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Summary

H* titrations were conducted on the separated on the buffer value at fixed oxygenation status, and the
haemoglobin components of eeAnguilla anguilla in both lowest buffer value was observed an vivo pH values. No
the oxygenated and deoxygenated states. In anodic titratable histidine residues were observed in the cathodic
haemoglobin, the addition of GTP, and to a lesser extent component, indicating that all 14 histidines in this
CI, increased the magnitude of the Haldane effect and component are buried.
shifted its maximum value into thein vivo pH range. Of the We conclude that the anodic component, which
22 histidine residues in the anodic component, only constitutes two-thirds of the haemoglobin in the eel, plays
approximately seven were titratable, presumably the3-  the predominant role in CO; transport and pH homeostasis
chain residues at positions 41, 97, 109 and 146 (helical in vivo.
positions C7, FG4, G11 and HCS3, respectively).

In cathodic haemoglobin, a small negative Haldane effect
was observed at pH values between 6.8 and 8.5 which Key words: Anguilla anguilla haemoglobin, eel, Haldane effect,
disappeared in the presence of GTP (molar ratio 3:1 buffer value, anodic haemoglobin, cathodic haemoglobin, CO
GTP:haemoglobin tetramer). GTP had virtually no effect  transport, C@excretion.

Introduction

Haemoglobin heterogeneity within individuals is a commonstrategies in terms of CQransport and excretion (Jensen,
occurrence in the blood of teleost fishes. In 77 genera of teleds991).
fish sampled in the Amazon, only 8% of the species possessedlhe eel Anguilla anguillg possesses only two haemoglobin
a single haemoglobin component, and on average fowomponents, one anodic and one cathodic (Pelster and Weber,
electrophoretic components were observed per species (Fyhf90). It is not known whether the inverse relationship
et al. 1979). The functional implications of haemoglobin between the magnitude of the Haldane effect and the
multiplicity in fish have been extensively studied. Apart fromhaemoglobin buffer value observed in whole blood exists
having anodic components with normal Bohr and Root effectsyithin individual haemoglobin components in species
many teleosts have cathodic components, which have high @xhibiting haemoglobin heterogeneity. This was examined by
affinities, small, often reversed, Bohr effects and no Rootonducting H titrations (which permit simultaneous
effects; the cathodic components may therefore safeguard @ssessments of the Haldane effect and buffer value) on isolated
uptake under hypoxic and acidotic conditions (Weber, 1990and purified haemoglobin components of eel. The molecular
In contrast, little is known about the role that differentbases for the titration characteristics were interpreted in
components play in hydrogen ion buffering and in the transporelation to the amino acid sequences that have recently been
and excretion of C® obtained for both haemoglobin components of eel (feago.

In general, there is an inverse relationship between th#995, 1997). Specifically, the number of titratable histidine
magnitude of the Haldane effect and the buffer value of theesidues and their specific locations within the protein moeity
haemoglobins found in vertebrates. Teleost fishes such as eskre determined in both components.
tench, carp and to a lesser extent rainbow trout are As in other teleosts, red cell ATP and GTP (NTP)
characterised by large Haldane effects and a low haemoglobioncentrations in eels decrease during exposure to hypoxia,
buffer value at fixed oxygenation status, the reverse beingcreasing haemoglobin £affinity; GTP is the more potent
observed in elasmobranchs (Jensen, 1989). The two possilolefactor (Webeet al. 1976). The presence of GTP at a molar
combinations permit equally viable but quite differentGTP:haemoglobin tetramer (Blratio of 2:1, as founah vivo
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(Weberet al. 1976), dramatically increases the magnitude of Anodic
the Haldane effect in the anodic haemoglobin componer
(Breepoel, 1984). Titrations were also conducted in the 15
presence of GTP at a GTP:Hiatio of 3:1 (which represents
saturating conditions; Breepoef al. 1981b) to shed light on
the relative roles of the individual components imp@@nsport
and excretiorin vivo.
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Cathodic

10 | /

Materials and methods 50

Animal acquisition and care
European eelsAhguilla anguilld were purchased from a
local fish farm and maintained in the Zoophysiology
Department at Aarhus University in running fresh water a a .
15°C. Fish were fed twice a week to satiation and kept for \
months prior to blood sampling. Blood was drawn from the 0 ' ' o1 0
caudal vein into heparinized syringes. Blood samples fror 20 40 60 8 100
several individuals were pooled and kept on ice. Fraction number
. . . Fig. 1. Separation of the cathodic and anodic haemoglobin
Preparation of haemoglobin solutions components of eel blood by anion-exchange chromatography.
Red cells were washed three times with 5vols of cold 0.9%ircles, optical density measured at 540nm; triangles; ClI
NaCl and lysed with 3vols of ice-cold 0.05n3ITris buffer  concentration. The box at the base of each peak indicates the
(pH7.6). Cell debris was removed by centrifugation affractions pooled in each component.
14000revs mint for 10 min. All remaining procedures were
conducted at 4°C. The haemoglobin solution was repeated
dialysed against 20 mmof Tris buffer (pH 8.04) over an 18h NaOH (assayed with potassium hydrogen phthalate) or
period. Haemoglobin components were separated by io®.01molil HCI (assayed with NaOH) using a Radiometer
exchange chromatography on a Sephacel DEAE columnitralab automated titration system with data acquisition. The
(2cmx20cm) and eluted with a linearly increasing pH of the haemoglobin solution was measured using a
(0-0.3molt1) NaCl gradient in 20mmot}t Tris buffer  Radiometer combined pH electrode (GK 2321C) connected to
(pH 8.04). The eluted fractions were collected in 1 ml samplethe Radiometer Titralab and recorded 5min after the addition
for absorption measurements at 540nm and for chloridef titrant, by which time the pH had stabilised. Each complete
concentration measurements using a Radiometer CMTutration curve for the anodic component consisted of four
chloride titrator. The elution yielded two main componentsseparate titrations; addition of HCI or NaOH from isoionic pH
one positively charged (cathodic) and the other negativelin samples equilibrated with Oor Np. For the cathodic
charged (anodic). Haemoglobin fractions within eachcomponent, only HCl was added from the isoionic pointin O
component were pooled as indicated in Fig. 1. Eacknd N because of its high isoionic pH.
component was dialysed against three changes of distilled Titrations were conducted in triplicate (yielding virtually
water over the following 12h and then passed repeatedigentical results) for the anodic and cathodic components under
through a mixed-bed resin (Amberlite IRN-150L monobedfour different conditions: concentrated stripped haemoglobin
mixed resin) to remove ions, checked by conductivitydiluted with (i) distilled water (stripped); (ii) distilled water
measurements. The concentrated stripped haemoglobivith GTP (guanosine'&riphosphate sodium salt) at a molar
components were separated into 1 ml samples that were frozeatio of 3:1 relative to the tetrameric haemoglobin (GTR)Hb

[CI 7] (mmol 171

Optical density at 540 nm

o

at —80 °C until titrations were conducted. (iii) KCI to a final concentration of 0.1 mof¥; and (iv) KCI to
o a final concentration of 0.1 molKCl and GTP at a GTP:Hb
Titrations molar ratio of 3:1. Titrations were also conducted on GTP

In each experiment, the concentrated stripped haemoglobgolutions alone. The buffer value of the GTP/solvent solution
sample was thawed and diluted to a final concentration afias subtracted from that of the haemoglobin components as
50umol I Hbs. Haemoglobin concentration was measureddescribed in the text. Prior to the titrations, methaemoglobin
after conversion to cyanomethaemoglobin using a millimolatevels were measured according to the method of Beretsch
extinction coefficient of 11 at 540nm. The haemoglobinal. (1973), and samples were discarded if values greater than
solution was then equilibrated with either pure oxygen or pur& % were measured.
nitrogen (>99.9965 %) for 2 h in a titration vessel thermostatted
at 15°C. Titrations were conducted starting at the isoionic
point of the haemoglobin solution by the automated addition Results
of 10ul of freshly prepared and carbonate-free 0.01moll  The haemolysates resolved into two well-defined peaks
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during ion-exchange chromatography and consisted dfaemoglobin, the addition of Cincreased the area by 5%,
approximately 32% cathodic and 68% anodic haemoglobiand further addition of GTP increased it by 26 %. Thus, both
(Fig. 1). Cl~ and GTP increased the magnitude of the alkaline Haldane
effect, increased the pH at which the maximum Haldane effect
Titration of the anodic component was observed and reduced the pH range over which the
The titration curves for the anodic haemoglobin componernitialdane effect was observed.
are shown in Fig. 2, in whicZy (the net charge of the
protein) is plotted as a function of pH in the presence of Titration of the cathodic component
0.1 mol 1 KCI in the absence (Fig. 2A) and in the presence Titration curves for cathodic haemoglobin in 0.1 mbl|
(Fig. 2B) of GTP. The traces are drawn to the same scale witkCl in the absence and presence of GTP are shown in Fig. 4.
zero net proton charge as the reference point (Tanford, 1962 the absence of GTP, a negative Haldane effect is seen
The fixed acid Haldane effecAZH; the number of protons above pH 6.8 (deoxygenated haemoglobin is more acidic than
released per Hb oxygenated at constant pH) can beoxygenated haemoglobin at constZn}, while below pH 6.8
calculated from the distance between the oxygenated ande Haldane effect is positive but small. Fig. 5 illustrates the
deoxygenated curves at constant ARy is illustrated in Fig. magnitude of the Haldane effect over the pH range 5.3-8.5
3 for stripped haemoglobin and for haemoglobin infor the different conditions. At all pH values measured, KClI
0.1molrl KCI in the absence and presence of saturatinglightly increasedAZy (or reduced the magnitude of the
levels of GTP (3:1 molar ratio of GTP:kgb The maximum negative Haldane effect), while GTP virtually eliminated any
fixed acid Haldane effect (referred to simply as the Haldanklaldane effect.
effect from this point onwards, unless otherwise indicated)
increased from 2.1 at pH 6.3 in stripped haemoglobin to 2.9
at pH6.9in 0.1 moMH KCI (see Fig. 3). The presence of GTP
further elevated\Zy to a maximum value of 4.6 at pH 7.3.
The trace for the Haldane effect in the presence of GT
without KCI was not included in this figure because it was —_ KCl+GTP
identical to that of GTP with KCI. At low and high pH values
(pH<5.3 and pH>8.1 for stripped haemoglobin, pH<5.9 an 4k
pH>7.9 for haemoglobin + KCI, and pH<6.4 and pH>8.2 for
haemoglobin + KCI + GTP), a small negative Haldane effec
was observed.
The area between th&Zy curves and\Z1=0 (Fig. 3) was
measured to determine the Bohr group recruitment during ttn™ 2 |
addition of Cr and GTP. Compared with stripped

1 -
A
10k KCl | B KCl + GTP ol
Sr B 1k
3 1
T
Iﬁ ok L 1 1 1 1 1
E 5 6 7 8 9
T
F Fig. 3. The fixed acid Haldane effeéZy; the number of protons
_10l | released per Hboxygenated at constant pH) as a function of pH in
Oxy the eel anodic component for stripped haemoglobin (dotted line),
Deoxy for haemoglobin in 0.1mott KCI (broken line) and for
-5 T L. haemoglobin in 0.1 mott KClI plus GTP (GTP:Hhmolar ratio of

5 6 7 8 9 10 5 6 7 8 9 10 3:1; solid line).AZy was calculated from the vertical distance
pH pH between titration curves for oxygenated and deoxygenated
haemoglobins at intervals of 0.1 pHunit. Each curve represents the
Fig. 2. Titration curves foZ (net H" charge) as a function of pH for mean of three complete titrations with the.m. indicated by the
the anodic eel haemoglobin in (A) 0.1 m3IKCl and (B) 0.1 moltl vertical bars every 0.5 pHunit. Values for haemoglobin with GTP
KCI plus GTP (GTP:Hb molar ratio of 3:1). Open symbols, in the absence of KCI are identical to those for haemoglobin in
oxygenated haemoglobin; filled symbols, deoxygenatec0.1 molfl KCI with GTP (solid line) and have been omitted for
haemoglobin; temperature, 15°C. clarity.
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Fig. 4. Titration curves foZy as a function of pH for the cathodic pH
eel haemoglobin in (A) 0.1mofi KCl and (B) 0.1moltt KCl plus  Fig. 6. Buffer value {dZu/dpH; molH moltHbspHunit?) as a
GTP (GTP:Hh molar ratio of 3:1). See legend to Fig. 2 for further function of pH in (A) anodic haemoglobin and (B) cathodic

details. haemoglobin in 0.1mott KCI in the presence (squares) and
absence (circles) of GTP at a GTPzHMmolar ratio of 3:1 for

0.8 oxygenated (upper panels) and deoxygenated (lower panels)
conditions. The buffer value of GTP alone was subtracted from
respective traces.

06 -

04 L curve relatingZzy to pH (Fig. 6A). In the presence of KClI, the
buffer value in the pH range 5.5-9 showed maxima at pH6.2
in oxygenated haemoglobin and at pH7.3 in deoxygenated

02r haemoglobin. The additional presence of GTP increased the

F maximum haemoglobin buffer value and shifted this maximum
<4 Of to a higher pH, the shift being greater in oxygenated (to pH 6.9)
than in deoxygenated (to pH 7.7) conditions.
02k When the data for the anodic haemoglobin are expressed as
the inverse of the buffer value compared vdth(differential
04k titration), two well-resolved peaks are obtained, particularly in
the deoxygenated condition (Fig. 7A). The distance between
these two sharp peaks indicates the number of titratable groups
06 that exist in the neutral pH range (de Bruin and van Os, 1968;
LT Jansseret al. 1970, 1972). This value was 9 for the anodic
-08 | —— KCI+GTP l haemoglobin (Fig. 7A).
| |
5 6 7 8 9 Buffer value of the cathodic component

pH In contrast with the buffer value for the anodic component,
Fig. 5. The fixed acid Haldane effediZ; the number of protons thz_it of the cathodic compon_ent at constant oxygenation status
released per Hboxygenated at constant pH) as a function of pH in(Fig. 6B) showed no peak in the measured pH range and a
the eel cathodic component for stripped haemoglobin (dotted linefninimum buffer value near pH7.5 in both the oxygenated and
for haemoglobin in 0.1moft KCI (broken line) and for deoxygenated haemoglobins. In addition, only a small increase
haemoglobin in 0.1 mott KCI plus GTP (GTP:Hbmolar ratio of  in the haemoglobin buffer value was induced by GTP in the
3:1; solid line). See legend to Fig. 3 for further details. pH range between 6 and 7.5. Also, the differential titration
revealed only one well-resolved peak in contrast with the two
observed in anodic haemoglobin (Fig. 7C,D), indicating that
Buffer value of the anodic component there are no titratable groups within the neutral pH range in the
The buffer values of the anodic haemoglobin at constardathodic haemoglobin component. Titrations were conducted
oxygenation status (molHnol-ltetramerpHunitl) were beyond the pH values reported in Fig. 7; however, no second
derived from the slope between adjacent points on the titratigpeak was found (data not shown).
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A B oxygenation (Imai, 1982). In mammalian haemoglobin, the
06 Bohr effect is divided into two regions over the pH range
=T AZ, =9 1 between 5 and 10. Whereas an increase in proton concentration
decreases the oxygen affinity (alkaline Bohr effect) in the
T 051 i i alkaline pH range, it increases the oxygen affinity below
T 04l | pHB6.5 as a result of an uptake of protons during oxygenation
g (acid Bohr effect). While the alkaline Bohr effect was large in
§ 03l {1 anodic eel haemoglobin relative to that in human haemoglobin,
T the acid Bohr effect was not observed in the stripped
;t 02} 1 component because of the presence of a Root effect (Pelster
T and Weber, 1990), which represents a drastic reduction in
g o1} 1 haemoglobin @affinity at low pH. In the presence of GTP,
:: ‘ however, the titrations reveal a slight acid Bohr effect below
-.!E c D pH6.4 (Fig. 3).
g 15l In human haemoglobin, proton binding to His46(HC3)
(L. (the histidine residue occurring at the 146th position ofithe
2 10l | subunit and at helical position HC3), which forms a salt bridge
; with Asp B94(FG1), accounts for approximately 50% of the
£ o8} | Bobhr effect (Perutet al. 1969; Kilmartin and Wootton, 1970;
8 Shihet al.1984). Although Hif3146(HC3) is conserved in eel
T 06f {1 anodic haemoglobin, Asp94(FG1) is replaced by Glu (Fago
= et al. 1997), which may still form a salt bridge with His
0.4 1 B146(HC3) and contribute substantially to the Bohr effect
(Chien and Mayo, 19&). In carp haemoglobin, removal of
0.2 1 His B146(HC3) reduces the magnitude of the Bohr effect by
L o half (Parkhurstet al. 1983). The magnitude of the Haldane
9 6 3 0-3-6-9 9 6 3 0-3-6-9 effect is determined by the number of Bohr groups and their

pK shifts, so that additional groups must be involved or the
same groups must contribute more in anodic eel haemoglobin
Fig. 7. Differential titration curve-dpH/dzZy, the inverse of buffer to account for the much larger Haldane effect compared with
value, versus Z) of (A) deoxygenated and (B) oxygenated anodicthat of human haemoglobin (Imai, 1982). Additional groups
haemoglobin of eel in 0.1 mofi KCI and (C) deoxygenated and (D) that may be involved are discussed by Fagal.(1997).
oxygenated cathodic haemoglobin of eel in 0.1moKCI. The The presence of 0.1moH CI~ slightly increased the
horizontal distance .be.tween inflection points indicates the number fialdane effect and the pH at which the maximum value was
titratable groups within the neutral pH range (see Discussion foébserved in the anodic component. In human haemoglobin,
further explanation). alVal accounts for approximately 25% of the alkaline Bohr
effect in the presence of ClAs in other fish haemoglobins
(Farmer, 1979), the N-terminal residues of thehains are
Discussion acetylated inA. anguillaand in the American ed\. rostrata

The haemoglobin system in &&l anguillaconsists of one- (Fagoet al. 1997; Gillen and Riggs, 1973) and are therefore
third cathodic and two-thirds anodic component (Fig. 1unavailable to contribute to the Bohr effect. Another group that
Pelster and Weber, 1990; Fagal. 1995). The H titrations  has been proposed to contribute to thei@iuced Bohr effect
of these components reveal pronounced differences that vertebrate haemoglobins is LB82(EF6) (Perutzet al.
correlate well with molecular data and indicate distinctive role4980), which is conserved in both the anodic and cathodic eel
in buffering. While the anodic component possessed a larggmmponents (Faget al. 1995, 1997). GTP similarly increased
Haldane effect and a low buffer value, the cathodic componetibth the Haldane effect and the pH at which it was maximal.
exhibited a low Haldane effect and low buffer value. Thes&he absence of cumulative effects of GTP andEh. 3, data
data indicate that the*Hequilibria of the anodic haemoglobin for haemoglobin in the presence of GTP are identical in the
component are the more important fof blffering and C@  presence and absence of KCI; results not shown) suggests

Z,, (mol H* mol™*Hby)

transport. overlapping binding sites for the two effectors (e.g. at Lys
[382). Apart from this residue, organic phosphates bind to fish
Haldane effect haemoglobin at the N-terminal amino group Val(NA1), at
Anodic component Glu(NA2) and at Arg(H21) of thB-chains (Gronenboret al.

The Haldane effect (which is thermodynamically equivalentt984; Weber and Wells, 1989). All these residues are
to the Bohr effect; Wyman, 1964) arises from changes in theonserved in anodic eel haemoglobin (Fagoal. 1997),
pK of specific ionizable groups that are linked to haemoglobimxplaining the large influence of GTP on the Haldane effect.
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Cathodic component
In the absence of organic phosphates, oxygenation of tt

Table 1.Histidine residues in the- and 3-chains of the
anodic and cathodic eel haemoglobins

cathodic haemoglobin at pH values above 6.8 is associatt
with an uptake of protons, causing a reversed acid Bohr effec

Anodic component Cathodic component

The absence of the normal alkaline Bohr effect correlates wit G'CT;'”CDg 45(CD3

the replacement of H[$146(HC3) with Phe (Faget al.1995). 258§E7) ) ______ Distal —wem- g59EE7) )

In human haemoglobin, the removal of this histidine inhibits A87(F8) - Proximal —----- a88(F8)

the expression of the normal alkaline Bohr effect and permit a103(G10) a104(G10)

expression of a reversed Bohr effect, which suggests that t a123(H5) a124(H5)

Bohr groups exhibit a higher affinity for protons in the B-chain

oxygenated than in the deoxygenated state. The possit B41(C7)

molecular mechanisms underlying the reversed Bohr effect a B63(E7) - Distal ------ B63(E7)

discussed elsewhere (Fagbal. 1995). B82(F8) ------ Proximal ------ R92(F8)
The most likely groups to contribute to the reverse Boh BI7(FG4)

effect are the N-terminal amino groups of fhehains and the B109(G11)

imidazole groups of histidines, all of which possess pKa value B146(HC3)

in the pH range at which the reverse Bohr effect is observe
The five histidine residues in the-chains are unlikely to
contribute because they are not titratable (Fig. 7C,D) and the
occur in many fish haemoglobins that do not exhibit a revers
Bohr effect (Faget al. 1995). contains 14 (Faget al. 1995) histidine residues (Table 1),
The presence of Clslightly increased the Haldane effect values much lower than those found in human haemoglobin A
(decreased the negative Haldane effect) at all pH values. THi88 residues, Braunitzet al. 1961).
effect is probably due to the presence of R§&(EF6), which Not all the histidine residues in the tetramer are available for
may contribute to the Gldependent Bohr effect in human Proton binding since some are buried within the protein
haemoglobin and is conserved in cathodic haemoglobidnoiety. In the anodic component, there appear to be nine
Although CI strongly decreases the oxygen affinity of titratable groups in the neutral pH range (Fig. 7), as is also
cathodic eel haemoglobin (Webetral. 1976), Breepoett al.  observed in carp (Jensen, 1989). Excluding the N-terminal
(1981a) found no Ct effect at concentrations greater than@mino groups of the-chains that are acetylated and those of
0.1mol L. GTP in the presence or absence of @sults for  theB-subunits that are available for titration, this leaves seven
the latter not shown) virtually eliminates the negative Bohfitratable histidines per tetramer from a total of 22 histidines
effect at pH values above 7, as has been observed previou§hable 1). Of the 22 histidines in the anodic component, eight

(Weberet al. 1976; Fageet al. 1995; Feuerlein and Weber, (per tetramer) consist of the proximal and distal histidines
1996). which ligate with the iron atom of the haem groups and are

thus unavailable for proton binding, leaving 14 histidine
Buffer value residues. Thus, of the seven titratable histidine residues per

Eel haemolysates exhibit a lower buffer value than humatetramer (Fig. 7), there are 14 that could potentially be titrated
haemolysates (Breepaetial. 1980), and titrations reveal a low in the neutral pH range in the anodic component.
buffer value for both the anodic and cathodic haemoglobin The single maximum in the differential titration curve of the
components (Fig. 6). The buffer value of haemoglobin at fixedathodic component (Fig. 7C,D) indicates that there are no
oxygenation status is determined by the nature of the groupigratable groups in the neutral pH range for this component
that exchange protons with the solvent. The groups titrated cgBreepoelket al. 1981a); thus, none of the 14 histidine residues
be roughly divided into three classes, each distinguished fron this component (Fago el. 1995) is titratable. It may be
the others by an inflection point in a titration curve (de Bruirpossible to determine which histidines in the anodic
and van Os, 1968; Jansssral. 1970, 1972): (a) the carboxyl component are titratable if it can be assumed that the
groups of aspartic and glutamic acids, which are titrated belotitratabilities of histidine residues found at the same location
pH5.5, (b) the imidazole groups of histidine and the N-4n the two components are equivalent. On this basis, the
terminal amino groups, which are titrated between pH 5.5 anliistidines af341(C7),397(FG4),109(G11) and3146(HC3)
9 (neutral pH range), and (c) the groups titrated at pH values the anodic component, i.e. eight per tetramer, would be
above 9. However, the pK values vary depending on the natueailable for titration (Table 1). Together with the tisghain
of adjacent groups (Paetzel and Dalbey, 1997). The low bufféd-terminal residues, this indicates the presence of 10 titratable
value in the neutral pH range in teleost fish haemoglobingroups, which agrees closely with the value of nine groups as
compared with that in most other vertebrate haemoglobins @etermined in Fig. 7.
correlated with the low total histidine content of the The addition of GTP to the anodic component increased the
haemoglobin (Jensen, 1989). In eel, the anodic componemtaximal buffer value observed and the pH at which it was
contains 22 (Faget al. 1997) and the cathodic component manifested (Fig. 6). The implied increase in apparent pK of

Residues considered to be titratable are printed in bold type.
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haemoglobin in both the oxygenated and deoxygenated of stripped hemolysate; separation and properties of two major
condition indicates that GTP binds to both forms. Although the componentsComp. Biochem. Physid5A, 69-75.

affinity for organic phosphates is generally much higher foBREEPOEL P. M., KREUZER F. AND HAZEVOET, M. (1981a). Studies
deoxygenated than for oxygenated haemoglobin (Getriay. of the hemoglobins of the eeArfguilla anguillaL.). 1. Proton
1969), there is evidence for GTP binding to oxygenated g‘g‘iﬁgﬁ;ﬁyggg&“;;é "2";2 a negative Bohr effeComp.
?oaeg((;/glg:;r:ég tehr;cehm(c\:\g/]tleob;;ali.nlgggpanzicfr?irelnHPagljnd;\:gyol?REEpoa, P. M., KREUZER F.AND HAZEVOET, M. (1981). Studies
198a,b). The raised pK in the presence of GTP increased the of the hemoglobins of the edrfguilla anguillaL.). Ill. Proton and

; : organic phosphate binding to the Root effect hemoglobin
pH at which the Haldane effect was observed (Fig. 3). The componentComp. Biochem. Physid9A, 709-712.

reduced difference between pK values for oxygenated anhien, J. C. W.anp Mavo, K. H. (198@). Carp hemoglobin. I.
deoxygenated haemoglobin resulted in the narrower pH rangeprecise oxygen equilibrium and analysis according to the models
over which the Haldane effect was observed (Fig. 3). of Adair and of Monod, Wyman and Changedixbiol. Chem255,

In conclusion, in the titrations conducted in the present 9790-9799.
study, GTP was present at a 3:1 molar excess compared wihiEN, J. C. WAND Mavo, K. H. (198®). Carp hemoglobin. Il. The
haemoglobin tetramers, which is not much greater than thatalkaline Bohr effectJ. biol. Chem255 9800-9806.
measuredn vivo(2:1 GTP:Hla; Weberet al.1976). These data DE BRUN, S. H.AND van Os, G. A. J. (1968). Determination and
provide insight into the roles of the two componentsivo. mterpret_atlon of the dn‘fgrennal titration curves of protelns_. The
A dominant aspect with respect to £@ansport and pH dlfferentllal curves of bovnnehmethemoglobln, CO-hemoglobin and
homeostasis of the blood is that the Haldane effect is very Iarggzzr,uz aE?ugﬂgf&TﬁvANi \I/\n;IéBZi,ySR.Bf,(igé7§7-|2—he anodic
in the anodic component but virtually absent from the cathodic hemoglobin ofAnguilla anguilla Molecular basis for allosteric
component. Although both haemoglobins have low buffer effects in a Root-effect hemoglobin). biol. Chem. 272,
capacities relative to those of air-breathing vertebrates, that of15628-15635.
the anodic component is always equal to or greater than thedco, A., CARRATORE, V., DIPRIscq, G., FEUERLEIN, R. J., STTRUP
of the cathodic component, which is probably due to the JENSEN L.AND WEBER R. E. (1995). The cathodic hemoglobin of
specific histidine residues B#1(C7),97(FG4),3109(G11) Anguilla anguilla Amino acid sequence and oxygen equilibria of
and B146(HC3). Thus, the inverse relationship between the @ reverse Bohr effect hemoglobin with high oxygen affinity and
magnitude of the Haldane effect and the buffer value observednidh Phosphate sensitivity. biol. Chem270, 18897-18902.
in the whole blood haemolysates from various vertebrate€**MER: M- (1979). The transition from water to air breathing: effects
(Jensen, 1989) does not extend to the individual componentsigi%lgn hemoglobin functionComp. Biochem. Physiob2A,

In eel'_ Since the ,CathOdIC component cqnstltut.es Onl¥5EUER|_E|N, R. J.AND WEBER, R. E. (1996). Oxygen equilibria of

approximately one-third of the total haemoglobin, it will make  cathodic eel hemoglobin analysed in terms of the MWC model and

only a minor contribution to the buffer value of the blood. Adair's successive oxygenation theo. comp. Physiol165
Haemoglobin multiplicity in fish is thought to permit a 597-606.

division of labour between the various haemoglobinFvhn, E. H., Frhn, H. J., Dwis, B. J., Pwers D. A., Fnk, W. L.

components with respect too @ansport (Weber, 1990). This  AND Garuick, R. L. (1979). Hemoglobin heterogeneity in

also appears to apply to G@ansport and pH homeostasis, Amazonian fishe<Comp. Biochem. Physic2A, 39-66.

which in the eel is accomplished predominantly by the anodi€ARBY; L., GERBER G.AND VERDIER C. H. (1969). Binding of 2,3-
component. diphosphoglycerate and adenosine triphosphate to human

haemoglobin AEur. J. Biochem10, 110-115.
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