygen binding data. The 

Hill parameters calculated from the maximal slope in the Hill plots of the 

oxygen equilibrium curves are given in the upper part of Figure II-7-3 and 

range around 3. The values of η tend to decrease at lower pH values (at 

least in the case of adult hemoglobin) and can be expressed by the equation 

n
m„„

 =
 0-40 pH + 0.13. This result contrasts with observations on adult 
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F-cgate II-7-5 

Oxyg&n a^-LiuXy [tog P^Q) еііил тоіел PPG рел mot Hb {-cppgl ofi (,ζΑαί bov-tviz 
hmogtob-Lti at 25 0

C. Condvt-Lom ai ч.и Р-соилг. 11-7-3. Two pH va£uei: 7.0 
(D) and 6.5 ίο). 

human hemoglobin (Tyuma et al., 1973; Imai and Yonetam, 1975a) where η 

slightly decreases with increasing pH. The oxygen equilibrium results at 

25 С clearly indicate higher oxygen affinity of fetal bovine hemoglobin 

relative to adult hemoglobin. Hemoglobin concentrations in the experiments 

range between 0.45 and 0.60 mmol Hb/1, the oxygen affinity is lower than 

at the low hemoglobin concentration used in the experiments of Figure II-7-

1, where a concentration of 0.015 mmol Hb/1 was used. Qualitatively this 

agrees with the behavior of human hemoglobin. 

The influence of DPG on the oxygen affinities of both adult (Figure 

II-7-4) and newborn HbF,, (Figure II-7-5) hemoglobin is minor compared to 

its influence on adult human hemoglobin (Benesch et al., 1968). A similar 

result was reported by Bunn (1971). The change of log P ™ with increasing 

organic phosphate concentration is larger at lower pH in both adult and 

fetal hemoglobin solutions as shown in Figure II-7-6. Here the oxygen 

affinity was measured in the presence of DPG ( D ; i
D
p

G
 = 2.0) and IHP (o ; 
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'IHP 
2.0) and compared with the case where no organic phosphate was present 

(broken line taken from the data in Figure II-7-3). The points in the log 

Pr
n
 versus pH plot were compared with curves calculated from fixed-acid 

Haldane measurements under the same set of conditions. The fixed-acid Bohr 

and Haldane effects presented in this way are in good agreement with each 

other. 

At 37
 0
C the oxygen affinity of both adult (a) and newborn HbF.. (o) 

bovine hemoglobin (Figure II-7-7) is lower than at 25 C. Again the points 
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were compared with the integrated fixed-acid Haldane curves obtained under 

the same conditions. There is good agreement between the fixed-acid Haldane 

and Bohr effect again. The influence of DPG on the oxygen equilibrium of 

adult bovine hemoglobin at 37 С (shown in Figure II-7-8) is markedly 

smaller than it is at 25 C. It may therefore be concluded that at in vivo 

temperature the influence of high DPG concentrations in bovine erytnrocytes 

on hemoglobin-oxygen binding will be small and of minor significance. 
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In section 1.15 we introduced the linked functions and described the 

important linkage between the fixed-acid Bohr and Haldane effect by the 

relationship: 

älogPn Ì V 
δρΗ 

ίδΖ
Η
1 

Y
'

P
C0

2
'

a
i 

1.15.1 

pH,Ρ, CO '
a
i 

In our measurements Prn was zero, and hence Prn can be omitted as a sub-
CO2 CO2 

script in both terms. The parameter a, denotes the activity of all compo

nents in solution other than oxygen, protons and carbon dioxide, e.g., in 

our experiments CI ions and (in several cases) organic phosphates. It was 

shown by several investigations that equation 1.15.1 reduces to: 

dlogP,; 

= ίΛΖ
μ
 1.6.3 

50 
dpH * "H 

in the absence of organic phosphates (Tyuma and Ueda, 1975). The influence 
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of Cl ions on the equality is probably of minor importance, as the activity 

of CI ions changes little, even though deoxyhemoglobin binds more Cl" ions 

than liganded hemoglobin. The interaction of DPG ions with human hemoglobin 

is, however, much more pronounced and the activity of DPG ions changes con

siderably. The expected inequality of the fixed-acid Haldane and Bohr effect 

was experimentally shown by Benesch and Rubin (1975). In Figure II-7-6 we 

compared fixed-acid Bohr and Haldane effect of bovine hemoglobin in the 

presence of DPG and IHP. Jith DPG as well as with IHP ue found good agree

ment between the two effects; probably this is due to the smaller differ

ences in affinity of the organic phosphates between deoxygenated and ligand

ed bovine hemoglobin as compared to the affinities for the human hemoglobin 

species. 

II.8. Discussion 

9ï?9IDiÇ_B!]9§Ë!]§Î§.£2!]9§!]îr§Îi9D.lD-D§L'b2r!].ËDd.§^ylÎ.Ç9y§ 

The different factors influencing oxygen binding, oxygen transport and 

oxygen release of the blood are subject to wide variations throughout the 

animal kingdom. In the introductory chapter some of these factors were pre

sented and their specific modes of influencing human hemoglobin properties 

were outlined. However, at salient points the behavior of bovine hemoglobin 

and bovine blood deviates from this pattern. Some of these differences 

were mentioned in Section II.1. A very essential point is the considerably 

different pattern of the distribution of phosphorous intermediates within 

the bovine erythrocytes as conpared with human erythrocytes. The reports on 

this subject differ in the specific figures of their concentrations, but 

general agreement exists about a marked paucity of DPG in cow erythrocytes 

(Table II-9-1). 

Abundant DPG concentrations in many mammalian erythrocytes are a unique 

property of these non-nucleated cells. In all nucleated cells, as found in 

other tissues of the same organisms, and in the red cells of non-mammalian 

species, energy-rich compounds are produced in the mitochondria 

and in the cytoplasm. In mature mammalian erythrocytes these organelles 

are absent. As several processes in the red cells require energy, alterna

tive pathways are needed to serve these demands for energy-rich (phosphorous) 
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compounds. The so-called Embden-Meyerhoff pathway and the hexosemonophos-

phate pathway are therefore active in red cells of mammals. 

DPG is a side product of the Embden-Meyerhoff pathway. Its function in 

mammalian erythrocytes was not clear until its role as an allostenc regu

lator of hemoglobin-oxygen binding was established (Chanutin and Curmsh, 

1967; Benesch and Benesch, 1967). Before that time it had remained obscure 

why DPG is the predominant organic phosphate in most mammalian erythrocytes. 

In human red cells some Ъ0% of the organic phosphates are made up of DPG, 

about 25% is ATP, and the remaining phosphate compounds taking part in the 

Embden-Meyerhoff pathway constitute another 25% (Rapoport and Guest, 1941). 

Most mammalian species roughly follow this scheme. Striking exceptions, 

however, are found in the catlike (Felidae) and undulate species, where the 

total erythrocytic organic phosphate content is lov/, and furthermore DPG is 

one of the minor constituents in this class of compounds (Rapoport and 

Guest, 1941). From Table II-8-1 it is clear that ATP and DPG concentrations 

in the adult cow are approximately one tenth the concentrations τη adult 

humans. 

Large differences were also reported concerning the ontogenetic devel

opment of the DPG concentration in man and cow. In Table II-8-2 DPG and 

total organic phosphate concentrations in adult and newborn cow and man are 

shown as reported by Kutas and StJtzel (1958). Whereas in man no significant 

changes in DPG and total organic phosphate concentrations between newborns 

and adult are found, the DPG concentration in the newborn cow is very much 
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Table П-і-г 

ConcíiitAatioiu od WG and total ongaiiLc рііоірігліел ¿η иеіооолл and admit 
kaman and bovtne. n^ijthKocijtU {-tn mmol/'I Kid czlti) [data ία/геп (¡кот Katoi 
a,id Stiitz&l (195SÌ. 

DPG total 

MAN adult 5.5 15.5 

neonatal 5.0 15.6 

COW adult 0.8 3.9 

neonatal 4.4 13.9 

higher than in adult individuals. This difference was also demonstrated by 

Zinkl and Kaneko (1973). These authors also reported the presence of rel

atively large amounts of DPG (2 mmol/1 red cells) in fetuses of about 140 

days of gestational age. This amount steadily decreases until the moment of 

birth (at 260-270 days of gestation). Then a sudden rise of DPG is found 

within one or two days to 3.2 mmol/1 red cells. This DPG level gradually 

vanishes with increasing age of the calves. 

It may be questioned in which way these DPG concentrations are related 

to the functional behavior of the various ontogenetically developing hemo

globins in cattle. The evolution of the hemoglobin system in the developing 

embryo from the early stages of gestation shows a very similar pattern in 

the numerous mammalian species studied thus far. This pattern was investi

gated in detail also in the cow (Kleihauer and Stoffler, 1968). Hemoglobin 

formation starts with the initial development of the so-called e-chains. 

The Hb Gower 1 present at that stage contains four identical e-chains (e-). 

Subsequently also α-chains appear, giving rise to the embryonic hemoglobin 

Hb Gower 2 (o.e-). The synthesis of the e-chains gradually discontinues, 

their position is taken by the γ-chains, and the fetal hemoglobin (α
?
γ

?
; 

HbF) is formed. In the second half of pregnancy in the fetus also the syn

thesis of the adult non-o-chains is started, and in the cow this means that 

either HbA, HbB, HbC or HbD is formed, depending on the inherited e-chain 
А В С D 

phenotype (3 ,ß , ñ , 3 respectively). 

The composition of the hemoglobins in newborn calves and during the first 

weeks after birth has been studied extensively. These investigations in

dicate considerable bovine HbF in newborn calves, gradually decreasing to 
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a level of a few percent after three to four months. According to Grimes 

et al. (1958), at birth HbF makes up between 40 and 100% of the total hemo

globin. Considerable variation in the HbF level was reported by most of the 

investigators dealing with this subject; they reported values of 62-95% 
(Tisdall and Crowley, 1971), 60-97% (Lee et al., 1971), and a mean of 87% 

(Scheidegger, 1973). As bovine HbF has approximately identical electro-

phoretic mobility as bovine HbB, and because electrophoretic separation was 

the method of choice in all three investigations cited, the only reliable 

results come from studies where bovine HbF in the adult is replaced by bo

vine HbA. In contrast to our findings (Section II.3) no heterogeneity of 

bovine HbF has been reported in these studies. This is due to the use of 

electrophoretic methods which yield poor resolution (starch block and cellu

lose polyacetate electrophoresis),and which in our study did not indicate 

heterogeneity of HbF either. Multiple bands were only obtained by iso

electric focusing of newborn erythrolysate, and these separated hemoglobin 

components all revealed normal spectra, indicating no separate methemoglobin 

bands. Both Grimes et al. (1958) and Scheidegger (1973) reported the peri

natal HbF content to be sex-linked; male calves (fatting calves) contain 

more HbF than females (breeding calves). This difference persists during the 

first months of postnatal development. These reports are, however, opposed 

by the findings of Lee et al. (1971) who did not observe any significant 

difference in the HbF content between bulls and heifers during the first 

months after delivery. An explanation for these opposing observations is 

lacking. 

The mode of disappearance of bovine HbF during postnatal life is, 

according to the reports in the literature, subject to large variations. 

Grimes et al. (1958) reported persisting HbF levels of 100% in Holstein 

bulls up to 7 days, and in Guernsey bulls even until the 25th day, whereas 

in Holstein heifers HbF decreased steeply immediately after birth from a 

level of 60-80%. Lee et al. (1971) demonstrated that the production of HbF-

containing erythrocytes continues for some time during postnatal life. They 

repeatedly transfused a 14-day-old male calf (initially containing almost 

100% HbF) with adult blood. The HbF level, thus artificially decreased to 

zero, rose after some 10 days back to approximately 25%. The reported vari

ations in HbF content of newborn calves are also confirmed by our observa

tions. In many preparations of hemoglobin solutions from newborn calves 

(taken on the first day after birth) we found negligible amounts of HbA, 
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whereas some samples contained as much as 50"« Hb A. 

It is tempting to correlate the reported simultaneous decline of DPG 

concentration and HbF concentration during the first months in newborn 

calves. Our results, presented in the previous sections of this chapter, 

confirm the findings of other investigators. The influence of DPG on the 

oxygen affinity of adult bovine hemoglobin is snail, particularly when com

pared with adult human hemoglobin. The influence of DPG on fetal bovine 

hemoglobin was shown to be in the same order as in adult bovine hemoglobin, 

in spite of the reported high concentration of DPG in the erythrocytes of 

newbopn bovines. We thus conclude that the significance of DPG in newborn 

erythrocytes is not correlated with the molecular interaction with hemoglo

bin. The same pattern of DPG and hemoglobin development is found in newborn 

lambs (Battaglia et al., 1970). Their conclusions concerning the signifi

cance of high DPG concentrations nay also be applied to newborn calves. 

Battaglia et al. reported a positive correlation between DPG content and 

oxygen affinity of the blood of newborn lambs. A rise of Ρ ™ within a few 

days after delivery was also reported by Roos and Romijn (1940-1941) in new

born calves. This cannot be explained by the replacement of HbF by adult 

hemoglobin, as this occurs over a longer period of time. In addition it was 

observed by Komarek and Wels (1973) on newborn lambs that during the first 

weeks after birth oxygen affinity decreases far below the value of adult 

sheep blood, which can only be explained by the presence of some intra-

erythrocytic factor influencing either intraerythrocytic pH or hemoglobin 

oxygen affinity or both. Battaglia et al. (1970) showed that the shift in 

Pr
n
 correlates with a change in the pH difference over the red cell membrane. 

The impermeable polyamon DPG is known to influence the Donnan equilibrium, 

and a rise in DPG content causes the Donnan equilibrium-generated pH differ

ence to increase. At constant blood pH this results in a decrease of intra

cellular pH and by virtue of the Bohr effect an increase of P ™ . 

Besides this secondary DPG effect Battaglia et al. (1970) concluded that 

also direct DPG hemoglobin interaction should contribute to the observed 

shift in the oxygen binding cu^ve. 

The functional significance of a change in oxygen affinity after birtn 

is related to the fact that fetal bovine (and possibly also fetal sheep) 

hemoglobin has an intrinsically higher oxygen affinity than the correspond

ing adult hemoglobin. During fetal life this difference is functional in 

facilitating oxygen transfer in the placenta from mother to fetus. After 
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birth, as oxygen then is taken up directly from the environmental air, the 

blood rapidly adapts to this new situation by a right shift of the oxygen 

equilibrium curve by a rise in DPG level. Later in neonatal life the adult 

hemoglobin with its intrinsically lower oxygen affinity predominates, while 

the DPG level declines again. 

E5ÍÍ§nD5_ÍD.9DÍ29§[!§nC.y§!rÍEÍÍ°!].9f.!!'E™§lÍED_b§5)°2l°bÍD5 

With regard to the mechanism involved in the regulation of fetal oxygen 

affinity in the second half of pregnancy and in the early postnatal period, 

mammals may be divided into several groups. 

1) Man belongs to a class where the fetal hemoglobin present in the fetus 

possesses about equal oxygen affinity as the adult hemoglobin. The fetal 

hemoglobin has a lower affinity tor DPG, and hence oxvgen affinity of 

this hemoglobin is less influenced by DPG than that of adult hemo

globin. 

2) In a second group the perinatally predominant hemoglobin is adult hemo

globin. The hemoglobin possesses a high affinity for DPG, and the oxygen 

affinity is regulated by fluctuations in the DPG level. Elephant and pig 

belong to this class. The switching from fetal to adult hemoglobin occurs 

in early fetal life (Duhm and Kim, 1973; Riegel et al., 1967). 

3) In a third group, formed by the catlike mammals (Felide ), the onto

genetic development of the hemoglobin pattern resembles that of the sec

ond group but the fetal and adult hemoglobins are barely affected by 

organic phosphates. There is little difference between the maternal and 

the perinatal fetal blood. 

4) In a fourth group, to which belong the cow and other ungulates, a fetal 

hemoglobin is present during late fetal life, which has considerably 

higher oxygen affinity than the adult hemoglobin. Transiently high DPG con

centrations occur in the fetal and newborn cow; their significance might 

be questioned. 

P§!CÌDE5§l_!r§9yi§ÌÌ2D.9f_9l^C92yiÌ5 

L i t t l e is known about the mechanism involved in the regulation of the DPG 

level in newborn ungulates. To get more insight in to th is aspect we may 

turn f i r s t to the s i tuat ion in adult humans. In human erythrocytes an active 

g lyco ly t ic metabolism is present. The regulation of th is metabolism, and of 

the DPG 
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concentration, is a well-established phenomenon. Two physiological aspects 

in particular play a predominant role in this regulation: the pH and the 

state of oxygenation of hemoglobin in the erythrocytes. 

The pH controls the activity of several enzymes which under normal 

conditions are not working at maximal activity (their reactions are far 

from equilibrium); PFK is the main pH-sensitive glycolytic enzyme. The rate 

of synthesis of fructose-l,6-phosphate by PFK is increased upon an increase 

of pH. Subsequently glyceric-acid-3-phosphate, 1,3-diphosphoglycerate and 

2,3-diphosphoglycerate concentrations increase. The increase of the synthe

sis of 2,3-DPG from 1,3-DPG is favored over the kinase reaction from 1,3-

DPG to 3-phosphoglycerate, as the enzyme engaged in the former reaction 

under normal conditions is not at maximal activity either. Hence at a pH 

rise the DPG concentration increases and lowers the pH by its contribution 

to nonpenetrable anions in the erythrocytes and hence to the Donnan equi

librium. This in turn deactivates PFK and stimulates 2,3-diphosphoglycerate 

phosphatase, with a resulting new balance of DPG concentration. 

When the overall hemoglobin oxygen saturation is decreased for some 

reason, more DPG will be bound to (deoxy-)hemoglobin. Part of the product 

inhibition of 2,3-DPGM activity will be lost and more 2,3-DPG will be form

ed, resulting in a higher total erythrocytic 2,3-DPG content. 

Both these regulatory feedback systems will be operative in patholog

ical and physiologically abnormal situations. They will serve to maintain 

adequate oxygen supply to the tissues. 

Roos and Romijn (1940-1941) calculated the pH values in the blood of 

newborn calves from the alkali reserve using the Henderson-Hasselbalch 

equation. They reported a pH of 7.37 at 18 hours after birth (and a pH of 

7.05 at the moment of birth in a calf born 2 weeks before term). This pH 

rises slightly during development to a level of about 7.42-7.44 after one 

month. Also based on the alkali reserve Roos and Romijn (1940) in a later 

study calculated considerably lower pH values in cow fetuses. Their findings 

were confirmed with electrometric methods by Gahlenbeck et al. (1968) who 

measured a decrease in P — (and a concomitant increase in pH) in fetuses 

towards the end of gestation. Upon birth no considerable pH change occurs, 

and hence probably the DPG synthesis taking place is not pH-induced. 

Regulation of the DPG level by the overall hemoglobin saturation is 

based on the fact that human deoxyhemoglobin binds more DPG than oxyhemo

globin. This is also the case in bovine hemoglobin, but as may be inferred 
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from its influence on oxygen affinity, the difference in DPG binding between 

deoxy- and oxyhemoglobin is smaller in bovine than in human hemoglobin solu

tions. This type of regulation of glycolysis will therefore be less power

ful in newborn bovine erythrocytes. 

A third parameter for the regulation of the glycolytic activity is the 

red cell glucose level. Glucose is the substrate of the glycolytic pathway. 

Glucose levels in normal adult bovine erythrocytes are between 0.5 and 0.8 

mmol/1 red cells (Zinkl and Kaneko, 1973; Long, 1971), which is below the 

level in human erythrocytes. 

Data concerning the ontogenetic development of the erythrocytic glucose 

level did not come to my attention. Developmental shifts in total blood 

glucose concentration are shown in Table II-8-3. 

ТаЫг II-8-3 

VevcJLopmíivt of, blood gZacoit £е\>еІл ¿η nmbcin and adixtt cow and man (lonq, 
1971). 

species age mmol/1 blood mmol/1 red cells 

man 

cow 

1 day 
6 days 
adult 

1 day 
12 weeks 
adult 

0.30 
0.36 
0.47 

0.50 
0.29 
0.27 

0.40 

0.08 

Comparison of the erythrocytic glucose levels of adult man and cow illus

trates that blood glucose levels poorly reflect intra-erythrocytic glucose 

concentrations. The permeability of the red cell membrane for glucose in 

human erythrocytes is more than 2000 times that in cattle red cells (Rapo-

port, 1968). This limited permeability strongly controls the rate of glyco

lysis and, as shown by Zinkl and Kaneko (1973), does so by controlling the 

hexokinase reaction. Glucose permeability also shows an age dependence. It 

was reported for both man and sheep that in newborns glucose transport 

through erythrocyte membranes is much faster than in adult animals. In the 

newborn goat the glucose consumption (the rate of uptake of glucose by the 

red cells ) is slightly higher than that in the adult individuals (Agar and 

Harley, 1976). When we take into account the increased blood glucose levels 

in newborn calves (Table II-8-3), our conclusion is that the intra-
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erythrocytic glucose level will be increased too. Furthermore hexokinase 

activity in erythrocytes of newborns is considerably higher than in adult 

animals (Rapoport, 1968; Agar and Harley, 1976). We conclude that the com

bined action of all these factors enhances the glycolytic rate in newborns 

and hence contributes to an increase of DPG in newborn calves. 

Eby§l2]92iÇÈl_Ç2D§Ê9y§GÇ§§.9f.l9w_DPG_leye2_in_cattle 

In the foregoing discussion we have introduced the adaptive mechanisms 

responding to physiological respiratory stress in man. For example, acute 

hypoxia in man is compensated for almost instantaneously by: 1) increase of 

alveolar ventilation (hyperventilation), 2) increase of cardiac output, and 

3) action of the Bohr effect (increase of the oxygen affinity due to a rise 

of pH and lowering of Ppn resulting from hyperventilation). The adaptation 

to hypoxia over a period of hours is established by a rise of the organic 

phosphate (particularly DPG) level (Lenfant et al., 1968, 1970; Kleeberg et 

al., 1974), probably mainly as a result of the alkalosis and to a small 

extent as a result of lowered P« (Rapoport et al., 1976). The increase of 
u2 

pH and the increase of DPG concentration exert opposing effects on the 

oxygen affinity (an increase and a decrease respectively). The advantage 

of the rise in DPG concentration is not unequivocal as was shown in a theo

retical study by Turek et al. (1973): in hypoxic hypoxia a left shift, 

rather than a right shift (as induced by DPG), is advantageous to maintain 

adequate oxygen supply to the tissues. Sustained hypoxia is compensated for 

by: 1) increase in the red cell mass (hypoxic stimulation of erythro-

poiesis), 2) persistently high DPG level (as compared to normal at sea level) 

3) restoration of "normal" blood pH, and 4) restoration of the "normal" 

oxygen affinity. The effect of these adaptations in general ensures a suf

ficiently high oxygen partial pressure in the tissues to meet the metabolic 

demands despite a low arterial Pn at hypoxic hypoxia. Anemic hypoxia is not 

accompanied by lowered alveolar and arterial Ρ
η
 , but rather is a result of 

a lowered capacity of the blood to carry oxygen. In this case a right shift 

of the oxygen equilibrium curve due to an increase of the DPG concentration 

(Torrance et al., 1970) is advantageous to provide adequate oxygen supply 

to the tissues in normoxia (at normal PQ ) (Turek et al., 1973). 

A functional anemic hypoxia arises from inhalation of CO. This case was 

studied in rabbits by Ramsey and Casper (1976) who reported no significant 
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alteration of the DPG level, though hema crit, hemoglobin concentration 

and red cell mass were measured.Sustained exercise was also reported to 

result in lower oxygen affinity and increased DPG levels. However, the de

creased pH (by increase in lactic acid concentration) rather than the 

higher DPG level is responsible for the right shift of the oxygen equilib

rium curve. The reason is that hemoglobin concentration increases to about 

the same extent as DPG concentration, thereby leaving i_p_ unchanged (Bon

ner et al., 1975). 

Apart from its influence on the position of the oxygen equilibrium 

curve, DPG has also been reported to influence the rate of oxygen transfer: 

the rate of oxygen release by whole blood is enhanced by increases in the 

levels of DPG and ATP Eaton et al., 1970). 

DPG levels in adult bovine erythrocytes are low, and an anemia-induced 

rise in DPG and/or ATP levels could not be demonstrated in adult cows with 

anemic hypoxia caused by inherited erythropoietic porphyria (Zinkl and 

Kaneko, 1973). We may conclude therefore that the adult cow lacks an im

portant mechanism to cope with physiological stress situations. 

A striking example is the response of cattle to transfer to high alti

tude. Unlike man, cows do not respond to this hypoxic situation by an in

crease in ventilation (hyperventilation). In man the amount of DPG increases 

as a result of a rise in blood pH due to hyperventilation and a concomitant 

lowering of blood P-« . Lowering of PC() and increase in DPG content exert 

opposite and hence cancelling effects on the position of the oxygen binding 

curve. Since no hyperventilation occurs in cattle, ?__ is little affected, 

and the DPG level remains low as mentioned. As a secondary response to 

hypoxia the production of erythrocytes in both man and cattle increases 

(polycythemia), thus increasing oxygen capacity (maximal amount of oxygen 

that can be bound). A third response to the hypoxic situation at high 

altitude is an increase of the vascular resistance in the lungs, presumably 

to provide a more even blood flow and a concomitantly more efficient oxygen 

transfer to the blood in the lungs. The increased vascular resistance leads 

to a higher blood pressure in the heart, particularly in the right ventricle, 

which in sustained hypoxia may lead to heart failure. Simultaneously a fluid 

retention can occur and a subcutaneous edema develops; in cows this occurs 

in the brisket, the so-called brisket desease which in many cases is fatal. 

The conclusion is that in the cow adaptive mechanisms are inadequate to 

meet the problems encountered with prolonged hypoxia. 
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In sheep and goats, in response to anemic hypoxia (experimentally in

duced by phlebotomy) so-called hemoglobin switching occurs (Huisman et al., 

1967; Huisman and Kitchens, 1968). Under anemic conditions the synthesis of 

ß-chains of type С is induced in animals which under normal conditions pos

sess ß-chains of type A. Hemoglobin С has the same oxygen affinity at normal 

blood pH, but a higher fixed-acid and C0
?
 Bohr effect and a more pronounced 

sensitivity to monovalent anions than HbA in both sheep and goat. These 

properties are advantageous to promote unloading of oxygen in the tissues. 

In bovine blood this type of adaptation has not been demonstrated. 

A very pronounced difference exists between adult bovine and human erythro

cytes with respect to the distribution of the various cations between the 

extra- and intra-erythrocytic compartments. The most predominant cations in 

mammalian blood are potassium and sodium. In adult humans an active trans

port mechanism is involved in maintaining a high intra-erythrocytic potas

sium concentration and a low sodium concentration; in the plasma a reverse 

distribution is found. In adult bovine erythrocytes these concentrations 

differ remarkably as shown in Table II-8-4, where it is seen that the over

all potassium concentration in bovine blood is low (Long, 1971). 

Also among other ungulates this low overall potassium concentration is 

widespread, though some species (sheep, goat) reveal polymorphism in low-

potassium (LK) and high-potassium (HK) types. Among cattle this potassium 

polymorphism has been reported too, though less distinctively and less fre

quently than in sheep and goat (Christinaz and Schatzmann, 1972; Ellory 

and Tucker, 1970). LK red cells quantitatively predominate over HK red 

cells in cow blood. As in sheep and goat red cells, HK cells in cow show 

ГаЫе П-і-4 

Potcu>i¿u.m and iodium conczn&iationA In human and Ьоіьсие [nmbonn and adult) 
blood [In rimo I/1) {Long, 1971). 

K
+ 

Na
+ 

h 

plasma 

4.1 

141 

uman blood 

red 
cells ratio 

155 

21 

0.026 

6.7 

adult bovine blood 

red 
plasma cells ratio 

5 

140 

19 

78 

0.26 

1.8 

newborn 

plasma 

5 

143 

bovine 

red 
cells 

94.7 

27.9 

blood 

ratio 

0.052 

51 
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a higher mean number of active cation transporting sites (Na-K-ATPase 

activity) than LK cells. Other cations are present in only small amounts 

as compared with potassium and sodium. 

In newborn humans the distribution of potassium and sodium between 

intra- and extra-erythrocytic milieux is very similar to numan adults. 

Zipursky et al. (1960) reported only slightly mgner concentrations of both 

Na and К in the red cells of newborns. In contrast in bovine newborns the 

blood potassium concentration is considerably mgner tnan the adult bovine 

value (Green and Kacaskill, 1928). Gahlenbeck et al. (1968) measured in 

bovine maternal red cells 72 mmol/1 Na and 21 mmol/1 К in fair agreement 

with the values in Table II-8-4. But in bovine fetal red cells tney found 

average values of 23 mmol/1 Na and 111 mmol/1 К . Similar data were report

ed for the newborn calf (Duncan et al., 1959). 

Erythrocytic glycolysis and cation content of red cells are linked by the 

fact tnat the active cation transport is carried out by an energy-consuming 

enzyme system· Na-K-stimulated ATPase. The ATP required by the pump is 

probably provided by tne membrane-bound glycolytic enzyme phosphoglycerate 

kinase (PGK) (Sachs et al., 1975). Sachs et al. inferred that "when the pump 

is inhibited, glycolysis is inhibited due to the inhibition of the activity 

of the membrane-bound PGK as a result of a decrease in its substrate, ADP". 

Conversely low ATP concentrations may reduce tie pump activity. In a study 

on human red cell metabolism the influence of К ions on pyruvate kinase 

(PK) activity was demonstrated (Rapoport, 1968). This type of influence is 

lacking in dog erythrocytes, but is present in sheep red cells of both LK 

and HK phenotypes (Agar et al., 1977). Conflicting data were reported in 

the literature with regard to tne interrelationship between Na and К con

centrations and DPG level in normal human erythrocytes (Gardos, 1967, Parker, 

1969). An absolute requirement for the function of Na-K-ATPase is the pres

ence of intracellular magnesium (Sachs et al., 1975). In human red cells a 

value of 2.7 mmol/1 red cells was reported, whereas in bovine red cells 0.7 
2+ 

mmol/1 was found. The low Mg levels in bovine erythrocytes may be related 

to the low Na-K-A
T
Pase activity in bovine red cells, but no study of this 

correlation came to my attention. 

^[!12D-^lliribyti9D 

The anion content of erythrocytes is governed by the total blood anion level 

and by the Donnan distribution. The total blood anion level is in part 
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determined by the presence of bicarbonate which in turn is under the control 

of the acid-base status of the blood. The Donnan distribution of freely 

diffusible anions (CI , HCCL ) is altered during the respiratory cycle. 

During passage through the lung and the tissues blood releases and takes up 

carbon dioxide respectively. The HCO^ concentrations are thereby changing 

too, and these changes cause a redistribution of the chloride ions (the so-

called chloride or Hamburger shift; section 1.16). During the respiratory 

cycle tne concentrations of the non-perneable anions are subject to fluctu

ations too. In part due to the difference in water content between deoxy-

genated and oxygenated red cells, but furthermore in deoxygenated erythro

cytes the concentration of non-permeable anions is smaller as compared to 

oxygenated red cells, mainly because deoxy-hemoglobin binds more of the non-

permeable anion DPG than oxy-hemoglobin does. With respect to anion distri

butions and redistributions Takano et al. (1976) reported considerable 

differences between human and bovine (and other ungulate) red cells. Where

as in human red cells the ratio between the chloride concentrations inside 

and outside the red cells decreases upon oxygenation from 0.69 to 0.63, a 

larger change from 0.76 to 0.67 is found in bovine blood. In human blood the 

proton concentration ratio between inside and outside the red cell similarly 

changes upon oxygenation from 0.66 to 0.60. ^o significant pH decrease was 

observed in the ungulate blood under the same experimental conditions. Hence 

respiratory pH fluctuations are low in bovine blood.Three factors may con

tribute to this discrepancy between human and bovine blood pH fluctuations: 

1) the very low concentration of organic phosphates will not allow any 

appreciable organic phosphate-induced oxylabile Donnan-equilibrium fluctu

ations; 2) probably due to the low concentration of organic phosphates there 

is a considerable oxylabile interaction of chloride ions with bovine hemo

globin, as may be concluded from the profound influence of CI ions on 

the oxygen affinity of bovine hemoglobin (Laver et al., 1977); 3) the trans

port of anions across the red cell membrane may differ between human and 

ungulate red cells. The CI - HC0, exchange process was reported to be 

carrier-mediated (Sachs et al., 1975; Rothstein et al., 1976). This carrier-

mediated transport in general is pH dependent and some cation may be involv

ed in this transport (Sachs et al., 1975). Probably there is no energy-rich 

compound involved in this anion transport, in contrast to cation transport 

through erythrocyte membranes where ATP is consumed. 
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Ib§_9C9§DlÇ-P!]95E!]§te_binding_S2te_2n_deoxYhemoglobin 

In this chapter we have presented ample experimental evidence supporting 

the conclusion that organic phosphates are able to interact with bovine 

hemoglobins. This interaction differs between deoxy- and oxyhemoglobin as 

may be seen from the allostenc influence of organic phosphates on fixed-

acid Haldane effect (Section II.5), hemoglobin oxygen binding, and fixed-

acid Bohr effect (Section II.7). Direct evidence for a different organic 

phosphate binding with deoxy- and oxyhemoglobin was provided in Section 

II.6, where furthermore a good correlation was demonstrated with the in

fluence of organic phosphates on the fixed-acid Haldane effect. 

The mode of interaction of organic phosphates with bovine hemoglobins 

is very similar to what has been reported on human hemoglobins. Thus there 

arises the question concerning the nature of the interaction site of organ

ic phosphates with bovine hemoglobins. A first canditate is the entrance 

of the central cleft between the two ß-chains, where in adult human deoxy-

hemoglobin the binding of DP6 (Arnone, 1972) and of IHP (Arnone and Perutz, 

1974) occurs. The X-ray crystallographic study by Arnone (1972) showed that 

the organic phosphate binding site in human deoxyhemoglobin is lined with 

positively charged ß-chain residues which are involved in electrostatic 

contacts with the negatively charged phosphate groups of DPG and IHP (Fig. 

1-5). The hemoglobin residues which presumably are within interaction dis

tance with DPG are the α-amino terminal (31) > the imidazoles of his NA2 (B2) 

and his H21 (3143), and the ε-amino group of lys EF6 (382). In adult and 

fetal bovine hemoglobin the 3-chains are one residue shorter at the a-amino 

terminal, and the his NA2 is substituted by methionine. The "new" a-amino 

terminal in bovine 3-chains probably is situated at a greater distance from 

the dyad axis - the axis of symmetry of the hemoglobin molecule - and hence 

at a greater distance from a DPG molecule situated in the central cavity. 

The α-amino group will thus supposedly contribute less to the binding of 

DPG. Hence, in the extreme case, four out the seven catiomc groups respon

sible for the binding of DPG to human deoxyhemoglobin may not be involved 

in DPG-binding by bovine hemoglobins. The small but finite influence of DPG 

on oxygen binding of bovine hemoglobins, however, suggests some interaction, 

and hence it may be inferred that the 3 remaining DPG-interacting groups 

deliver less than half of the binding energy associated with DPG-deoxy human 

hemoglobin interaction. We may therefore presume an uneven contribution of 

the 3 types of electrostatic contacts within the DPG-deoxyhemoglobin complex. 
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Table. II-1-5 

Am̂ no acx-d герІаселіепХі ofa non-liuimn and \>ал.ши£ kuman lie.magtubA.ni at the. 
оч.дапА.с phosphate, b-cndcng иЛел. 

VOÍAXLOVIÁ талкеа "-"аде anatteAed compcuizd ítí-cth adult human hmcglob+n. 

species 

human Hb A 
Hb F 
Little Rock 
Syracuse 
Rahere 
Providence 
Tokuchi 
Deer Lodge 

Lemur fulvus fulvus 

horse 

cat Hb A 
Hb В 

6143 
H 21 

his 
ser 
glu 
pro 

-

-

-

62 
NA 2 

his 

tyr 
arg 

leu 

gin 

phe 
phe 

682 
EF 6 

lys 

thr 
asp/asn 

-

-

-

al 
NA 1 

- NH
2 

-

-

-

-NH
2
 blocked 

I t may therefore be inst ruct ive to evaluate these contributions from com

parative data in the l i t e r a t u r e (Table I I - 8 - 5 ) . 

Hlstidine_3l43_ :.H_21 

The binding of DPG to human fetal deoxyhemoglobin is markedly lower than 

that to human adult deoxyhemoglobin as shown in direct binding studies by 

de Verdi er and Garby (1969). As a consequence the oxygen affinity of fetal 

human hemoglobin is less influenced by DPG and other organic phosphates 

(Bauer et al., 1968; Tyuma and Shimizu, 1969, 1970). From these measurements 

the association equilibrium constants of DPG and ATP with adult hemoglobin 

were 5-8 times the constants for fetal nemoglobin over a p-i range of between 

7.0 and 7.8. Of the residues involved in the interaction between DPG and 

adult human deoxyhemoglobin two out of seven are different in fetal human 

hemoglobin: the residue 3143 (H 21) is serine in the two γ-chains rather 

than histidine. In some abnormal hemoglobins this residue is mutated too. 

In hemoglobin Little Rock histidine 6143 is replaced by glutamine (Bare et 

al., 1974); from oxygen binding experiments, DPG binding was calculated to 

be half the value of normal hemoglobin. Hemoglobin Little Rock has an in

creased oxygen affinity as compared with normal numan hemoglobin, which 
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obviously is caused by this replacement. This was interpreted as a result 

of a stabilization of the oxyhemoglobin structure due to the formation of 

two additional hydrogen bonds (Perutz, 1973). Obviously the mutation in 

hemoglobin Little Rock has a less pronounced effect on DPG interaction than 

in fetal human hemoglobin: in the latter more than 85;» reduction, whereas 

in hemoglobin Little Rock only 50% reduction of the association constant. 

This may be due to the additional structural changes in fetal hemoglobin 

by 39 mutations in total as shown in a crystallographic study of fetal de-

oxyhemoglobin by Frier and Perutz (1977). 

In hemoglobin Syracuse proline replaces histidine ßl43 (Jensen et al., 1975). 

In this hemoglobin too the affinity for DPG is markedly reduced as compared 

to normal human hemoglobin, and the oxygen affinity is higher. 

LYsine_382_:_EF_6 

In hemoglobin Rahere threonine replaces lysine ¡382. This hemoglobin variant 

possesses a higher oxygen affinity than adult human hemoglobin, and the 

effect of DPG (and also of IHP) on hemoglobin oxygen affinity is decreased 

(Lorkin et al., 1975). A second variant hemoglobin at site 382 is hemoglobin 

Providence in which asparagine or aspartic acid may be found at the 682 

position (Bonaventura et al., 1976). In hemoglobin Providence asn the in

fluence of organic phosphate on oxygen binding is similar to HbA at pH 7, 

but very much lowered at pH 8. As a consequence the fixed-acid Bohr effect 

in the presence of DPG (100-fold concentration of DPG per Hb tetramer) is 

much increased in this range from 0.51 in HbA to 0.95 in Hb Providence asn. 

ϋΐ5Ϊί^ί[!§_β2_
:
_ΝΑ_2 

This histidine residue is replaced by tyrosine in hemoglobin Tokuchi (Shi-

bata, 1963) but no functional characteristics were published. In hemoglobin 

Deer Lodge, where at 32 an arginine is found, the substitution little affects 

the organic phosphate interaction (Bonaventura et al., 1975). This behavior, 

however, is to be expected since arginine is also a positively charged 

residue and therefore may contribute to organic phosphate interaction in 

the same way as the positively charged imidazole side chain. 

The hemoglobin of the primate Lemur fulvus fulvus possesses a leucine at 

the β2 position (Bonaventura et al., 1974). The interaction of Lemur hemo

globin with DPG is considerably less than that with adult human hemoglobin. 
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In horse hemoglobin 32 position is taken by a glutamine residue. Neverthe

less DPG influences oxygen affinity of horse henoglobin in dilute solution 

nearly to the same extent as it does with human hemoglobin (Bunn and Kit

chen, 1973). One might speculate whether the glutamine residue may contrib

ute to DPG binding as much as the histidine in human hemoglobin does. In 

cat hemoglobins (HbA and HbB) residue 32 is phenylalanine instead of his

tidine (Taketa et al., 1971). Cat HbA, however, shows a pronounced depen

dence of the oxygen affinity on organic phosphate concentration (though less 

than for human hemoglobin). In cat HbB the α-amino groups of the 6-chains 

furthermore are blocked (with an acetyl group). This hemoglobin shows a 

much smaller organic phosphate dependence of the oxygen affinity (Baumann 

and Haller, 1975). 

These studies on abnormal human and other mammalian hemoglobins do not 

enable us to quantitatively express the contribution of the respective amino 

acid residues to organic phosphate binding in normal human hemoglobin. In 

any of these mutations the positively charged residue is replaced by some 

other amino acid side chain, which may also influence organic phosphate 

binding somehow. This may occur as a result of steric hindrance or of inter

action with the remaining positive organic phosphate-binding groups (ionic 

or hydrogen-bond interactions). 

ίϋΐ§Γ§9ί12ί.9Γ-9!29Ε[!1?-9!]?5Ρ!3§ϊ§5-^2Ϊ!}.9ΐ^ί]§
,
ΐ99ΐ9^1ί 

Whereas the interaction of organic phosphates with deoxygenated heiroglobin 

is well established and generally accepted this is certainly not the case 

concerning the binding of organic phosphates to oxygenated and other ligand-

ed hemoglobins. 

The numerous organic phosphate interaction data were obtained under 

largely divergent conditions and with completely different methods, and this 

may be the main reason for the confusion about this point. 

As with deoxyhemoglobin the solvent conditions have a profound influence on 

the extent of organic phosphate interaction with liganded nemoglobin. In 

oxygenation studies in general low protein concentrations were used and al

though according to Rapoport et al. (1971) this condition favors organic 

phosphate binding to both deoxygenated and liganded hemoglobin, the results 

on oxygen binding generally were interpreted in terms of exclusive inter

action of organic phosphates with the deoxygenated species (Benesch et al., 
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1968, 1971, 1977; Benesch and Benesch, 1969, 1970; Tyuma et al., 1971a) 

though some interaction with the partially oxygenated species may occur 

according to Benesch and Rubin (1975). In this latter study also fixed-

acid Bohr effect and Haldane effect were compared at low protein concen

tration (12 pmol Hb/1). In contrast to the fixed-acid Bohr effect, the de

pendence of the fixed-acid Haldane effect on organic phosphate concentration 

at pH 7.3 in the study of Benesch and Rubin is not biphasic. However, de 

Bruin et al. (1974) reported a biphasic dependence at higher hemoglobin 

concentration (250 μπιοί Hb/1). So both oxygen binding and Haldane coeffi

cient studies at low protein concentrations failed to show interaction with 

oxyhemoglobin, whereas the Haldane effect studies at higher protein concen

tration reveal a definite interaction of organic phosphate with oxyhemo

globin (de Bruin et al., 1974; Brygier et al., 1975). 

Many other techniques were applied to study the organic phosphate-oxyhemo-

globin interaction: equilibrium dialysis (Chanutin and Herman, 1969; Hed-

lund et al., 1972; Jänig et al., 1971; Rapoport et al., 1971), ultra(dia) 

filtration (Luque et al., 1969; Hedlund et Lovrien, 1974), gel filtration 

(Luque et al., 1969; Jänig et al., 1971; Gustavson and de Verdier, 1973), 

calorimetry (Hedlund et al., 1972; Nelson et al., 1974; Hedlund and Lovrien, 

1974), mechanical stability studies (Adachi and Asakura, 1974), and 31P-NMR 

(Costello et al., 1976). 

With all these different techniques a definite interaction of various 

organic phosphates with oxygenated hemoglobin could be established with 

the exception of Nelson et al. (1974) for reasons outlined by Hedlund and 

Lovrien (1974). In many of the investigations cited, temperature, pH, pro

tein concentration, ionic strength, and ionic composition were shown to in

fluence the organic phosphate-oxyhemoglobin interaction in the same way as 

found for deoxyhemoglobin. 

Apart from one high-affinity binding site, in a number of investiga

tions the assumption of one or more weaker (groups of) binding si-tes were 

necessary to describe the results quantitatively (Hedlund and Lovrien, 

1974; Garby et al., 1969; Chanutin and Herman, 1969). In several studies 

the phosphate bindings to deoxy- and oxyhemoglobin were compared. For any 

of the organic phosphates and inorganic phosphates investigated the binding 

to deoxygenated hemoglobin is about equal to (Hedlund and Lovrien, 1974; 

Jänig et al., 1971) or up to at least one order of magnitude stronger (Gar

by et al., 1969; Chanutin and Herman, 1969; Gustavson and de Verdier, 1973) 
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than that to oxygenated hemoglobin. 

Chanutin and Hermann (1969) studied a series of organic and inorganic 

phosphates and established a binding order of DPG > ATP > ADP for the or

ganic phosphates to both deoxy- and oxyhemoglobin. The association constant 

for the oxyhemoglobin-IHP complex was demonstrated to be higher by one or 

two orders of magnitude (Rapoport et al., 1971) than for ATP and DPG. 

Tyuma et al. (1971b) reported the influence of IHP on oxygen equilibrium 

curves. Their analysis reveals a profound influence of IHP on the micros

copic association constant k» in the Adair scheme. They interpreted this as 

an indication of interaction of IHP with oxyhemoglobin. The decreased in

fluence of IHP on the oxygen affinity of hemoglobin G Szuhu was interpreted 

in terms of an increased interaction of IHP with the oxyhemoglobin molecule 

of this hemoglobin variant due to an increase in positive charge at the bind

ing site of the organic phosphate (Benesch et al., 1975). Special evidence 

(in the UV and visible region) for interaction of IHP with liganded hemo

globin HbNO was presented by Cassoly (1974). 

Whereas in deoxyhemoglobin the organic phosphate binding site was con

vincingly identified by X-ray crystallography for the case of DPG (Arnone, 

1972) and IHP (Arnone and Perutz, 1974) no attempt thus far has been report

ed to identify their binding site (s) in the oxyhemoglobin molecule with the 

same technique. But a few chemical data are available. The reported decline 

in reactivity of the a-NH
?
 groups of the α-chains in oxyhemoglobin in the 

presence of DPG points to an involvement of these residues in DPG binding 

(de Bruin et al., 1974). However, this conclusion may be doubtful as illus

trated by the reactivity of pyridoxal phosphates (PLP) with deoxy- and oxy

hemoglobin reported by Benesch et al. (1972). Addition of PLP to deoxyhemo

globin and subsequent hydrolysis of the Schiff base formed result in ex

clusive binding to the terminal amino groups of the ß-chain. 

In the case of oxyhemoglobin, however, also the α-chain terminals were block

ed, whereas the addition of DPG results in an almost exclusive binding to 

the α-amino groups of the α-chains. In fact this property leads us to assume 

that the ß-chain terminals are engaged in DPG binding to liganded hemo

globin. In several studies the influence of organic phosphates on the re

activity of the α-amino groups was investigated. Organic phosphates (IHP, 

DPG) inhibit 3-chain carbamylation both in unliganded and liganded human 

adult hemoglobin, but leave the reactivity of the α-amino groups of the 

α-chains with OCN" unaffected in both unliganded and liganded hemoglobin 

11-69 



(Jensen et al., 1973). In both deoxy- and carboxyhemoglobin in NMR studies 

13 13 

IHP influences С resonance during CO,, carbamate formation to the ß-

chains. Hence very probably IHP binding to these sites occurs also in 

liganded hemoglobin (Morrow et al., 1976). 

The column-chromatographic separation between hemoglobins specifically 

carbamylated at the α-chains and s-chains could be imnroved by the addition 

of IHP (Williams et al., 1975). In deoxy- and in liganded hemoglobin solu

tions the results were identical, indicating a definite interaction with 

carboxyhemoglobin and presumably at the same site as in unliganded hemo

globine 

Binding of organic phosphates to bovine oxyhemoglobin v;as renorted by 

Kuwajima and Asai (1975). Below pH 7 fluorescent ß-naphtyl-poly-phosphates 

can occupy more than one binding site on bovine oxyhemoglobin, one of which 

is very strong and comparable to the IHP binding to human oxyhemolgobin. 

Non-fluorescent phosphates (IHP, pyrophosphate, tnpolyphosphate) decrease 

the binding of the fluorescent з-naphtyl-poly-phosphates. From these com

petition experiments the binding constant of IHP (at pH 6.2, 0.1 mol NaCl/ 

о 5 - 1 

1, 25 C)was shown to be 10 mol . Kuwajima and Asai also reported IHP and 

8-naphtyl-poly-phosphates to influence oxygen affinity of bovine deoxy-

hemoglobin solutions. 

Conclusion 

In conclusion we may summarize the results presented in this chapter 

from our study of newborn and adult bovine hemoglobins. Samples of red cell 

hemolysates from newborn calves and adult cows were analyzed by isoelectric 

focusing and revealed heterogeneity. In previous investigations adult bovine 

hemoglobin from Dutch cows was reported to be homogeneous (phenotype A ) , 

whereas heterogeneity in newborn cow hemoglobin (apart from the presence of 

varying amounts of adult hemoglobin) was not reported before. Furthermore, 

titration data from newborn hemoglobin samples indicated that two types of 

newborn hemolysate can be found. We found a type of hemolysate in'which the 

titratable histidine content was identical to that of adult bovine hemo

globin, and another type in which four histidines per hemoglobin tetramer 

less are titratable in newborn than in adult bovine hemoglobin solutions. 

Both types of titration curves do not agree with the literature data con

cerning the primary structure and amino acid composition according to which 

bovine hemoglobins A and F differ, among other residues, in the content of 

two histidine residues per tetramer. The affinity for oxygen was found to 

be higher in newborn hemoglobin solutions as compared to adult bovine hemo-
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globin solution at both 25
 0
C and 37

 0
C. This affinity difference is func

tional in facilitating oxygen transfer in the placenta from maternal to 

fetal blood. The oxygen affinity of both fetal and adult bovine hemoglobins 

is affected by organic phosphates much less than, for example, the affinity 

of human hemoglobin. The influence of organic phosphates on oxygen affinity 

is pH dependent and much smaller at high pH than at low pH; as a consequence 

the fixed-acid Bohr effect of bovine hemoglobin solutions is increased in 

the presence of organic phosphates. The fixed-acid Haldane effects of new

born and adult bovine hemoglobins were found to be about the same at both 

25 С and 37 С For both newborn and adult hemoglobin the fixed-acid Hal

dane effect is similarly affectedby organic phosphates. This influence was 

very much like the effect of organic phosphates on the fixed-acid Bohr 

effect measured from oxygen binding studies. The potencies of DPG and APT 

to influence the fixed-acid Haldane effect are about the same, whereas IHP 

has a much more marked effect. Comparison with data in the literature on 

the interaction of organic phosphates with other hemoglobins reveals a 

relatively low sensitivity of the functional properties of bovine hemo

globins to organic phosphates. This lower sensitivity could be correlated 

with structural differences between bovine hemoglobin and, for example, 

adult human hemoglobin. Direct evidence for the interaction of organic 

phosphates with bovine hemoglobin was obtained from studies where proton 

release by deoxy- and carboxyhemoglobin was observed upon addition of either 

DPG or IHP. From these data of organic phosphate-induced proton release we 

calculated the organic phosphate-induced fixed-acid Haldane effect, whose 

value was in good agreement with the directly measured data. 
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III.1. Introduction 

The investigation presented in this chapter concerns the proton binding 

behavior of the hemoglobins occurring in eel erythrocytes. 

The hemoglobins of fishes have attracted mounting attention during 

recent years. In part this may be due to an increasing interest in compar

ative physiology and biochemistry as such. But fish hemoglobins have found 

much interest also because of certain properties specific for the hemo

globins of this class of aquatic organisms. Most fishes of the class 

Osteichthyes (bony fishes) possess a swimbladder which helps them to main

tain neutral buoyancy at the level of depth they occupy in the water. They 

thus can stay there at a minimum cost of energy. The swimbladder may further

more be engaged in sound production, sound detection, pressure reception 

and respiration (Fänge, 1966). The swimbladder is a gas-containing sac 

which is filled by the uptake of gases from the blood stream in a gas-

secreting apparatus, the so-called gas gland. In this gas gland a counter-

current vascular system (rete mirabile) functions to liberate gases from 

the blood. Acid (probably lactic acid) is secreted into the blood which 

then, by virtue of an acid-induced decrease in oxygen affinity, delivers 

oxygen to the swimbladder. The acid and gas secretion in the eel swim

bladder was studied by Steen (1963). The blood pH after secretion of (lac

tic) acid is approximately one pH unit lower than the blood entering the 

gland from the gills, and thus reaches values well below pH 7.0. Apart from 

oxygen also C0? is thereby secreted into the swimbladder, catalyzed also 

by high concentrations of carbonic anhydrase in the gas gland cells (Fänge, 

1966). The presence of inert gases in the swimbladder is explained by a 

so-called salting-out effect as a result of the secretion of large amounts 

of lactic acid in the rete mirabile. As a result of these mechanisms swim-

bladders contain gases at a total pressure approximately equal to the hydro

static pressure at the depth where the fish swims. This may be many at

mospheres, even up to many hundreds of atmospheres in deep-sea fishes 

(Scholander and van Dam, 1954). The partial pressures in the medium sur

rounding the fish are not higher than the atmospheric partial pressures. 

Gas must be transported into the swimbladder against the partial pressure 

difference of the respective gas. 

The large acid-induced decrease in oxygen affinity underlying oxygen 

transport into the swimbladder is called the Root effect (Root, 1931). 
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The Root effect implies an apparent decrease of the oxygen capacity occur

ring in fish blood upon a decrease in pH (induced by a Ppn increase or by 

the addition of lactic acid). In mackerel, for example, the oxygen binding 

curve (Y versus Pn ) of whole blood tends to level off at Pr„ = 3.3 kPa 

at approximately 80°» saturation (Root, 1931) which suggests that the oxygen 

capacity is decreased to approximately 80% under this condition. More recent 

studies on hemoglobin solutions indicate that the oxygen capacity is not 

reduced, but rather a very pronounced proton- and anion-induced decrease of 

the hemoglobin-oxygen affinity and of the cooperativity of oxygen binding 

occurs. At low pH and at high organic phosphate concentrations the low 

affinity structure of the fish hemoglobin molecule (the structure typical 

for deoxyhemoglobin) seems to be favored over the high affinity structure 

(the structure prevailing in liganded hemoglobin at high pH), even at full 

heme-ligand saturation. Therefore the oxygen affinity under these conditions 

is very low and cooperativity is absent. The difference between the Root 

effect in fish and the Bohr effect in mammalian blood is that in the latter 

effect the cooperativity of the heme-ligand binding is hardly affected, and 

that the change in oxygen affinity is by far not as extreme as for the Root 

effect. 

In most fishes the hemoglobins in the erythrocytes of one individual 

are strongly heterogeneous. Some fishes contain multiple hemoglobins which 

all share the property of the Root effect (carp, goldfish). Most fishes, 

however, contain furthermore one or more hemoglobins with completely differ

ent properties. The oxygen affinities of these hemoglobins are high and less 

sensitive to changes in pH and anion (organic phosphate) concentration. 

Hence during the acidification of the blood in the gas gland these hemo

globins remain fully saturated with oxygen. The role of these hemoglobins 

may be to supply oxygen to other tissues in the animal. The two functions 

of the blood in most fishes may therefore be carried by two completely 

different types of hemoglobin. 

This pattern is found also in the teleost eel whose hemoglobins are 

the subject of this study. Heterogeneity of the hemoglobins was reported in 

the three species of eel studied most thoroughly: Anguilla anguilla (Euro

pean eel),Anguilla rostrata (American eel) and Anguilla japónica (Japanese 

eel). 

In Table III-l-l the hemoglobin types of the respective species of eel 

are summarized, with the symbols used by the respective investigators and 
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Tablí III-7-7 

τ „ί
 Λ
„ι Root effect Non-Root effect

 D
 , 

Type of eel
 h e m o g 1 o b i n s h e m 0

g
l o b i n s

 References 

A. japónica 

A. anguilla 

A rostrata 

F 
E2 
E2 
Fl, F2 
E2 
f 

π,ιπ.ιν,ν 
E2 

II 
M,F 

S 
El 
El 
s
l '

 s
2 

El 

s 

I 

El 
I 
S 

Yamaguchi et al., 1962a, b 
Hamada et al., 1964 
Yoshioka et al., 1968 
Amano et al., 1972a, b, с 
Okazaki et al., 1974 

Itada et al., 1970 
Weber et al., 1975, 1978 
this study 

Poluhowich, 1972 
Gillen and Riggs, 1973 

listed according to their common characteristics. It was shown in an electro-

phoretic study by Poluhowich (1970) that the hemoglobins of American and Euro

pean eels are identical. Therefore, in this study we apply all structural and 

functional data about American eel hemoglobins on our eel hemoglobins. 

Eels used throughout this study were obtained from local suppliers and 

were all of the species Anguilla anguilla. Their hemoglobins were studied 

with respect to the binding of protons and the influence of ligand binding 

and organic phosphate concentration thereupon. 

III.2. Materials and methods 

Eels anesthetized with tricain methane sulphonate (Sandoz MS 222) were bled 

by heart puncture into heparinized syringes. In order to obtain a maximum 

yield of blood from one animal, the eels were perfused with isotonic Ringer 

solution in amounts equivalent to several times the total circulatory volume. 

The erythrocytes were washed three times with cold (4 C) physiological 

saline (pH 8.5) and hemolyzed by addition of water (containing 0.5 mmol 

EDTA/1, pH 8.5). The cell debris were removed by centrifugation. the hemo-

lysate was gel-filtrated over Sephadex G 25 (fine) equilibrated with 5 mmol 

phosphate buffer/1 of pH 8.5, and applied onto a DEAE-cellulose column 

(DE 52, Whatman) pre-equi 1 ibrated with 5 mmol phosphate buffer/1 of pH 8.5. 

In general two main eel hemoglobin fractions could be separated. The first 

component (called hemoglobin Ej) passed unretarded through the DEAE-cellu

lose column; the second component (called hemoglobin Eu) was eluted by 20 

mmol phosphate buffer/1 of pH 8.5. The respective hemoglobin fractions 
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were concentrated in a DIAFLO-cell (Amicon 202 ultrafiltration cell equippped 

with a PM 30 membrane) to the desired concentration (0.3 mmol Hb/1 in pH-

stat studies; 0.1 mmol Hb/1 in acid-base titration studies). Normally the 

concentrated hemoglobin fractions were gel filtrated on a Sephadex G 25 

(fine) column pre-equi'M brated with 0.1 mol KCl/1 (pH 8.5), but if an essen

tially isoionic hemoglobin solution was desired (acid-base titration stud

ies), the fractions were dialyzed against distilled water and deionized on 

a mixed-bed ion-exchange column. Purity of the components was checked by 

cellulose-triacetate electrophoresis (Sepraphore III, Gelman Instrument 

Company). Representative electrophoretic patterns are presented in Figure 

III-4-1. The equipment used in acid-base titrations and pH-stat experiments 

was described in Section 11.2. 

To determine the number of reactive sulfhydryl groups we used a method 

similar to that of Boyer (1954). The freshly prepared eel hemoglobins were 

converted to HbCo. The reaction of stepwise added p-chloromercuribenzoate 

(p-CMB) with the protein SH-groups was detected photometrically at 255 nm. 

The blank used was the original HbCO solution without addition of p-CMB. 

The extinction readings from the photometer were corrected for dilution by 

the following equation. 

О О 

255 
where E

c o r r
 = corrected extinction value at 255 nm 

255 
E = measured extinction value at 255 nm 
meas 
255 

Euhr t η
 =

 extinction value of the original HbCO solution at 255 nm 
HbCo,t=0 

о 
Д = total volume of added reactant (p-CMB solution) 

V = initial HbCO volume in the cuvette 
о 

Determi nati on_of_2K of _a;ami regroups 

The acid dissociation equilibrium contants (К ) of the terminal amino groups 
α 

of eel hemoglobins were studied by the pH dependence of the kinetics of 

fluoro-2,4-dinitrobenzene (FDNB) binding to these groups (Hill and Davis, 
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1967; de Bruin and Bucci, 1971). FDNB combines with unprotonated amino 

groups according to the reaction: 

-NH
2 

M > - ^ L·
0 и^У-\ 

+ F M O > N 0
2
 —^->» -N

n
-^O/-N0

2
 + Η + F" III.2.2 

This reaction can be monitored photometrically at 353 nm. The formation of 

the reaction product (X) is characterized by: 

^ P - = k
H
 χ [-NH

2
] χ [FDNB] III.2.3 

u 

where к represents the pH-dependent reaction rate constant: 

H
 k 0 x K

a 
k - K - M Ï Ï + ] I I 1 · 2 · 4 

a 

and [-NH2] the free total amino concentration. If [FDNB] is large compared 
to the total amino group concentration, the reaction rate is pseudo-first 
order. Integration of equation III.2.3 yields: 

u 

log (1 - - ^ Ц г ) = - i L · * x [FDNB] χ t III.2.5 

[-NH
2
]* ¿-JUJ 

[-NHL] is the original total amino group concentration. The left term in 
equation III.2.5 is obtained from: 

log (1 Ц ^ ) = log (1 1 3g3 (\L353-L·353)) III.2.6 

[-NH
2
1 [-NH

2
] χ ε·

3
"
 ΐ 0 

where ε is the molecular extinction of the FDNB-amino complex and E. 

and E are the extinctions measured at times t and zero respectively, к 

is measured at several pH values by plotting the left term of equa-tion III. 
Lj 

2.5 versus time, and calculating к from the slope of the resulting line. 

Η Η 

The reciprocals of these к values (1/k ) are plotted versus the proton 

concentration. Rearrangement of equation III.2.4 gives: 

k
H
 к

0
 Κ χ к

0 
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Extrapolation of the resulting line to 1/k •* 0 gives 

К = -[H
+
] and l/k

H
 = 1/k

0
 at |H

+
] = 0. 

α 

III.3. Stripped eel erythrolysate. Acid-base titrations and the influence 

of organic phosphates on the fixed-acid Haldane effect 

Very little is known about the acid-base titration behavior of fish hemo

globin in general and of eel hemoglobin in particular . Brunori (1966) 

studied the acid-base titration of tuna (Thunnus thynnus) deoxy- and car-

boxyhemoglobin. He compared the difference titration with the directly 

measured fixed-acid Haldane effect and with the pH dependence of the posi

tion of the oxygen equilibrium curve according to the relationship: 

^ p f l - = -
 Δ Ζ

Η 

At the time these experiments were done, however, the significance of the 

endogeneous organic phosphates in relation to hemoglobin was not yet recog

nized. The preparation procedure for tuna hemoglobin solutions may not have 

ensured adequate removal of organic phosphates. From Brunori's results it 

may be concluded that a considerable fixed-acid Haldane effect is present 

under his experimental conditions. Sharp (1969) showed that the hemoglobin 

of the blue fin tuna, which Brunori used in his study, is heterogeneous and 

separable into four anodical bands on starch block electrophoresis at pH 

8.4. Steen (1963) investigated acid-base titrations of eel blood (Anguilla 

vul garis,probably identical to Anguilla anguilla) in comparison with human 

blood. He reported a much lower buffer capacity for eel blood than for 

human blood, also when carbon dioxide was absent in the equilibrating gas 

in both human and eel blood. 

In Figure III.3.1.A titration curves are shown for deoxygenated (o) 

and oxygenated (D) stripped eel erythrolysate at 15 С with 0.1 mol KCl/1 

added. The considerable maximal charge difference between deoxygenated and 

oxygenated hemoglobin becomes clear in the difference titration curve be

tween both hemoglobin species as shown in Figure 111.3.1.В (the 

fixed-acid Haldane effect). For mammalian hemoglobins this effect has been 

identified with the oxylabile pK change of four groups on the hemoglobin 

tetramer: the two α-amino groups of the α-chains and the two imidazoles of 
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pH 

Figtae ΠΙ-3-? 

Ti£>ïcution сил и [dicUigí І^ еллил pH) o{¡ ее/ hmoglob¿n at 15 С. 
VzoxißiQmoqlobin (о) дна oujlimuqlobin (Π) in 0.1 mot KCÍ/t and at con-
сгпХлаХлом 0(5 0.1 mmol Hb/i. 
Tixzd-acJ.d HaZdanz z{)$,zct obtalmd {¡кот the. ¿¿¡¡¿елепсе tutAatÁon о^ ce£ 
dzoxij- тіпші oxtjh&mogÍobin. ConcUtLoni cw ¿n A. 

the histidines (3146 (Section 1.6). The two a-amino groups of the α-chains 

in both eel hemoglobin components (as in most other fish hemoglobins) have 

been shown to be blocked (Gillen and Riggs, 1973) and hence unable
-
to ex

change protons. Since it is unlikely that the two remaining oxylabile 

imidazole groups (if present at all) are responsible for the total effect, 

one must conclude that other oxylabile sites have come into play. A large 

fixed-acid Haldane effect similar to our observations was also shown by 

Brunori (1966) on tuna erythrolysate. He assumed four oxylabile groups 

responsible for the positive (alkaline), and four other groups for the 

negative (acid) Haldane effect. He proposed pK changes from 8.28 in 
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Пдилг ІП-3-2 
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deoxyhemoglobin to 6.08 in carboxyhemoglobin for the alkal ine groups, and 

from 4.60 to 5.80 for the acid groups. A pK change of 2.2 units as des-
a 

cribed for the alkaline groups seems unlikely high. It should be kept in 

mind, however, that tuna hemoglobin solutions, as used by Brunori, probably 

contain endogeneous organic compounds in unknown amounts. These may con

tribute to the fixed-acid Haldane effect in the same way as was found for 

bovine hemoglobin solutions. A high maximal value of the fixed-acid Haldane 

effect of eel hemoglobin agrees with the considerable pH dependence of 

logPgQ (Fixed-acid Bohr effect) demonstrated for the European eel (Anguilla 

anguilla) by Weber et al. (1976). 

In Figure III-3-2 the reciprocal of the buffer capacity of stripped eel ery-

throlysate (- ΔρΗ/ΔΖη) is plotted versus the net protein charge (Z
H
). The 

maximal value of this parameter for oxyhemoglobin (a) at Z^ = -5 is approx

imately 0.6, which is a very high value compared with mammalian hemoglobins 

(see the bovine hemoglobin data in Section II.3). The data of deoxyhemoglobin 
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Fogaje ІП-3-3 
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(o) show two maxima (at ZH = -5.5 and +0.5) which both are lower than the 

maximum in oxyhemoglobin. This f inding is s imi lar to the data of mammalian 

hemoglobin where the maximal value of - -Л- in oxyhemoglobin also exceeds 
ΔΖΗ 

ΔρΗ 
the maxima in deoxyhemoglobin. The high values of - -rK- imply a low buffer 

capacity in stripped eel erythrolysate as compared to, e.g., stripped human 

hemoglobin. In Figure III-3-3 stripped erythrolysates of man and eel are 

compared at two representative temperatures (37° and 15
 0
C respectively). 

In the pH range from 7 to 8 we find the buffer capacity almost doubled for 

human oxy- and deoxyhemoglobin as compared to the respective eel hemoglobin 

species. These differences are the same as those found in blood by Steen 

(1963) who also compared the buffer capacities of human and eel red cells. 

However, from his measurements one cannot conclude which specific factors 

are responsible for the low buffer capacity of eel blood. Several factors 

may influence the magnitude of the buffer capacity of blood: the C0
?
 buffer-
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ing system, endogeneous phosphates, plasma constituents, hematocrit, oxygen 

capacity (a measure of the hemoglobin concentration), and the identity of 

the hemoglobins themselves. C0? and compounds in equilibrium with C0? in 

aqueous solutions were ruled out in experiments where no C0? was present, 

in our experiments as well as in Steen's. Hematocrit and oxygen capacity 

in eel blood are in the same range as in human blood: 40% and 15 to 16 vol% 

respectively (Steen, 1963), and hence do not contribute significantly to the 

observed differences. Endogeneous phosphates are present in eel erythrocytes 

in similar amounts as in human erythrocytes, hence at concentration 

ratios of more than one mol per mol tetrameric hemoglobin (,/Jood and Johan-

sen, 1972). The contributions to the buffer capacity in the pH range ob

served are similar for the organic phosphate DPG occurring in human, and 

for ATP and GTP occurring in eel erythrocytes. Plasma constituents contrib

ute little to the buffer capacity in human red cells and thus, though they 

may be important in eel blood, they cannot account for the lower buffer 

capacity in eel blood. The hemoglobins constitute, together with the C0? 

buffers, the primary source of buffer capacity in erythrocytes, and we may 

conclude therefore (in view of the very large difference in buffer capacity 

between eel and human hemoglobin solutions) that the hemoglobin system alone 

is responsible for the low buffer capacity of eel blood. 

The fixed-acid Haldane effect of stripped eel erythrolysate is demonstrated 

in Figure III-3-4. The measurements were earned out as point determinations 

with the pH-stat method. The change in proton binding is given for binding 

of oxygen (o) at Pn = 100 kPa and carbon monoxide (o) at P ™ = 100 kPa to 

deoxyhemoglobin. A comparison of the results in the presence of these two 

gases demonstrates the so-called Root effect. According to the very high 

affinity of CO for ferro-heme compounds we assume that the hemoglobin is 

fully saturated with CO under 100 kPa P,.« conditions. This has been shown 

to be the case for the hemoglobins of several species of fish. The CO-in-

duced Haldane effect therefore represents the Haldane effect for the fully 

saturated hemoglobin. On the other hand, by virtue of the Root effect, at 

low pH the hemoglobin cannot be fully saturated with oxygen even at Pn = 
u2 

100 kPa and hence the hemoglobin will not exhibit its full Haldane effect 

under these conditions. 
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These are the powerful regulators of oxygen binding and of the Bohr/Haldane 

ef fect in many mammalian and nonnammalian hemoglobins. In eel erythrocytes 

of the American and European species GTP and, to a lesser extent, ATP are 
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present in considerable amounts (Geoghegan and Poluhowich, 1974; Weber et 

al., 1975). Both these organic phosphates influence the oxygen affinity 

Сen) of
 e e
l erythrolysate considerably; GTP is a more potent allosteric 

regulator than ATP (Kaloustian and Poluhowich, 1976; Weber et al., 1975). 

Weber et al. also showed that IHP has less influence on P
5 0
 of eel erythro

lysate than GTP. In contrast in mammalian hemoglobin solutions IHP is much 

more powerful than any other organic phosphate. We measured the influence 

of GTP, ATP and IHP (present in molar ratios of 2 mol organic phosphate per 

mol Hb) on the СО-induced Haldane effect. Results are shown in Figure III-

3-5. The Haldane effect is plotted versus pH. Experiments were carried out 

at 15 С in the presence of 0.1 KC1/1. Relative to mammalian hemoglobins 

the influence of organic phosphates on the fixed-acid Haldane effect of 

stripped eel erythrolysate is small and does not differ appreciably between 

the three types of organic phosphates. The solid line is the CO-induced 

Haldane effect taken from Figure II1-3-4. 

H I .4. Characterization and properties of two main eel hemoglobin components 

Analytical electrophoresis of fresh eel erythrolysates, in which the hemo

globin was converted to the carboxy form, in general revealed two distinct 

bands. These components were routinely separated by column chromatography 

on DEAE-cellulose. These separated components were homogeneous and electro-

phoretically identical to the two components present in the erythrolysate. 

-.-^«Wt **Миі* «»«в** 

1 2 3 4 5 6 7 8 

Пдилг 111-4-1 

Elzcttopholeite paXtíin of, ^келіг zzi zrythxvlijiCLtz (2, 5 and S) and of, t'ie. 
izpcuiatzd ¡izmoglob-ai сотропгліл НЬЕ- (3 and 6) and HbEj, (4 and 7) on cztlu-
loiz t>iA.acztatz at pH 8.7. 
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poAttally о\)0ЛЛлррА,щ, bwt шМі ьІлдЬХІу ¡u.glieA mob/JLcty than Hbï.„. 

In Figure III-4-1 the electrophoretic behavior is shown of eel erythro-

lysate and the separated hemoglobins after electrophoresis on cellulose 

triacetate at pH 8.7. The first fraction eluted from the DEAE-cellulose 

column was called HbE, , and the second fraction HbE„. Hemolysates of blood 

collected from the individual eels were subjected to separate electrophoret

ic analysis. In three out of 48 eels an abnormal electrophoretic pattern 

evolved (Figure III-4-2). The band nearest the origin in these cases was 

heterogeneous; closer inspection revealed the occurrence of a third hemo

globin component (HbE,) with electrophoretic mobility higher than that of 

component HbE2> and whose band partially overlaps the latter. This electro

phoretic pattern is similar to what was reported by Sick et al. (1967) to 

occur in some 6 to 7% of the eels they investigated. The frequency distri

bution in our case is very similar. An occasional third hemoglobin component 

in American eel was also reported by Poluhowich (1970) and Gillen and Riggs 

(1975). The amounts of material of hemoglobin type HbE, were too small for 

further analysis; therefore this fraction was discarded. No eels were found 

to contain exclusively hemoglobins E, and E,, but no E-. as was reported to 

occur on rare occasions in the American eel (Sick et al., 1967). 

The visible light spectra recorded from deoxy-,oxy and carboxy deriva

tives of both eel hemoglobin components are very similar to the spectra of 

mammalian hemoglobins, except that in all derivatives of component HbE? 

the spectra were shifted by 1 to 2 nm towards longer wavelength with respect 

to the corresponding spectra of HbE,. The same red shift of HbE? with 
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respect to HbE, and to horse hemoglobin was reported by Hanada et al. (1964) 

for the main hemoglobins found in the Japanese eel (Anguilla japónica), 

but this was not reported by another group which also studied the Japanese 

eel (Yamaguchi et al., 1962a). Spectra of the met derivatives of the eel 

hemoglobin components could not be taken due to the ready precipitation of 

this derivative immediately after preparation. 

The numbers of free sulfhydryl groups were determined in both eel hemo

globin components by spectrometric titration with the p-CMB method according 
255 

to Boyer (1954). The results of these determinations are plotted as E 
j \ ι ν corr 

versus the number of moles o-CMB added per mol tetrameric hemoglobin (i „,,„) 
r э v

 p-CMB' 

, which equals the number of free SH groups per mol Hb at the equiva

lence point. In Figure III-4-3 the titration of adult bovine hemoglobin with 

p-CMB is shown for comparison. The number of ti tratable SH groups per mol 

Hb is obtained from the value of і_гмп aÎ ^ е inflection point of the 

titration, and was 2.05 in bovine hemoglobin (the mean of three determina

tions). This number is in good agreement with the primary structure where 

one cysteine is present at each 892 site (Schroeder et al., 1967). The p-

CMB titrations of the two eel hemoglobin components are shown in Figure III-

4-4. In HbE, (o) no titratable SH groups are detected, whereas in НЬЕ^ (о) 

an inflection point is found at i
 c
..n = 6; hence we conclude that six 

F-cgu'ie 111-4-3 
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ti'tratable SH groups are present in this hemoglobin. From Japanese eel 

(Anguilla japónica) Yamaguchi et al. (1962a) determined the SH content of 

both isolated hemoglobin components by amperometri с argentometric titration. 

The slow component (S, corresponding to HbE,) contained no free SH groups, 

whereas in the fast component (F, resembling HbE
2
) 13.9 SH groups per mol 

Hb were titrated. The hemoglobins of the Japanese eel were also studied by 

Hamada et al.(1964) by titration with p-CMB. In this study the component 

HbEj showed no SH groups, whereas in component £„ 12 SH groups were titrat

ed. These studies agree with our measurements concerning the SH content of 

HbEj but differ mutually and from our findings for HbE?. Japanese and Euro

pean eels were shown to possess electrophoretically different hemoglobins, 

and differences concerning structure and particularly the SH content may 

also be present. No titration studies have been reported on SH groups in 

American and European eel. The only source of reference is the determination 

of amino acid composition by Gillen and Riggs (1973). They found that the 

fast component (F, corresponding to our HbE2) probably contains six cysteine 

residues, whereas the slow component (S, HbE, in our study) contains four 

cysteines per tetramer. Concerning Japanese eel hemoglobins no studies 

report the actual cysteine content but only the number of ti tratable sylf-

hydryl groups. It is therefore unknown how many SH groups the Japanese eel 

hemoglobins actually contain, and which possibly do not show in the titration 

of the slow component. 
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In conclusion our sulfhydryl titration of eel HbE
?
 agrees with the amino 

acid composition reported for this hemoglobin in American eel, but the 

titration of eel HbE, does not. It should be noted, however, that also in 

adult human hemoglobin the number of freely ti tratable SH groups is less 

than the amount of cysteine actually present; some of the SH groups are not 

readily accessible for titration. 

III.5. Acid-base titrations and fixed-acid Haldane effect of eel hemoglobin 

І1 

Inorganic salts have been shown to influence oxygen binding of eel HbE, 

considerably. In both American eel (A. rostrata) and Japanese eel (A. 

japónica) increasing phosphate buffer concentrations result in decreasing 

oxygen affinity (Poluhowich, 1972; Yamaguchi, 1962b). In the European eel 

(A. anguilla) increasing chloride ion concentration in 0.025 mol Tris/1 

also causes a right shift of the oxygen binding curve (Weber et al., 1976). 

However, in the mentioned studies the influence of increasing salt concen

trations on other functional properties (e.g. fixed-acid Bohr effect or 

Haldane effect) were not investigated. 

The hemoglobin component in Japanese eel, which resembles HbE,,was 

reported to be the hemoglobin component least sensitive to protons and other 

allostenc effectors. Yamaguchi et al. (1962b) and Yoshioka et al. (1968) 

found that for oxygen equilibrium studies л1одР
50
/лрН is -0.07 over the pH 

range of 6.5 to 8.0 in phosphate buffer. It was reported furthermore that 

the slope of the Hill plot (η
5 0
) is unaffected by pH change. Binding of the 

heme ligand ethylisocyamde to deoxyhemoglobin is also pH independent in 

this hemoglobin (Hamada et al. 1954). When Tris-HCl buffers are used instead 

of phosphate buffers a very slight negative fixed-acid Bonr effect (positive 

value of дТодР^/ирН) of eel HbE, is found in the p4 range of 7 to 8.5 

(Okazaki et al., 1974). Upon addition of DPG and ATP a positive fixed-acid 

Bohr effect arises, whereas IHP decreases only oxygen affinity tremendously, 

but does not affect the pH dependence of P ™ . In European eel no difference 

of oxygen affinity of HbE, is found in the presence of phosphate buffer 

between pH 6.5 and 8.5 (Itada et al., 1970). In Tris-HCl and bis-Tris-HCl 

buffers a considerable negative fixed-acid Bohr effect (of +0.34 at pH 7.4) 

was measured by Weber et al. (1976). Essentially the same behavior was found 
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in HbS of the American eel (Gillen and Riggs, 1973), a negative fixed-acid 

Bonr effect (+0.25) of stripped hemoglobin in Tris-HCi and bis-Tris-HCl 

buffers (pH 6.5 - 8.5). In their study no pH dependence was found in the 

presence of a six-fold ATP concentration (per hemoglobin tetramer), whereas 

C0
2
 resulted in an even more negative effect (+0.8). In conclusion, in 

phosphate-free solutions of the basic eel hemoglobin component a negative 

fixed-acid Bohr effect is reported in the literature, which is absent in 

the presence of organic and inorganic phosphates, but is retained in the 

presence of IHP. 

We studied the influence of potassium chloride concentration on the 

acid-base titration behavior of isolated HbE, at 25
 0
C. The results of this 

study are shown in Figures III-5-1 and III-5-2 for the deoxygenated and 

carboxyhemoglobin derivative respectively. In the figures titration plots 

(Z
H
 versus pH) and differential titrations (ΔρΗ/ΛΖ,, versus Z

H
) are shown 
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at several KCl concentrations (· : 0.1; о : 0.2; π : 0.5 and О : 1.0 mol 

KCl/1). The isoionic points range between 8.53 and 8.77 for deoxyhemoglobin 

and between 8.87 and 8.90 for carboxy HbE,. These isoionic pH values are 

high in comparison with isoelectric pH values reported for mammalian hemo

globins, but agree with the high value for eel carboxy Hb I reported by 

Weber et al. (1975) who separated this hemoglobin component by isoelectric 

focusing as a band at pH of approximately 9.3. For Japanese eel hemoglobin 

a somewhat lower isoionic pH of 7.8 was reported for HbS by Yamaguchi et al. 

(1962), and 8.08 for the similar component Hb E, by Hamada et al. (1964). 

There is a pronounced tendency for a shift of the isoelectric pH to higher 

pH values in the case of deoxyhemoglobin (•) on increasing salt concentra

tion (Figure III-5-3), whereas in carboxy HbE, this dependence is much small

er (o). The change in isoionic pH of deoxyhemoglobin resulting from increas

ing salt concentrations may be attributed to one or both of the following 

factors: 1) change in electrostatic interaction energy, 2) specific inter

action of the salt ions. Increase in salt concentration increases the ionic 

strength of the medium and thus induces a change in the electrostatic inter

action energy between the charged groups on the protein. The titration of 

the protoni с groups or classes of groups on the protein is given by the 

equation: 

pH = pK
i
 + log ̂  _

1

α
· - 0.868wZ

H
 II.3.1 

PHlSO 

90 

89 

88 

87 

8 6 

85 

О 05 10 
CCI"] 

F-tgu/ie ΠΙ-5-3 

lioeiecfu-c pH (pH- ) oi de.oxyge.na-te.d (D) and аалЬокукгтодІоЫп Ej (o) od 

eel veAiui KCl с.опсе.п&іа£ісп i[C¿']). Condütiom ал ¿η F-сдиле ΠΙ-5-J . 
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where pK. is the pK of each class i, α. is the fractional dissociation of 
l a 1 

the groups belonging to these classes, w is the electrostatic interaction 

factor. At or near the isoionic point where Z
H
 is near zero, the contribution 

of changes of the value of 0.868wZ
H
 will be of minor importance. On the other 

hand the anions and/or cations of the salt may also interact with the protein 

specifically. This was shown to occur in human hemoglobin by many investi

gations (Rollema et al., 1975; de Bruin et al., 1974b; Chiancone et al., 

1972, 1974, 1975; Bull et al., 1973; Arnone et al., 1976). These inter

actions were discussed in Sections 1.18 and II.7. They may contribute to a 

change in the isoionic pH with increasing salt concentration due to the 

changes in pK- occurring upon electrostatic interaction of protonic groups 

of the protein with salt ions. 

Our data indicate that the isoionic pH changes in deoxyhemoglobin, but not 

in carboxyhemoglobin. We may therefore conclude that, at the isoionic pH, 

ions from the salt interact with deoxyhemoglobin through electrostatic in

teraction with amino acid groups titratable in this pH region between 8.5 

and 8.8, and that this interaction does not occur in carboxyhemoglobin 

around pH 8.9. In carboxyhemoglobin these groups may be either not accessi

ble at pH 8.9 or uncharged, e.g., due to a markedly lower or higher pK 

a 

value in carboxyhemoglobin as compared to their value in deoxyhemoglobin. 

In HbE,, as in whole stripped erythrolysate (Section II 1.3), the over

all buffer capacity is relatively low (high ΔρΗ/ΔΖ
Η
 values, see lower part 

of Figures III-5-1 and III-5-2). This property, in combination with possible 

experimentally uncontrolled factors (e.g. possible initial leakage of ti

trant from the burette when inserted in the sample solution), gives rise to 

accidental pH changes at the start of the titration experiments. This may 

lead to slight changes in the positions of the titration and differential 

titration plots (see for example the curve of deoxyhemoglobin at 0.5 mol 

KCl/1 in Figure III-5-1). When the sensitivity of the titrations for per-

tubing factors owing to the low buffer capacity is taken into account, we 

must conclude that the overall titration behavior of HbE, is not signifi

cantly affected by changes in salt concentration. 

Analysis of the (first derivative) titration plots in 0.1 mol KCl/1, 

redrawn in Figures III-5-4 and III-5-5 (deoxy- and carboxy HbE, respectively), 

points to peculiar titration properties of both deoxygenated and carboxy 

HbE,. In deoxyhemoglobin the maximum -ΛρΗ/ΔΖ
Η
 is attained at Z

H
 = +2, where

as in carboxyhemoglobin the maximum is at Zn = +4.0. These maxima occur at 
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Table 111-5-1 

VoAometeii сІіаласХелл.гА.пд the maxjjna ofi the dLc^eAeivtcal tuXAot^on pioti ofa 

deoxtj and с.алЬох.і] HbE.. 

deoxy carboxy 

ZH 
-ΛΡΗ/ΔΖΗ 

pH 

2 

0.45 

7.8 

4.0 

0.90 

7.3 

pH 7.8 and 7.3 respectively. These data are summarized in Table I I I - 5 - 1 . 

At the pH values where the peaks in the d i f f e r e n t i a l t i t r a t i o n plots are 

found the buffer capacity is minimal and only few groups w i l l be t i t r a t a b l e . 
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Therefore the α-amino groups and also the imidazole groups (generally char

acterized by pK values in this pH range) should have pK values outside 

the normal range here, or their total number will be small. We tried to fit 

the titration curves of HbE, using the amino acid composition of the slow 

hemoglobin component (HbS) from Anguilla rostrata as reported by Gillen and 

Riggs (1973); the amino acid data essential for the titration curve are 

summarized in Table III-5-2. 

Tabla Ш-5-2 

VcuvLial amino acÁd сотроіЫіоп о^ HbS [Gittin and R-Lggi, 7973). 

amino acid α-chain ß-chain tetramer 

lysine 14 11 50 
histidinc 5 2 14 
arginine 3 4 14 
asparagine/aspartic acid 14 13 54 
glutamine/glutamic acid 4 13 34 
cysteine 1 1 4 
tyrosine 2 4 12 

The α-amino groups of the HbE, α-chains are blocked, probably by an acetyl 

group, and are therefore not involved in acid-base titration (Gillen and 

Riggs, 1973). The amino groups of the з-chains are not blocked and hence 

are probably ti tratable. Their pK was determined from the pH dependence 
α 

of the FDNB reactivity in 0.1 mol KCl/1 at 20
 0
C. 

In Figures III-5-6 and III-5-7 the results of one series are given at differ

ent pH values. The slopes of the lines in Figure III-5-6, supplemented by 

other data (not shown here to prevent crowding of the figure), were cal

culated from equation III.2.4 and plotted as their reciprocals against [H ] 

according to equation III.2.6 in Figure III-5-7. The mean of 4 independent 

determinations resulted in a pK value for the α-amino groups of 8.41 + 
α 

0.17. This value is high and comparable to pK values found in mammalian 
α 

deoxyhemoglobins, but not in liganded mammalian hemoglobins. Comparison of 

the differential titration plots of deoxygenated and carboxy HbE, at 0.1 

mol KCl/1 showed the changes summarized in Table III-5-1. These changes now 

lead to the hypothesis that the pK of some ti tratable groups is shifted 

a 

from a value slightly left of the value of the pH at the maximum in the 

differential titration plot of deoxyhemoglobin to a value on the right of 
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the pH value at the maximum in the d i f fe ren t ia l t i t r a t i o n p lot of HbCO. 

Such a s i tuat ion may arise only because the maxima of the d i f f e ren t ia l 

t i t r a t i o n curves are situated at about neutral pH, in contrast to positions 

at more alkal ine (about pH 9) and/or more acid pH (about pH 5.5) normally 

character is t ic for d i f f e ren t i a l t i t r a t i o n curves of mammalian hemoglobins 

(see also Section I I . 3 , our data on bovine hemoglobins). The unusualy high 

value of the pKa of the α-amino groups in carboxyhemoglobin determined by 
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our FDNB-reaction kinetic studies makes this group a possible candidate 

for the hypothetical pK change. The pK of the ß-chain a-amino group in 
α α 

deoxyhemoglobin E, has not been determined due to experimental difficulties, 

and so we were not able to assign the pK change unequivocally to this 
d 

particular group. 

According to the previously reported free sulfhydryl group titrations (Sec

tion III.4) all four SH groups are inaccessible to p-CMB titration and there

fore are assumed not to take part in acid-base titration either. In the 

further analysis of the titration curves of eel HbE, we assume that in the 

deoxy form the maximum of the differential titration plot roughly separates 

the lysine, arginine and tyrosine residues (which are generally reported to 

be titrated in the alkaline pH range) from the carboxyl, imidazole and ter

minal amino groups despite the fact that this maximum is situated at the 

unusually low pH of 7.8. Counting the charges in the appropriate pH range 

of the titration curves we conclude that in this pH range, apart from two 

α-amino groups, no more than two imidazoles can be titrated. For a quanti

tative analysis of the titration data of HbE, in 0.1 mol KCl/1 the maximal 

positive charge of the native protein (Z ) is calculated from the relation

ship: 

Ζ = η .... + η .
ru
 + η

τ
 + η. III.5.2 

max α-ΝΗ
2
 E-NHL Im Arg 

where η .
1и
 , η .

1U
 , η

τ
 and η. „ denote the numbers of titratable α-ΝΗ

0
, 

α-ΝΗ2 ε-ΝΗ2 Im Arg 2 

lysyl, imidazole and arginyl groups respectively, which are positively 

charged at low pH where all C00H groups are uncharged and the protein is in 

the native conformation. These numbers were taken from the amino acid anal

ysis by Gillen and Riggs (1973; Table III-5-2), from which we calculated 

Ζ = +68. The amino acid analysis gives combined data for the carboxylated 
mex 

and amidated groups (asp/asn and glu/gln). The number of amidated groups can 

be calculated from the position of the peak of the differential titration 

curve. In deoxyhemoglobin this maximum is found at approximately +2. The 

charge of the protein at this maximum is, according to the aforementioned 

assumption, equal to the number of positively charged arginyls and lysyls 

minus the number of negatively charged COO groups: 

(^at max
 = η

ε-ΝΗ
2

 + n
Arg " "COO"

 I I 1
·

5
·

3 

From this equation it can be calculated that n
c o o

- = 62. The total number 
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of asparagines, aspartic acids,glutamines and glutamic acids is 88 accord

ing to Table III-5-2, whereas in addition 4 terminal COOH groups (of the 

four subunits) and two COOH groups from any of the four hemes are present. 

This adds up to a total of 100, and hence the amide content (total number 

of asparagines and glutamines) equals 38. 

A good fit with the titration data of eel HbE. in 0.1 mol KCl/1 is ob

tained with the parameters given in Table III-5-3; the titration curves 

calculated from these parameters for deoxy- and carboxyhemoglobin are re

presented by solid lines in Figures III-5-6 and III-5-7 respectively. 

Table. Ш-5-3 

Ралшлгіело duc/ub-uig the. tUAcutton сил гі of, deoxy ала салЬоху НЬЕ. А.П 0.1 
mol KCl/l at 25 0C. 

Deoxyhemoglobi η Carboxyhemoglobi η 

number of titratable number of titratable 

groups in class i pK, groups in class i pK-

54 4.3 54 4.3 
8 5.6 8 5 
2 6.9 2 6.3 
2 7.2 2 8.3 

50 9.9 

26 10.5 
76 10.5 

Eight of the carboxyl groups had to be assigned higher pK values than the 
а 

bulk of C00~ groups, whereas it was necessary to assume a different pK of 

these groups in deoxy- and carboxyhemoglobin (5.6 and 5 respectively). 

Two groups with pK values of 6.9 and 6.3 in deoxy- and carboxyhemoglobin 
a 

respectively may probably be assigned to the histidine groups. In the fore

going analysis we had made the assumption that only two histidines were 

titratable; it indeed appeared during the calculations that an increase of 

this number leads to poor fits between calculated and experimental data. 

At the high pH end of the titration curve of deoxyhemoglobi η it was neces

sary to assume heterogeneity of the pK values of the 76 alkaline groups 
а 

(arginyls, lysyls, and tyrosyls), which was not necessary in carboxyhemo

globin. 
The titration data presented in this section (Figures III-5-1 and 
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III-5-2) were used to calculate the fixed-acid Haldane effect at the res

pective four salt concentrations from the difference between the titration 

curves of deoxy- and carboxyhemoglobin. The results are given in Figure 

III-5-8. We have already discussed the experimental factors influencing the 

position of the titration curves. In the difference titrations the devia

tions may be even greater. This may be the reason why the fixed-acid Hal

dane effect curve at 0.5 mol KCl/1 is higher compared to the other three 

curves. But the general tendency is clear: a negative fixed-acid Haldane 

effect in the high pH range (pH > 7) and a positive effect below pH 7. 

This negative effect agrees with oxygen binding studies on stripped hemo

globins from Japanese, American and European eels, where positive values 

of AlogPj-Q/ApH were reported at alkaline pH values (Weber et al., 1976; 

Gillen and Riggs, 1973; Okazaki et al., 1974). 

Our analysis of the titration curves of deoxy- and carboxyhemoglobin 

E, showed that the particular features of these curves could be well ex

plained by the hypothesis that two groups, titratable in the neutral pH 

range, have pK values of 7.2 and 8.3 in deoxy- and carboxyhemoglobin res-

pectively. We assigned this pK change upon ligand binding to the α-amino 

groups of the 3-chains which showed a pK of 8.3 in carboxyhemoglobin in 

independent measurements. This high pK value of the a-amino group may be 
α 

explained by an electrostatic interaction between this amino group and one 

or more negative groups on the protein. Apart from this "oxylabile" 

pK change of the α-amino groups, our analysis of the titration data re-
a 

vealed some additional pK changes of alkaline and acid groups, and the only 

α 

two histidine residues presumed to be titratable should change this pK
a 
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from 6.9 in deoxy to 6.3 in liganded hemoglobin. As we could not assign this 

pK change unequivocally to histidine residues we may not exclude the pos

sibility that these groups are carboxyl groups with unusually high pK 

values. The difference titration curve measured in 0.1 mol KCl/1 is redrawn 

in Figure III-5-9 (solid line) together with the difference titration curve 

calculated from the data in Table III-5-3 (dotted line) There is good agree

ment between the measured and calculated data. The occurrence of a negative 

fixed-acid Haldane effect indicates that pronounced structural differences 

should exist between this eel hemoglobin and, for example, human hemoglobin 

which shows a positive fixed-acid Bohr and Haldane effect at neutral and 

alkaline pH. 

A schematic representation of the electrostatic (salt bridge) inter

actions in human deoxyhemoglobin which contribute to the oxylabile proton 

binding is presented in Figure 1-4. Some of the groups involved in these 

contacts are lomzable in the neutral pH range. These are the a-amino groups 

of the α-chains and the imidazoles of the histidines 4146. These electro

static contacts are ruptured in liganded human hemoglobin, as are all con

tacts shown in Figure 1-4. In deoxyhemoglobin these contacts maintain a 

quaternary structure characterized by a lower ligand affinity than the 

quaternary structure of liganded hemoglobin and are responsible for tne 

sigmoid shape of the ligand binding curve. The a-amino groups of the a-

chams and the imidazoles of histidines и14б are responsible for the oxy

labile proton binding, the mutual interdependence of proton and heme-ligand 

binding. Partial ammo acid analysis of the primary structure of American 

eel HbS (Gillen and Riggs, 1973) shows th= absence of the two oxylabile 
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proton binding sites characteristic for human hemoglobin. The α-amino groups 

of the α-chains are blocked (presumably by acetyl groups) and the COOH 

terminal amino acid of the ß-chains (ЗІ46 in human hemoglobin) is phenyl

alanine in American eel HbS. Several investigations have shown that HbE. 

binds oxygen cooperatively which implies, according to current theories, 

that the unliganded structure has a lower ligand affinity than the liganded 

hemoglobin, and hence a quaternary deoxyhemoglobin structure which is more 

stable than the quaternary liganded structure when no heme ligands are bound. 

This leads to the conclusion that stabilizing forces should be present in 

deoxyhemoglobin Ε,, which are responsible for cooperative oxygen binding 

with a Hill constant at half saturation of approximately 1.5 in stripped 

hemoglobin solutions (Gillen and Riggs, 1973; Weber et al., 1976). The na

ture of these interacting groups is not clear. The existence of a negative 

fixed-acid Bohr-Haldane effect was assigned in our analysis to a change in 

pK of two groups from 7.2 in deoxy- to 8.3 in carboxyhemoglobin. This pK 
a a 

change may originate either from a group with a normal pK of 8.3 in ligand-

a 

ed hemoglobin (and as a result of repulsive electrostatic interaction a 

lower pK in deoxyhemoglobin) or from a gro.up with-a normal pK of 7.2 in 
α α 

deoxyhemoglobin (and as a result of attractive electrostatic interaction a 
higher pK in liganded hemoglobin). We have determined a pK of 8.3 for the 

a a 

a-amino groups of the e-chains which without electrostatic interactions 

generally have a much lower pK , and we conclude therefore that the latter 
α 

posibility is most likely. 

We have measured the influence of the organic phosphate GTP on the 

fixed-acid Haldane effect. In Figure III-5-10 the number of protons released 

(positive value of ΔΖ,,) or taken up (negative value of Δ Ζ
Η
) upon carbon-

monoxide binding is plotted versus the number of mois GTP per mol HbE. 

(i p). There is a progressive decrease of the negative fixed-acid Haldane 

effect at pH 7.0: at saturating levels of GTP the effect is approximately 

zero. The influence of GTP on the fixed-acid Haldane effect agrees with the 

influence of organic phosphates on the fixed-acid Bohr effect (Gillen and 

Riggs, 1973). For eel HbE, only few primary structure data are available, 

which do not enable us to completely evaluate the organic phosphate binding 

site in this hemoglobin. The decrease of the oxygen affinity by ATP (Gillen 

and Riggs, 1973) indicates preferential binding of organic phosphate to 

deoxyhemoglobin. At the entrance of the central cavity between the two β-
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chains the α-amino groups of the ß-chains are available for interaction. 

The second amino terminal residue is glutamic acid or glutamine whereas in 

human hemoglobin an imidazole group is present (Gillen and Riggs, 1973). 

At the C-terminal of the ß-chains no histidine is found in the first 6 

residues (Gillen and Riggs, 1973), whereas in human hemoglobin at the 

fourth position an imidazole group of histidine ßl43 is found, which is 

engaged in the interaction with organic phosphates. Since no further struc

tural data of HbE, are available we cannot reach an unequivocal conclusion 

concerning the mode of interaction of organic phosphate with this hemoglobin. 

III.6. Acid-base titrations and fixed-acid Haldane effect of eel hemoglobin 

к 
The most abundant hemoglobin component in eel erythrocytes is the hemoglobin 

with the peculiar properties of the so-called Root effect. This hemoglobin 

is characterized by a low isoelectric pH compared to HbE,. There is a pro

nounced sensitivity of the heme-ligand affinity of this hemoglobin to allo-

steric effectors (particularly protons and organic phosphates) and a strong 

effector dependence of the cooperativity of ligand binding. The ligand af

finity at alkaline pH is high, and the ligand equilibrium shows slight 

о 
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cooperativity: at pH 7.8 log Ρ ™ is about -0.4 and the Hill coefficient n
B 0 

is 1.3; at lower pH (6.5) the ligand affinity of stripped HbE« is low: log 

Ρ ™ is 0.75 and η ™ is 0.8 (Gillen and Riggs, 1973). Organic phosphates 

lower the oxygen affinity of eel HbE« to different extents: GTP is a more 

powerful effector than DPG, ATP and IHP; this contrasts with their influence 

on mammalian hemoglobin oxygen affinity which is lowered much more by IHP 

than by ATP and DPG (Weber et al., 1975). The cooperativity at pH 7.56 is 

slightly increased by the presence of the organic phosphates GTP and ATP 

(Weber et al., 1976). 

We determined titration curves of deoxygenated and carboxyhemoglobin 

E
?
, calculated the fixed-acid Haldane effect from the difference between 

these titration curves at several temperatures, and investigated the in

fluence of organic phosphates on the fixed-acid Haldane effect at three 

different pH values at 15 С 

Eel hemoglobin £„ is much more sensitive to oxidation than component 

E.. This implies not only rapid methemeglobin formation but also precipi

tation of a brown pigment (presumably methemoglobin). Instability of acid 

methemoglobin (the methemoglobin derivative predominant at pH 8) was re

ported in the eel hemoglobin E« of Anguilla japónica (Hamada et al., 1964). 

The rapid formation of methemoglobin makes it necessary to do all experi

ments with this hemoglobin within one day after elution from the DEAE col

umn. The stability appeared to be better at higher pH values (above pH 8) 

and therefore the isolation procedure was carried out at high pH. Further

more 1 mmol EDTA/1 was added in order to chelate metal ions whose oxidative 

action on hemoglobins is well established (Rifkind, 1974; Rifkind et al., 

1976). 

Prior to the titration experiments the hemoglobin was dialyzed against 

distilled water with 0.1 mmol EDTA/1 at pH 8 and subsequently deionized on 

a mixed-bed ion-exchange column. After deionization the hemoglobin is at its 

isoionic pH which is approximately 6.5 in the fully liganded state. However, 

at this pH the hemoglobin is not fully oxygenated due to the Root effect 

(Steen et al., 1968; Itada et al., 1970). Oxidation is considerably impeded 

when the hemoglobin is kept in the carboxy form. This necessitates removal 

of carbon monoxide before the ligand binding experiments, which results 

again in considerable methemeglobin formation. Therefore this method was 

not used during preparation of hemoglobin E?. 

Titration experiments were carried out by using the same sample for 
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the t i t r a t i o n of both deoxy- and carboxyhemoglobin. From the isoionic pH 

the deoxyhemoglobin solut ion was t i t r a t e d with acid to pH 5.8 and with 

base back to pH 9.5. Then the deoxyhemoglobin solut ion was flushed with CO 

and, under 100% CO, t i t r a t e d back to the low pH. No difference in methemo-

globin content could be detected before and af ter th is procedure. 

The t i t r a t i o n curves (pH versus Zn) and d i f f e r e n t i a l t i t r a t i o n curves 

(-ΔρΗ/ΔΖη versus Zn) of deoxygenated and carboxy HbE2 at 15 0C and 0.1 mol 

KCl/1 are given in Figure I I I - 6 - 1 . The isoionic pH values are 7.18 and 6.5 

for deoxy- and carboxyhemoglobin respectively. An i s o e l e c t r i c pH of 5.6 at 

5 0C was reported for the major eel hemoglobins (HbV and VI) of Anguil la 

anguil la as measured during i s o e l e c t r i c focusing in the carboxy form (Weber 
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et al., 1975). This value is considerably lower than our value for the iso-

ionic pH. This difference might in part be explained by the different tem

peratures. The difference between the isoionic and isoelectric pH may also 

be due to the interaction of chloride ions with hemoglobin during our ti

trations and/or to the interaction of ampholines in the isoelectric sepa

ration with hemoglobin in the isoelectric separation. Interaction of these 

ionic species may change proton binding to hemoglobin in the same way as 

for example binding of organic phosphates does in the case of bovine hemo

globin (Section 11.6). For the Root effect hemoglobin of Japanese eel an iso

electric point of 5.7 was reported by Yamaguchi et al. (1962a) and 5.96 

by Hamada et al. (1964). These were determined from the electrophoretic 

mobility at various pH values. 

The differential titration curves of HbE
?
 are characterized by the 

presence of two maxima of -ΔρΗ/ΔΖπ in deoxyhemoglobin and one maximum in 

carboxyhemoglobin (see Table III-6-1). 

In deoxyhemoglobin E« a maximum in the differential titration plot is 

found at Zu = -7.0, whereas in carboxyhemoglobin the only maximum is situ

ated at ZM = -6.2. Both maxima are found at alkaline pH (8.9 and 8.2 res

pectively). This difference in peak position was found to increase upon 

decrease in temperature. This difference cannot be due to changes in methe-

moglobin concentration, as the methemoglobin content was shown to be the 

same before and after the titration procedure. The same difference in posi

tion was found when the order in the titration procedure was changed. Thus 

it could be excluded that this difference is an artifact. An explanation 

may be sought in the contention that in one or both states of ligation a 

pH-dependent conformational change occurs. Extensive experiments on the 

Root effect hemoglobins of trout (Salmo irideus) and carp (Cyprinus carpio) 

Table ΊΠ-6-1 

Cha/iactz>ilitic ¿еаіилео ofi tLOioLtiun сил ел and cUddeAzntiat titnation 
cuivob oh de.ox.y- and салЬохуктодІоЫп E*. 

-ΔρΗ/ΔΖη at max. ZH at max. pH at max. 

deoxyhemoglobin 0.38 -7.0 8.9 
0.30 +3.5 6.3 

carboxyhemoglobin 0.59 -6.2 8.2 

I I I - 3 2 
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Tablz III-6-2 

PoJitial amino add content of, the. іаЬапіХл and whole. іеЛлател o¿ zei HbS 
ci KnquÂJUia іоіілаХа with іреслаЛ л.е̂ елеисе. to the acid-baie tiViatabZe 
luidueA [GÁJULen and R-tggi, 7973). 

Amino acid 

lysine 
h is t id ine 
arginine 
asparagine/aspartic 
glutamine/gl 
cysteine 
tyrosine 

utamic 
acid 

acid 

α-chain 

10 
5 
6 

15 
10 

1 
2 

ß-chain 

8 
5 
7 

15 
15 
2 
2 

tetramer 

36 
20 
26 
60 
50 
6 
8 

have provided much evidence for this hypothesis. The arguments for this 

hypothesis will be reviewed in the discussion (Section III.7). We may, 

however, summarize this point of view here by a brief description: Both 

ligand equilibrium and kinetic data provided evidence for the fact that at 

low pH the structure of these fish hemoglobins is locked in the low-affinity 

form, whereas at high pH the high-affinity structure prevails irrespective 

of the state of ligation. The analysis of our titration data may provide 

further evidence for this hypothesis. 

The analysis of the titration curves is based upon the amino acid com

position of the "fast" hemoglobin component of Anguilla rostrata (Gillen 

and Riggs, 1973). The acid-base titratable amino acids are summarized in 

Table III-6-2. 

Apart from the amino acid residues listed in Table III-6-2, some more 

groups are titratable in eel HbE^. All four subunits contain a terminal a-

carboxyl group, and each of the four heme groups has carboxyl groups which 

in hemoglobin point outwards from the so-called heme pocked into the solvent; 

these groups are generally considered to be titratable too. Each of the four 

subunits contains also a terminal α-amino group. Similar to eel HbE., in 

component HbE- the α-chain α-amino groups are blocked by an acetyl group 

(Gillen and Riggs, 1973); the ß-chain α-amino groups, however, are free. 

Their pK in the carboxy derivative was determined from the pH dependence 
a 

of the α-amino reactivity to FDNB at 20 С in 0.1 mol KCl/1. The results of 

a series of determinations are shown in Figure III-6-2. The initial slopes 

of the log(l - [X]/P
0
) versus time plots at several pH values are plotted 
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as t h e i r reciprocals versus proton concentration (1/KH versus [ H + ] ) . The 

correlat ion c o e f f i c i e n t of the l inear regression of the data in Figure I I I -

6-2 is 0.99. The intercept of th is l i n e with the [H+] axis y ie lds a pK of 
H a 

7.29; the intercept with the 1/K axis gives the f i r s t order rate constant 
of the FDNB binding react ion: к = 0.33 mol" sec" . A mean pK, value for 

Ο α 

the two α-amino groups of the B-chains was calculated from four independent 

determinations: 7.21 + 0.15. For the reaction rate constant к a mean value 

of 0.31 + 0.13 was found. Both pK and к are in the same range as reported 

for human hemoglobin and for isolated α-chains (Hill and Davis, 1967; de 

Bruin and Bucci, 1971). The normal pK value contrasts with the high pK 

a a 

value found in the carboxy derivative of eel HbE, (Section III.5). 

The sulfhydryl groups of the cysteines of HbE- have been titrated 

spectrophotometrically with the aid of p-CMB (Section III.4). These experi

ments revealed that all six sulfhydryl groups present (Table III-6-2) can 

be titrated in carboxylated HbE«. Probably they are also accessible for 

proton exchange in acid-base titrations. In deoxyhemoglobin the peak-to-

peak distance in the differential titration curve equals the number of 

titratable imidazole residues plus α-amino groups: 10.5 titratable neutral 

residues (n мм + η, ) thus are present. Two α-amino groups are titratable, 

and hence n, equals 8.5. The maximum positive charge in the native state 

is 72.5 according to equation III.5.2, using the data from Table III-6-2. 

The position of the left peak is at +3.5 and this charge equals Ζ - n
C O O H

. 
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Ралатгіги dzicAÍb¿ng the. i-LmuZtited tüt/LCutíon cu-xvai о^ dtoxij and салЬоку 
HbE2 -in 0.1 mot KCl/1 cut 7 5 0C. 

Deoxyhemoglobin 

number of t i t ratable 
groups in class i pKi 

Carboxyhemoglobin 

number of ti tratable 
groups in class i pK. 

28 
41 
10.5 

10 
66 

4.1 
4.3 
7.3 

9.7 
11.4 

28 
41 
8 
2 

40 
36 

5 
4.2 
6.4 
7.2 
10.2 
11.1 

From this equation the number of titratable C00H groups is calculated to 

be 69. According to the amino acid composition given in Table III-6-2 the 

number of amidated glutamines and asparagines is unknown, but can now be 

calculated to be 122 minus 69 = 53. 

Based upon the foregoing analysis we have calculated simulated titration 

curves; a reasonably good fit was obtained with the parameters given in 

Table III-6-3. Titration curves calculated with these parameters are re

presented as solid lines in Figure III-6-1. 

In the differential titration curve of deoxyhemoglobin it can be seen 

that the low value of -ΔρΗ/ΛΖ
Η
 between the two maxima, which is evident 

from the experimental points, is not found in the simulated curves. The 

differential titration curve can be calculated from the relationship: 

ΔρΗ _ 1 
ΔΖ

Η
 ~ 2.303 Σ n

i
a

i
 (1 - с^) 

i 

+ 0.868 w III.6.1 

It may be shown that the low minimum value of -ΔρΗ/ΔΖ,, cannot be accounted 

for by the 10.5 groups assumed to be titratable in the neutral pH range. 

The pronounced maxima in the differential titration plot require that the 

pK values of the acid and alkaline titratable groups are too far from the 
α 

neutral range to contribute significantly to the buffer capacity and hence 

to lower -ΔρΗ/ΔΖ
Η
 extensively. This result suggests that some other process 

is involved here. This may be the pH dependent binding of other ions than 

III-35 

http://de.ox.ij


S 

О 

6 7 8 9 

pH 

FiguAz ΠΊ-6-3 

Ψ-ίχζά-ααλά Haldanz zfäzct (ΔΖ̂  ел-ыа pH) o{¡ tal HbE? cU. {¡оил ái^viznt 
trnptnatuAU [ÌQ0, 15°, 20° and IS 0C) Ы 0.1 mol KCi/¿. 

protons, e.g. chloride ions, or some conformational change may occur in the 

pH range between 6.3 and 8.9. A conformational change may also account for 

the different positions of the peaks in the differential titration curves 

of deoxygenated and carboxyhemoglobin E ? at pH 8.9 and 8.2 respectively. 

The fixed-acid Haldane effect obtained from the titration curves of 

deoxygenated and carboxyhemoglobin £„ at several temperatures is given in 

Figure III-6-3. There is a considerable temperature dependence of the effect; 

the shifts of the curves to lower pH values and the decrease of the maximum 

values of ΔΖΜ with increase of temperature were also reported for human, 

bovine and horse hemoglobins (Antonini et al., 1965; Rossi-Bernardi and 

Roughton, 1967). At high pH (above pH 8) a slight negative effect is present 

at all four temperatures. A small negative fixed-acid Bohr effect at high pH 

was also found in oxygen binding studies of HbE
?
 (Gillen and Riggs, 1973; 

Weber et al., 1976) and in carp hemoglobin (Gillen and Riggs, 1972). 

There is a large maximum value of ΛΖ
Η
, which is more than 4 at pH 7.2 

in the curve at 10 С For comparison it may be recalled that in stripped 

human and bovine hemoglobin solutions ΔΖΜ does not exceed 2 and reaches a 

value of 4 only in the presence of the strong allosteric effector IHP (Bry-

gier et al., 1975). The large value of Δ Ζ
Η
 can be accounted for, according 

to our analysis of the titration curves of deoxy- and carboxyhemoglobin, by 

the pK change of eight titratable groups from 7.3 in deoxyhemoglobin to 
α 

6.4 in the carboxy der ivat ive. 
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The pH dependence of the oxygen affinity of eel HbE«, which is linked 

to the fixed-acid Haldane effect according to equation 1.15.1,was investi

gated by Gillen and Riggs (1973) and Weber et al. (1976). These studies in

dicated that the maximum value of лІодР^/йрН (the fixed-acid Bohr effect) 

of HbE
2
 is approximately -1.6 at 20

 0
C between pH 6.5 and 7.0. If the simpli

fied linkage equation holds (eq. 1.6.3), this yields a value of ΛΖ
Η
 = 6.4. 

The value of ΔΖ
Η
 determined by our experiments at 20 С is about 4. These 

conflicting results indicate that the simplified linkage equation is not 

valid in HbEp. This in turn implies that one or more of the assumptions 

listed in Section 1.15 do not hold here. 

Organic phosphates were shown to be powerful regulators of the oxygen 

affinity of HbE« of European and American eel and of similar Root-effect 

hemoglobins of other species of fish. In HbE
?
 of Japanese eel, however, only 

a minor effect of ATP was reported (Okazaki et al., 1974) on both oxygen 

affinity and cooperati vity of heme-ligand binding. The mode of interaction 

of organic phosphates with HbEp is such that both oxygen affinity and co-

operativity of heme-ligand binding are affected (Weber et al., 1975; Peter

son and Poluhowich, 1976). These studies, however, do not contribute any 

insight into the influence on the fixed-acid Bohr effect. In some other fish 

(e.g. carp and spot) the magnitude of the maximum fixed-acid Bohr effect of 

the Root-effect hemoglobin is hardly affected by the presence of endogeneous 

organic phosphates. Their sole role seems to be a displacement of the oxyqen 

affinity towards higher P ™ values, essentially by a horizontal dis

placement of the log P
5 0
 versus pH plot along the pH axis to higher pH 

values (carp hemoglobin: Tan et al., 1973; spot hemoglobin: Bonaventura et 

al., 1976). We investigated the influence of organic phosphates on the fixed-

acid Haldane effect of HbE
2
 at 15

 0
C in 0.1 mol KCl/l.The results are given 

in Figures III-6-4 (GTP), III-6-5 (ATP) and III-6-6 (IHP), in each case for 

three different pH values: 6.5 (o), 7.0 (D) and 7.5 ( Δ ) . With all three 

organic phosphates the maximal value of Δ Ζ
Η
 is increased from 4 to approx

imately 5; this rise in fixed-acid Haldane effect is relatively small as 

compared to the influence of organic phosphate on the effect of human hemo

globin, particularly in the case of IHP (Figure III-6-6). The effect of IHP 

is much the same as the effect of GTP; in both cases the initial slopes of 

the curves (at low i ™ and ij
H
p values) are similar and much steeper than 

in the case of ATP, particularly at pH 6.5 and 7.5. The greater effect of 

GTP and IHP as compared with ATP at low concentrations is in agreement with 
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the greater effect of GTP and ΓΗΡ on the oxygen affinity (Weber et al., 

1976). The initial rise and subsequent decrease of the effect at pH 7.0 

with increase in organic phosphate concentration probably indicates inter

action of the organic phosphates with both deoxygenated and carboxyhemo-

globin E
?
. At pH 7.5 the interaction with deoxyhemoglobin dominates except 

in the case of ATP. 

The interaction of GTP with carboxyhemoglobin was also evident from 

the influence of GTP on the FDNB binding to the a-amino groups of the 3-

chains: in the presence of a two-fold excess of GTP the apparent pK of 

a 

the α-amino groups is 6.74 instead of 7.21 determined in stripped hemoglo

bin. The reaction rate constant is decreased to 0.17 (0.31 in the absence 

of GTP). 

Ill .7. Discussion 

Hemog1 obin_dι stribution_in_fishes 

Heterogeneity of the erythrocytic hemoglobins, as found in our study of eel 

hemoglobin, is a widespread phenomenon among teleost fishes. There are, 

however, a few exceptions. The erythrocytes of spot (Leiostomus xanthurus), 

of goldfish (Carassius auratus) and probably also of Antimora rostrata con

tain only one single type of hemoglobin (Bonaventura et al., 1976; Vaccaro 

et al., 1975; Noble et al., 1975). In these cases the hemoglobins are char

acterized by a pronounced pH dependence of the oxygen affinity reminiscent 

of the Root effect. In many other fishes multiple hemoglobins are found 

which all share the properties of the Root effect. This is, for example, 

the case in carp (Cyprinus carpio; Gillen and Riggs, 1972), bowfin (Amia 

calva; Weber et al., 1976), lungfish (Protopterus amphibius; Weber et al., 

1977), Tilapia grahami (Lykkeboe et al., 1975) and in Cichlasoma cyanogut-

tatum((Baird and Girard) Gillen and Riggs, 1973b)). A third group of fish 

contains multiple hemoglobins which, however, lack the profound pH depen

dence typical for the Root effect. Cichlasoma cyanoguttatum (Gillen and 

Riggs, 1971, 1973b) and catfish (Pimelodus maculatus; Reischl, 1977) are 

two examples of this third group. In a fourth group of teleosts multiple 

hemoglobins occur in two classes with widely differing properties: one class 

typical for the Root effect and another class with a small pH dependence of 
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the ligand affinity. In this fourth group are found the American eel (An

guilla rostrata; Gillen and Riggs, 1973a), European eel (Anguilla anguilla; 

Itada et al., 1970), Japanese eel (Anguilla japónica; Yamaguchi et al., 

1962a), chum salmon(Oncorchynchus keta; Hashimoto et al., 1960),trout (Salmo 

irideus; Smotti et al., 1971), rainbow trout (Salno gairdneri; Lau et al., 

1975), loach (fam. Cobitidae, unknown species, Yamaguchi et al., 1963) and 

the sucker Catostomus clarkn (Powers and Edirundson, 1972a). 

The reason for the widespread heterogeneity of fish hemoglobins has 

generally been considered as a means to cope with the varying environmental 

requirements of their changing habitat. Another important aspect of oxygen 

transport in fishes is, however, related to the presence of an air sac (swim-

bladder) in most teleosts, which is filled with gases in order to maintain 

neutral buoyancy at the depth they occupy. The strong pH dependence of the 

oxygen affinity (Root effect) associated with one or more hemoglobins in 

teleosts is supposed to regulate the swimbladder filling (see Introduction, 

Section III.l). Other, less pH-dependent hemoglobins, may deliver oxygen to 

the tissues, though these hemoglobins might also be engaged in the adaptation 

to changing salt concentrations in migratory species like eel and salmomdae 

(Poluhowich, 1972). 

Methemoglobin_in_fish 

In many studies of fish hemoglobins considerable amounts of inactive hemo

globin (methemoglobin) were found. In some cases concentrations as high as 

24°̂  were reported (Poluhowich, 1972, Cameron, 1971), whereas in mammalian 

erythrocytes methemoglobin generally does not amount to more than 1% of the 

total erythrocytic hemoglobin content. There is no ready explanation for 

this phenomenon. It may be inferred from cases of low methemoglobin levels 

in fish that the methemoglobin reductase system as such is active; other

wise all hemoglobin should ultimately be converted to methemoglobin. 

Furthermore the methemoglobin content was shown to decrease steadily again 

after its initial formation in trout (Salno irideus; Cameron, 1971). In eel 

erythrocytes primarily the Root effect hemoglobin has been reported to occur 

as methemoglobin (HbE?) (Poluhowich, 1972). In our electrophoretic patterns 

of eel erythrolysates there was no evidence of considerable amounts of 

methemoglobin, except that HbE, (found occasionally in some eels) might be 

the oxidized form of HbE?, a point not investigated here. In stripped eel 

HbE? solutions the formation of methemoglobin was much more rapid than in 
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bovine hemoglobin solutions; storage of eel hemoglobin solutions during 

more than 24 hours resulted in methemoglobin levels of more than 15%. This 

methemoglobin precipitated readily, particularly in isoionic solutions. 

Precipitation of acid methemoglobin was reported also for HbE
?
 from Japa

nese eel (Hamada et al., 1964), and also was found in our earlier studies 

of hemoglobins from the thick-lipped mullet (Crenimugil labrosus, Risso). 

Autoxidation was less when EDTA was added to chelate metal ions like copper 

which was shown to catalyze the oxidation of ferrous to ferric (met) hemo

globin (Rifkind, 1974). Isoionic eel hemoglobin solutions were generally 

used within one day after column chromatographic separation, and the methe

moglobin formed amounted to less than 10%. 

The reported structural heterogeneity of many fish erythrolysates is respons

ible for several characteristic features of eel blood and eel erythrolysates 

due to the concomitant functional heterogeneity of the hemoglobins. Probably 

this functional heterogeneity is also responsible for the original erroneous 

interpretation of the Root effect by early investigators (Root, 1931; Scho-

lander and van Dam, 1954). Originally the Root effect was interpreted as a 

pronounced decrease of the blood oxygen capacity: " .... it would appear as 

if carbon dioxide affected not only the oxygen dissociation constant of the 

hemoglobin, but, also, that the quantity of oxygen with which the hemoglobin 

can combine is reduced by the presence of carbon dioxide" (Root, 1931). 

This conclusion is suggested by the fact that oxygen equilibrium curves of 

fish blood at low pH (high carbon dioxide tension) seem to level off at cer

tain levels of saturation (at Y = 75% in toadfish (Opsanus tau, Linnaeus), 

25% in sea robin (Prionotus carolinus, Linnaeus); Root, 1931). Similar phe

nomena were shown to occur in later studies, for example in eel erythrolysate 

(Yamaguchi et al., 1962a). In the latter study this effect was shown to be 

composed of simultaneous pH independence of the oxygen binding of component 

S, and strongly pH-dependent ligand-binding characteristics of component F. 

The oxygen equilibrium curves of the pH-dependent component F seem to level 

off, but this effect is caused by the simultaneous decrease of oxygen affin

ity (increase of Ρ
ς 0
) and decrease of the slope of the Hill plot (

n
uiii) to 

values well below 1, rather than by a decrease in oxygen capacity. In this 

type of ligand binding curve full saturation of the hemoglobin with ligand 

is attained only at very high ligand concentration, and these curves seem 

III-41 



to level off. Comparison of the oxygen equilibrium curves of the separated 

compounds and eel erythrolysate clearly indicates that the curves of ery-

throlysate are biphasic at low pH values. We therefore conclude that the 

Root effect does not result from a proton-induced lowering of the oxygen 

capacity of fish blood, but rather is caused by a simultaneous decrease in 

oxygen affinity and oxygen binding cooperativity of at least one of the hemo

globin components contained in the fish red cells. 

Iw9_structural_explanations_for_the_Root_effect_of_f^ 

The undulating oxygen equilibrium curve characteristic for fish blood and 

fish erythrolysates is to a minor extent also found in,for example,component 

F of Japanese eel hemoglobin (Yamaguchi et al., 1962a). Undulating oxygen 

equilibrium curves were also reported for spot hemoglobin (Leiostomus xan-

thurus; Bonaventura et al., 1976) below pH 6.5 the Hill plots show inflec

tions, and Пи·-,, values near one at 25?« and near 2 at 75І saturation. The 

pH at which undulation occurs was shifted to higher values in the presence 

of organic phosphates. Furthermore the effect was the same for oxygen and 

carbon monoxide binding.Undulation was also observed on carp hemoglobin 

(Cyprinus carpio; Tan et al., 1972) but whereas here too the slope of the 

Hill plot was 1 at low saturation (Y < 20%), at higher saturation (20 < Y 

< 85/Ó) the slope was about 0.75. In hemoglobin solutions of trout hemoglobin 

fraction IV (Salmo irideus; Binotti et al., 1971) n r n at low pH drops below 

unity; a value of 0.80 was found at pH 6.12. 

Hygothesis_I 

Several explanations have been offered for this evidently widespread be

havior of fish hemoglobins, which seems to be closely related to the nature 

of the Root effect. Intermolecular heterogeneity can safely be excluded in 

most cases. Negative and anti-cooperativity of oxygen equilibrium binding 

may account for Пг
П
 values below unity, but undulating oxygen equilibrium 

curves may be better explained by assuming intramolecular heterogeneity, 

i.e. varying oxygen equilibrium properties of the constituting hemes. 

Different oxygen affinities of a- and s-chain hemes at low pH may arise 

from different pH dependences of the oxygen affinities of both chains, 

since at higher pH values no pronounced chain heterogeneity and high values 

of the slope of the Hill plots are found. This hypothesis was tested by 
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several experiments which will be briefly discussed here. 

In carp hemoglobin solutions the time course of carbon monoxide binding 

to deoxyhemoglobin at pH 7.0 shows wavelength dependence in the Soret re

gion of the spectrum between 420 and 440 nm (Tan et al., 1973a). This find

ing is consistent with the contention that two different binding sites with 

slightly differing carboxy spectra (some 2 nm apart) combine with carbon 

monoxide at different reaction rates (k, and k
?
) . The two different sites 

can be identified with the hemes of the a- and the 3-chains; under most con

ditions some 5-fold difference in reaction rates was obtained. Both k, and 

k
?
 decreased considerably with a decrease in pH. In unstripped carp hemoglo

bin solutions the ratio к̂ /к̂ , was 4.8, 3.3 and 5.0 at pH 5.4, 7.0 and 8.1 

respectively; in stripped hemoglobin solution the ratio was 5.6 at pH 5.6. 

Hence we cannot be sure whether this difference in rate constants is pH 

dependent or not. 

Different pH dependence of the kinetics of two classes of hemes in 

spectrophotometric kinetic experiments similar to those on carp hemoglobin 

was, however, found in spot hemoglobin (Leiostomus xanthurus) by Bonaven

tura et al. (1976). Similar to carp hemoglobin the fast-reacting binding 

site absorbed at lower wavelength than the rapidly reacting site in spot 

hemoglobin, but at pH 7.0 the reaction rates differed two-fold, whereas 

at pH 6.0 the ratio k,/k
2
 was about 7. In analogy with human hemoglobin the 

rapidly reacting binding site in carp and spot hemoglobin was identified 

with the 3-, and the slow phase with the α-chains. 
13 

In C-NMR experiments Giacometti et al. (1976) investigated resonances 

in the carboxy derivative of hemoglobin component IV of trout (Salmo iri-
13 

deus). Two resonance peaks of bound CO were found (as in human hemoglobin) 

but, in contrast to the resonances in human hemoglobin, the peaks of trout 

НЫ were found to shift depending on pH, one peak shifting much more than 

the other. These results indicate a functional difference between the two 

CO-binding sites; this difference was shown to be due to pronounced changes 

at the CO-binding sites themselves. 

Similar pH dependence of resonances in the carboxy derivative of the 

single hemoglobin of goldfish (Carassius auratus) have been reported by Viti 

et al. (1977) who furthermore found the resonance peak of valine Ell in the 

PMR spectrum of carboxy hemoglobin to be shifted depending on pH. Valine 

Ell is positioned at the distal side of the heme pocked, and the observed 

shift of the proton resonance peak may be related to a conformational change 
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at the heme pocket of at least one subum't of goldfish HbCO. Giacometti et 
13 

al. (1976) assigned the peak with the largest shift in the C-NMR spectrum 

of trout Н Ы (CO) to the subunit with the lowest ligand affinity. 

We ourselves also found support for this hypothesis. When we allowed 

carbon monoxide to react in a thermostated vessel with a solution of deoxy-

genated HbE« of pH 6.5 in the presence of organic phosphate, we always ob

served a non-monotonic pH change as illustrated in Figure III-7-1. 

In the absence of GTP the pH immediately decreased (proton release), where

as when GTP was present the pH first rose (proton uptake) and thereafter 

decreased below the original level, with a net release of protons. We inter

pret these results by assuming that two different ligand-binding sites with 

different ligand affinities are present, whose ligand bindings are associat

ed with proton uptake and proton release respectively. 
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Hygothesis_II 

An alternative explanation for the Root effect of fish hemoglobins was 

suggested by ligand equilibrium and kinetic experiments on the hemoglobins 

of carp and trout. Oxygen and carbon monoxide equilibrium studies of carp 

hemolysate reveal two plateaux in the Bohr curves (log P
5 0
 versus pH), one 

at low pH (pH < 6) with low ligand affinity, and the other at high pH (pH 

> 8) with high ligand affinity (Tan et al., 1972). Concomitantly the Hill 

constant Пм ,-, varies in such a way that at both tne low affinity and the 

high affinity plateau the apparent cooperativity is minimal (values of n
H
 ,, 

slightly below or above unity respectively). A similar pH dependence was 

found for the oxygen and carbon monoxide dissociation rate constants (k and 

1- respectively): at low pH (pH < 6) к and 1. are high compared to the 

values at high pH (pH > 7.5), к and 1. reach a plateau at both extremes of 

the pH scale. The pH dependence of the ligand affinity was shown to be shift

ed to higher proton concentrations in stripped hemolysates of carp where 

endogeneous organic phosphates were absent. The plateau with nign ligand 

affinity occurred at lower pH values, but remained at the same levels of 

ligand affinity and ligand dissociation rate constant (Tan et al., 1973a). 

These findings were interpreted as a pH- and organic phosphate-dependent 

stabilization of one of the two conformational states (T at the low and R 

at the high affinity plateau). In terms of the two-state model proposed by 

Monod, Wyman and Changeux (1965) (the so-called MWC model) for ligand bind

ing to hemoglobin it may be concluded that tne equilibrium 

Τ ^ ^ R III.7.1 

is influenced by proton and organic phosphate concentrât1on (stabilization 

of the Τ state), the allosteric constant L (= R /Τ , describing the equi

librium between the two states in deoxygenated hemoglobin) is strongly 

affected by protons and organic phosphates. 

There is some more evidence for this hypothesis. 

Sharonov and Sharonova (1976) showed in a magneto-optical dispersion 

study of carp deoxyhemoglobin a pH and organic phosphate dependence of tne 

magneto-optical dispersion spectrum. They interpreted their results in 

terms of the two-state model. According to their analysis, at high pH val

ues (between 8.5 and 10.5) a considerable fraction (40o) of the deoxyhemo

globin molecules is in the high-affinity conformation (T state), whereas 
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at low pH (below 7.5) pure T-state hemoglobin is found. The transition be

tween Τ and R state is shifted to higher pH values by the presence of IHP; 

the fraction of R-state conformation at high pH is, however, equal to this 

fraction in the absence of organic phosphate. 

It was reported by Dickinson and Chien (1977) that the modes of inter

action of protons and organic phospnates with carp hemoglobin are different. 

Their study indicates that protons change the quaternary structure, where

as the effect of IHP is more marked at the tertiary structural level. 

In unstripped carp erythrolysate identical (slo.i) carbon nonoxide bind

ing rates are found for binding to partially and fully unsaturated hemoglo

bin at pH 5.5. This suggests the absence of those structural differences 

between partially and fully unliganded hemoglobin which at neutral pH 

account for different CO binding rates. At high pH in both stripped and 

unstripped carp erythrolysate identical, albeit rapid, ligand binding rates 

are found for partially and fully unliganded nemoglobin. 

In rainbow trout (Salmo gairdnen) the same behavior was found for com

ponent 3 at low pH (pH 5 and 6) (Lau et al., 1975), and also in the single 

hemoglobin of Antimora rostrata in the presence of IHP at pH 6 and 6.9 

(Noble et al., 1975). 

A pronounced influence of pH on the allosteric equilibrium (eq. III-

7-1) was also inferred from the non-linear proton release from menhaden 

hemoglobin (Brevoortia tyrannus) upon binding of heme ligands (Saffran and 

Gibson, 1976). At pH 6.22 oxylabile proton release lags behind, and at pH 

7.91 proton release leads CO uptake. In terms of the two-state model this 

implies that at the low pH a quaternary structural change occurs after most 

ligand is bound (stabilization of the Τ state), and at the high pH the change 

in quaternary structure occurs when only minor ligand has been bound (sta

bilization of R state). The validity of the conclusions of Saffran and 

Gibson may, however, be questioned. In their study proton release was stud

ied by photometric detection of the indicator dye phenol red. It. has been 

reported that another indicator dye (brom thymol blue) interacts strongly 

with hemoglobin (and thus is not suitable for measuring proton release) 

(Antonini et al., 1963). Therefore we tested the possible interaction of 

phenol red with eel HbE
?
 and found a considerable decrease of the fixed-

acid Haldane effect as a result of the addition of phenol red at pH 6.5 

(Figure III-7-2). 

This decrease of the fixed-acid Haldane effect of eel HbE
?
 by phenol red is 
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similar to the way organic phosphates influence the Haldane effect at pH 

6.5 (Section III.8). Ae conclude that phenol red interacts differently 

with deoxy- and liganded hemoglobin and interferes with ligand-labile 

proton binding. Our findings thus question the validity of the conclusion 

by Saffran and Gibson (1976) since the structure of phenol red suggests 

the possibility of an electrostatic interaction with charges on the hemo

globin molecule. 

Figline. III-7-3 
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Phenol red at mildly acid pH has one positive and about two negative charg

es. The sulfonic group has a low pK , and for the two phenolic groups we 
Q 

determined pK values of about 5.7 and 9.5 respectively at 15
 0
C in 0.1 mol 

α 

KCl/1. So at pH 6.5 phenol red is a polyamon which may interact with hemo

globin in the same way and perhaps at the same site as other organic poly-

amons do. 

The two mechanisms proposed to explain the nature of the Root effect (pH 

and organic phosphate dependent chain heterogeneity or stabilization of one 

of the quaternary structures) cannot,each by itself.account for all the par

ticular properties of the Root effect. A complete explanation probably re

quires a synthesis of these two points of view. 

This synthesis should, however, allow for varying contributions of the 

two constituent phenomena to the Root effect of the hemoglobins of the res

pective fish species. 

The typical pH-dependent decrease in cooperativity of oxygen binding 

to carp hemoglobin, which levels off to a value close to unity for the Hill 

coefficient on a plateau of constant nigh oxygen affinity, is not found in 

trout Hb IV where a similar high-affinity plateau occurs, which is, however, 

characterized by high cooperativity of ligand binding. A low-affimty pla

teau (no Bohr effect) with low cooperativity (ηη,-ιι close to unity) is found 

in carp hemoglobin at low pH, but in rainbow trout Hb 3 a negative fixed-

acid Bohr effect is found under the same conditions (in the absence of 

cooperativity) (Lau et al., 1975). The latter effect (in rainbow trout Hb 

3) may be accounted for by assuming no quaternary structural change upon 

oxygen binding at low pH (no cooperativity), but considerable structural 

changes at the tertiary structural level (which may cause a change in proton 

binding). Our titration data on eel HbE
?
 indicate too that at low pH the 

titration curves of deoxy-and carboxyhemoglobin are different and hence 

that the structures (at the tertiary and/or quaternary level) are different 

at low pH. The Root-effect hemoglobin of the catostomid fish Catostomus 

clarkn shows a pronounced decrease of the oxygen affinity by ATP, which 

at low pH results in a low-affimty level in the Bohr plot (logP™ versus 

pH). This level is, however, found at lower oxygen affinity than in the 

absence of organic phosphate (Powers and Edmundson, 1972a). This is unlike 

carp hemoglobin and seems not in accord with the strict Τ ,̂ R stabi li-

III-48 



zation hypothesis. So it may be expected that carp hemoglobin is a hemoglo

bin whose properties are explained by a model closer to the model of hypo

thesis II as compared with, for example, trout and eel hemoglobin. 

Further studies should be directed to the detection of, and distinction 

between, changes in the quaternary and tertiary structures. These studies 

should involve the Root effect hemoglobins of the different fishes which 

showed different functional properties in order to elucidate the variability 

of the contributions of the two proposed mechanisms to the Root effect. 

For none of the fish hemoglobins whose functional properties have been 

extensively studied, complete primary structural data are available. Par

tial sequences are known for carp hemoglobin (Hilse and Braunitzer, 1968), 

trout hemoglobin IV (Bossa et al., 1976), and a hemoglobin from the sucker 

Catostomus clarkii (Powers and Edmundson, 1972b). Knowledge of the primary 

structure is of prime importance for a better understanding of the nature 

of the Root effect. 

Conclusions 

At the end of this report on the binding of protons and organic phosphates 

to hemoglobins of European eel (Anguilla anguilla L.) we may summarize our 

conclusions from this study as follows: 

1. The titration curves of deoxygenated and oxygenated stripped eel erythro-

lysate show a low buffer capacity as compared to human hemoglobin. We con

clude this to be responsible for the low buffer capacity of whole eel blood 

as compared to human blood. The low buffer capacity is a property much more 

prominent in one of the separated eel hemoglobin components (called HbE, ) 

than in the other (called HbEp). 

2^ Apart from the separated hemoglobins HbE, and НЬЕ^, in some cases a third 

eel hemoglobin (HbE
3
) was electrophoretically separated from eel erythro-

lysate. 

3. Free sulfhydryl titration with p-CM3 yielded no titratable SH groups in 

carboxy HbE, and six titratable SH groups in carboxy HbE
2
. 

4. Comparison of the titration curves of deoxy and carboxy HbE. indicates 

that the negative fixed-acid Haldane effect found in the alkaline pH range 

is caused by a pK, shift of two groups from 7.2 in deoxy- to 8.3 in carboxy-
α 

hemoglobin. Possibly this group is the a-amino group of the ß-chains. 
5. Titration curves and fixed-acid Haldane effect of HbE, are rather in-
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sensitive to varying salt concentrations. 

6. At pH 7.0 the negative fixed-acid Haldane effect of HbE, disappears upon 

addition of GTP, the predominant organic phosphate found in eel erythro

cytes. 

7. The titration curve of deoxy HbE
2
 indicates a possible structural change 

of this hemoglobin in the pH range between 6.0 and 8.9. 

8. A positive fixed-acid Haldane effect is present in HbE
?
 at neutral and 

alkaline pH, whose temperature dependence is similar to that found in human 

and horse hemoglobin. This Haldane effect has a maximum value of t\lu of 
π 

about 4; this value is large as compared to the effect in mammalian hemo

globins and can be explained (according to our analysis) by a pK change 

of eight titratable groups from 7.3 in deoxy- to 6.4 in carboxyhemoglobin. 

The fixed-acid Haldane effect is, however, small as compared to the fixed-

acid Bohr effect of this hemoglobin as reported in the literature. 

9. Organic phosphates (GTP, ATP and IHP) were shown to influence the fixed-

acid Haldane effect of HbE^ at pH 6.5, 7.0 and 7.5. Interaction of organic 

phosphate with both deoxygenated and liganded HbE, is likely to occur. 
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S U M M A R Y 

This thesis describes a study of the interaction of H ions and organic 

phosphate ions with the hemoglobins of newborn and adult cow (Bos taurus, 

L.) and the two hemoglobins occurring in eel erythrocytes (Anguilla anguilla, 

L.)· The interaction of H ions and organic phosphates with hemoglobins in 

many species provides a powerful regulatory mechanism for hemoglobin-oxygen 

binding and oxygen transport, and accordingly H ions and organic phos

phates are called effectors. Both effectors lower the affinity of hemoglo

bins for oxygen, as was shown in studies on various species, particularly 

man. The modes of interaction of these effectors have largely been eluci

dated; amino acid residues on the hemoglobin molecule involved in these 

interactions have been identified in human hemoglobin. 

In the present study we intended to investigate the interaction of 

effectors with hemoglobins whose structure is known to be altered at these 

identified sites of interaction. Bovine hemoglobins were cnosen for the 

reported low influence of organic phosphates on their oxygen affinity, 

which has been explained by the deletion of positively charged amino acid 

residues at the organic phosphate binding site, as conpared to human hemo

globin. Eel hemoglobins were chosen as examples of fisn hemoglobins in 

which one type of hemoglobin was reported to have low sensitivity of oxygen 

affinity to H ions, whereas another type has a very marked pH sensitivity 

as compared to human hemoglobin. 

Our experiments showed pronounced interaction of organic phosphates 

with both newborn and adult bovine hemoglobins as derived from the influence 

of organic phosphates on the H ion binding between deoxy- and oxyhemoglobin 

and on the difference in H -ion binding between deoxy- and oxyhemoglobin 

(the so-called fixed-acid Haldane effect). The influence of organic phos

phates on the affinity of bovine hemoglobins for oxygen is small, as was 

reported in the literature, but increased at higher H ion concentration. 

Hence organic phosphates could be shown to influence the pH dependence of 

the oxygen affinity (fixed-acid Bohr effect) to the same extent as they do 

the fixed-acid Haldane effect. The oxygen affinity of the stripped newborn 

bovine hemoglobin solutions was shown to be higher than that of adult bovine 

hemoglobin, but similar fixed-acid Haldane and Bohr effects were found. In 

isoelectric focusing experiments the erythrocytes of newborn calves were 

shown to contain variable amounts of adult bovine hemoglobins, but further-
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more revealed extensive heterogeneity not reported in the literature before, 

with predominance of one type. The comparison of titration curves of new

born and adult bovine hemoglobin revealed structural differences between 

the two hemoglobins, which could, however, not be accounted for by the 

differences in amino acid composition reported for these hemoglobins. 

Furthermore, two types of titration curves of newborn calf hemoglobin were 

found, indicating variations of the patterns of distribution of newborn 

bovine hemoglobins. 

The titration of the hemoglobin content of the erythrocytes of eel 

indicates a low buffer capacity (also reported for eel blood) as compared 

to human and other mammalian hemoglobins. Two (and in some cases three) 

hemoglobins can be separated from eel erythrolysate (HbE, and HbE„ (plus 

HbE
3
)), which show highly divergent properties. HbE, has a high isoiomc 

pH (approximately 9 ) , no free sulfhydryl groups and a small and negative 

fixed-acid Haldane effect (uptake of protons on binding of heme-ligand to 

deoxyhemoglobin at neutral pH), which is abolished by GTP (the predominant 

organic phosphate in eel erythrocytes) at pH 7.0. 

The fixed-acid Haldane effect of HbE, could be accounted for by particular 

pK changes of titratable groups (obtained from a comparison of the titra-
α 

tion curves of deoxy- and carboxyhemoglobin), even thougn reported primary 

structural data indicate the absence of the groups responsible for the 

effect in human hemoglobin. HbE« is an eel hemoglobin with lower isoelectric 

pH than HbE,, with six titratable SH groups , and possesses a large positive 

fixed-acid Haldane effect at neutral pH. This effect could largely be des

cribed by pK changes of eight neutral groups, obtained from the titration 

curves of deoxy- and carboxy hemoglobin, but this interpretation is com

plicated by probable pH-dependent structural changes in the neutral pH 

range of deoxyhemoglobin (and possibly also of carboxyhemoglobin). Con

siderable influence of organic phosphates on the fixed-acid Haldane effect 

was found in the neutral pH range, indicative for binding of organic phos

phates to both deoxy- and carboxyhemoglobin. 
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S A M E N V A T T I N G 

Het in dit proefschrift beschreven onderzoek gaat over de binding van zuur

stof (eventueel in plaats hiervan koolmonoxide (CO)), waterstof ionen (H -

ionen) en de in de rode bloedcellen van de meeste dieren voorkomende z.g. 

organische fosfaat-ionen aan de henoglobines uit de rode bloedcellen van 

pasgeboren en volwassen runderen (hoofdstuk II) en van palingen (hoofdstuk 

III). In het inleidende hoofdstuk (hoofdstuk I) wordt een overzicht gegeven 

van de wijze waarop de binding van zuurstof in menselijke rode bloedcellen 

aan hemoglobine van de mens plaatsvindt. Daarnaast worden de verschillende 

mechanismen behandeld die in de rode bloedcellen werkzaam zijn om deze zuur

stofbinding te regelen. De voornaamste regulatoren (ook wel effektoren ge

noemd) zijn: koolzuurgas (C0 ?), H -ionen en organische fosfaat-ionen. Hun 

concentraties kunnen onder invloed van variërende omstandigheden in het 

lichaam of in de omgeving van het lichaam variëren. Bij hogere concentra

ties zullen deze effektoren de zuurstofbinding sterker beïnvloeden. De in

vloed van die concentratieveranderingen van effektoren op in het biezonder 

de zuurstofbinding, vormen het mechanisme om de zuurstofvoorziening van het 

lichaam aan de behoeften aan te passen. 

De wijze waarop de effektoren zuurstofbinding aan menselijk hemoglobine be

ïnvloeden komt kort gezegd hierop neer: de effektoren binden onder fysiolo

gisch normale omstandigheden bij voorkeur aan een hemoglobine molekuul waaraan 

geenzuurstof gebonden is. De struktuur van zuurstofvnj hemoglobine (deoxy-

Hb) is verschillend van de struktuur van met zuurstof verzadigd hemoglobine 

(oxyHb), en de binding van effektoren belemmert hierdoor de overgang van 

deoxyHb naar oxyHb. Omgekeerd echter betekent dit ook dat de overgang van 

deoxyHb naar oxyHb gepaard gaat met het afstoten van een deel van ieder der 

gebonden effektoren. 

De plaatsen waar de effektoren op het hemoglobine molekuul binden zijn ge

durende de laatste tien jaren, met behulp van diverse chemsche onderzoeks

methoden gekarakteriseerd en blijken elkaar gedeeltelijk te overlappen. 

Zo heeft de binding van organische fosfaat-ionen vermindering van de bin

ding van C0 ? tot gevolg. Binding van diezelfde organische fosfaationen kan 
+ 

echter, afhankelijk van de H -lonen-koncentratie een vermindering van de 

gebonden H -ionen (bij hoge zuurgraad,lage pH) of een toenarre van de gebon

den H -ionen (bij lage zuurgraad .hogere pH) tot gevolg hebben. 

De afname van H -lonen-binding door binding van zuurstof (of koolmonoxide, 
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waardoor Hb(CO)ontstaat) wordt het H_-Haldane_effekt genoemd, het omgekeerde 

effekt van de pH op de zuurstofbinding heet het H_;Bohr_effekt. De grootte 

van deze effekten zijn afhankelijk van de zuurgraad, en bereiken maksimale 

waarden in het voor de fysiologie normale gebied. De genoemde onderlinge 

beïnvloeding van H -lonenbinding en organische fosfaat-ionenbinding heeft 

tot gevolg dat zowel het H -Haldane effekt als het H -Bohr effekt in grootte 

beïnvloed worden door organische fosfaat-ionen; we spreken dan van het or

ganisch fosfaat;ge2nduceerde_extra_H_;Haldane_effekt, respektievelijk :Bohr 

effekt. 

Runderhemoglobi nes. 

De hémoglobines van pasgeboren runderen en van volwassen runderen (respek

tievelijk met HbF en HbA aan te duiden) zijn ten aanzien van de genoemde 

effektor-interakties interessant vanwege de struktuurverschillen tussen 

menselijk hemoglobine en de beide runderhemoglobines. In het biezonder geldt 

dit ten aanzien van de bindingsplaats voor organische fosfaat-ionen, welke 

in runderhemoglobine minder geschikt blijkt voor binding van deze ionen. 

Een andere biezonderheid is dat bij volwassen runderen weinig organische 

fosfaat-ionen in de rode bloedcellen voorkomen, terwijl in pasgeboren kal

veren de koncentratie hiervan tijdelijk hoog is. Het blijkt uit deze studie 

dat organische fosfaat-ionen veel minder invloed op de zuurstofbinding van 

underhemoglobines hebben dan bij menselijk hemoglobine, hoewel echter de 

invloed op het H.:Haldane_effekt en het H_;Bohr_effekt m e t te verwaarlozen 

is. We vinden bovendien een zeer sterke toeneming van H -lonenbinding bij 

binding van organische fosfaat-ionen, zowel aan deoxyHb als aan HbCO. Ten 

aanzien van deze eigenschappen lijken HbF en HbA sterk op elkaar. 

De zuurstofoverdracht van moeder naar ongeboren kalf, in de placenta, vindt 

plaats tengevolge van sterkere zuurstofbinding van HbF in vergelijking met 

HbA, doch in tegenstelling tot de situatie bij de mens, spelen organische 

fosfaat-ionen daarbij een veel geringere rol. De hémoglobines van pasgeboren 

kalveren en volwassen runderen werden ook vergeleken ten aanzien van de bin

ding van H -ionen bij verschillende H -ionen koncentraties, dus variërende 

zuurgraad (de zogenaamde titratie_kurve). De bij de titratie gevonden ver

schillen tussen HbF en HbA komen m e t overeen met de verschillen in struk-

tuur die uit de literatuur bekend zijn. Bovendien blijken de titraties van 

de hémoglobines van verschillende pasgeboren kalveren m e t alle identiek, 

wat duidt op het voorkomen van verschillende soorten HbF. Deze heterogen!; 

teit werd bevestigd door scheiding van diverse HbF soorten door isoelektro-
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focusing (een scheidingsmethode waarbij gebruik gemaakt wordt van een elek

trisch spanmngsverschil om de diverse hémoglobines - met verschillende 

hoeveelheden gebonden H -ionen - van elkaar te scheiden), waarbij tot negen 

verschillende typen HbF konden worden aangetoond, naast variabele hoeveel

heden van volwassen runderhemoglobmetypen. 

Pal ιnghemoglobi nes. 

In de rode bloedcellen van palingen komen twee (soms echter drie) typen 

hemoglobine voor. De twee meest voorkomende typen hebben we afzonderlijk 

bestudeerd. 

Het eerste type (HbE,) heeft een klem H_;Haldane_effekt, dat bovendien an

ders dan in menselijke runderhemoglobine onder fysiologische omstandigheden 

negatief is: sterkere H -lonenbinding aan oxyHb (en Hb(CO)) dan aan deoxy-

Hb. In aanwezigheid van guanosine-trifosfaat (het organisch fosfaat-ion dat 

overwegend in rode bloedcellen van paling voorkomt) verdwijnt het H_-Haldane 

EÍf§!íí vrijwel geheel. De identiteit van groepen, die verantwoordelijk zijn 

voor het H -Haldane effekt is zeer waarschijnlijk totaal verschillend van 

die bij menselijke en runderhemoglobine. Uit de ίιΐΓ§ίΐ§ v a n
 ^ E , hebben 

we enige karakteristieken van deze groepen verkregen. 

Uit onafhankelijke metingen (zuurgraad-afhankelijkheid van de reaktie met 

fluoro-2,4-dimtrobenzeen) blijkt dat de eindstandige amino-troepen van de 

S-ketens in Hb(C0)E
1
 een zeer hoge pK hebben (~ 8,3). Blijkens de analyse 

van de titratiekurven hebben deze groepen een normale pK (= 7,2) in deoxy-

HbE,. Dit betekent dat de eindstandige amino-groepen van de ß-ketens bij fysio

logisch normale zuurgraad (in afwezigheid van organische fosfaat-ionen) 

sterker Η -ionen bindt in Hb^OJE, dan in deoxyHbE.. We nemen dan ook aan 

dat deze groepen mede verantwoordelijk zijn voor het negatieve H -Haldane 

effekt van HbE,. 

Het tweede type palinghemoglobine (HbE
?
) vertoont een, in vergelijking met 

het menselijk en andere zoogdierhemoglobines, uitzonderlijk groot H_;Ha}dane 

effekt. Maksimaal worden tot vier H -ionen per hemoglobine moleduul afgege

ven bij de overgang van deoxyHb naar 4b(C0), terwijl bij de zoogdierhemo

globines een maksimum van twee H -ionen normaal is. De analyse van de titra

tiekurven van deoxyHbE« en Hb(CÜ)Ep geeft enige grond aan de veronderstel

ling dat bij de fysiologisch normale zuurgraad ongeveer acht groepen voor 

dit effekt verantwoordelijk zijn; dus meer h -ionen binden in deoxyHb dan 

in Hb(CO). Een komplicerende faktor in deze analyse is echter dat mogelijk 

het deoxyHb-molekuul (en blijkens de literatuur waarschijnlijk ook het 
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Hb(CO)-molekuul ) niet dezelfde struktuur bezit over het gehele zuurgraad

gebied waarover de titratie werd uitgevoerd. Dit laatste feit maakt dat de 

analyse van deze titratiekurven_met enige reserve moet worden benaderd. 

Organische fosfaat-ionen blijken ook bij HbE? een invloed te hebben op het 

t!.:b§Idar!e_effekt: ze verschuiven de ligging van het maksimum naar lagere 

zuurgraad, en geven een geringe verhoging van het effekt. In de diskussie 

van hoofdstuk III wordt onder meer aan de zuurgraad-afhankelijke struktuur-

verandering van HbE? aandacht besteed in het licht van het in de literatuur 

beschreven gedrag van soortgelijke hémoglobines, voorkomend in het bloed 

van andere vissoorten. Deze hémoglobines, zoals HbE? in paling zijn in 

vissebloed verantwoordelijk voor het in de literatuur beschreven zogenaamde 

Root-effekt: de zeer sterke verlaging van de zuurstofbinding aan hemoglo

bine bij binding van H -ionen. Dit gebeurt met name op de plaats waar de 

bloedstroom de zwemblaas,die ervoor zorgt dat de vis kan blijven drijven, 

nadert. Hier wordt melkzuur (dat de zuurgraad sterk verhoogt) in het bloed 

gebracht. Dit resulteert in een grote overdracht van zuurstof van het bloed 

naar de zwemblaas. 
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S Γ I I I I M G F Ν 

1. Het Root effekt bij vissehemoglobincb dient gezien te worden als een 

verlaging van de zuurstofaffiniteit, onder invloed van protonen en 

organische fosfaten, met behoud van de zuurstofaffiniteit 

''/Foot, R.W. (1961) Вгоі. ύλΙΙ. П_, Г?7-ІЬ6) 

2. Aangezien de strukturcle en funktioncle eigenschappen van hemoglobine 

van pasgeboren runderen niet met elkaar overeenstemmen, en gezien ook 

de heterogeniteit гап dit hemoglobine, is hernieuwd struktuuronderzoek 

noodzakelijk 

(ЗаЬт, J.¿. (TJGC) ΐηoancru ί-i'y o, 1ÎJ7-1S10) 

Ъ Voor een goed funktioneren van de zwemblaas tij de paling is een 

geringe bufferkapaciteit van hémoglobine en bloed vereist 

(CtPP,-, J.B. (196?) Acta іЬувго^. Caavd. о^, ΤΓ4-1/β) 

4 Het gebruik \an fcnolrood bjj onderzoek van zuurstofgevoel ige proton-

b m d m g aan hemoglobine van "yevoorttu typannu's kan met zonder meer 

tot gerechtvaardigde konklusies oier het mechanisme van het Root ctfekt 

leiden 

(.j.f.rm, V.l. (,>-' Q.H.Ji-b^c'r (19/С) Вги 'пет. ì-op^y^. Ρ s. ι ОГТГАП. 

θ / ¿Ρ -Μ«J 

5. In tegenstelling tot de bekering van Bertin kan het feit dat de Sargossa-

zce de gemeenschappelijke paaiplaats is voor amerikaansc en europese 

paling als een argument gelden voor de 'w i'^enta- ( Λ Ί ^ Ι theorie 

( M ' 'j . (13 f) i-n. l ^ l v . 1 HuO^OJ^ ' i l ^^JiXLj. bltdJiV- .лПс r^o 'j 

ι or dor) 

6. Bij de bestudering van de prebiotischc evolutie dient aandacht 

besteed te uorden aan de koppeling tussen massatransport en elektri

sche velden. 

(d( tionini, J. ,1\Stroeve en J.H.Mcldon Πΰ?8) m Oxygen ''varsport to 
"tariti . ГЦ. 'Ierмру Чей) York) 

7. Bij gebruik van bai*, exec г,> als parameter bij de diagnostiek dient 
de bijdrage van eventuele afwijkingen in erythrocvtaire organische 

fosfaat-koncentratíes in aanmerking genomen te worden 

(Гг inaari-ind^r in, 0. (1974j ЪУ A'га Б^зе Status of the Blood. 
'4чпк gaard, operìaagc η ) 

8. liet gemeenschappelijk bezit van vooroordelen kan een hechtere basis 

znn voor een blijvende relatie dan gelijkvormigheid van beredeneer-

barc denkbeelden. 



Ч. JoodjcctiUit toegevoegd aan ervthroc\ t-suspens ι es zal in deze svstcmen 

met alleen de ol\col\se remmen, maar kan zich daarnaast specifiek bin

den aan de hcmoglobine-molekulen en daardoor de funktionele eigenschap

pen hiCiwn veranderen. Joodacet.ut uitsluitend te bcsuhoiuvon .ils spe

cifieke remner van de glycolvse, om konklusies te trekken aangaande de 

invloed van DPCi-koncentratie op de hemoglobinc-zuurstofbinding, gaat 

voorbij aan genoende specifieke binding aan hemoglobine. 

• ^ ,, f. Cf G.X>· 'Ibff/ ' l i n · "J, j , --J. в) 

10 Het is billiik de biidrige voor luister- en kiikgcld te relateren aan 

het 1idnaatschap van een omroepvereniging Hicrbii kan de «lootte van 

de hi idrate gekoppeld uoidei α in de grootte van de gesvmpatiseerde 

oniocpvercnigin^, en d lardoor aan de omvang van liet potentiële kiik-
en luistergenot. 

11 Гсг vcrtiaging van het roesten dient een fietsbel onderin voorzien te 

worden van een of moer gaatjes. 

Peter M.Brcepoel \ijmcg(.n, 29 juni 197S 






