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H+ titrations were conducted on the separated
haemoglobin components of eel Anguilla anguilla in both
the oxygenated and deoxygenated states. In anodic
haemoglobin, the addition of GTP, and to a lesser extent
Cl−, increased the magnitude of the Haldane effect and
shifted its maximum value into the in vivo pH range. Of the
22 histidine residues in the anodic component, only
approximately seven were titratable, presumably the β-
chain residues at positions 41, 97, 109 and 146 (helical
positions C7, FG4, G11 and HC3, respectively).

In cathodic haemoglobin, a small negative Haldane effect
was observed at pH values between 6.8 and 8.5 which
disappeared in the presence of GTP (molar ratio 3:1
GTP:haemoglobin tetramer). GTP had virtually no effect

on the buffer value at fixed oxygenation status, and the
lowest buffer value was observed at in vivo pH values. No
titratable histidine residues were observed in the cathodic
component, indicating that all 14 histidines in this
component are buried.

We conclude that the anodic component, which
constitutes two-thirds of the haemoglobin in the eel, plays
the predominant role in CO2 transport and pH homeostasis
in vivo.

Key words: Anguilla anguilla, haemoglobin, eel, Haldane effect,
buffer value, anodic haemoglobin, cathodic haemoglobin, CO2

transport, CO2 excretion.
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Haemoglobin heterogeneity within individuals is a comm
occurrence in the blood of teleost fishes. In 77 genera of tel
fish sampled in the Amazon, only 8 % of the species posse
a single haemoglobin component, and on average f
electrophoretic components were observed per species (F
et al. 1979). The functional implications of haemoglobi
multiplicity in fish have been extensively studied. Apart fro
having anodic components with normal Bohr and Root effec
many teleosts have cathodic components, which have high2

affinities, small, often reversed, Bohr effects and no Ro
effects; the cathodic components may therefore safeguard2

uptake under hypoxic and acidotic conditions (Weber, 199
In contrast, little is known about the role that differe
components play in hydrogen ion buffering and in the transp
and excretion of CO2.

In general, there is an inverse relationship between 
magnitude of the Haldane effect and the buffer value of 
haemoglobins found in vertebrates. Teleost fishes such as
tench, carp and to a lesser extent rainbow trout 
characterised by large Haldane effects and a low haemogl
buffer value at fixed oxygenation status, the reverse be
observed in elasmobranchs (Jensen, 1989). The two pos
combinations permit equally viable but quite differe
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strategies in terms of CO2 transport and excretion (Jensen
1991).

The eel (Anguilla anguilla) possesses only two haemoglobin
components, one anodic and one cathodic (Pelster and We
1990). It is not known whether the inverse relationshi
between the magnitude of the Haldane effect and th
haemoglobin buffer value observed in whole blood exis
within individual haemoglobin components in specie
exhibiting haemoglobin heterogeneity. This was examined b
conducting H+ titrations (which permit simultaneous
assessments of the Haldane effect and buffer value) on isola
and purified haemoglobin components of eel. The molecul
bases for the titration characteristics were interpreted 
relation to the amino acid sequences that have recently be
obtained for both haemoglobin components of eel (Fago et al.
1995, 1997). Specifically, the number of titratable histidin
residues and their specific locations within the protein moei
were determined in both components.

As in other teleosts, red cell ATP and GTP (NTP
concentrations in eels decrease during exposure to hypox
increasing haemoglobin O2-affinity; GTP is the more potent
cofactor (Weber et al.1976). The presence of GTP at a mola
GTP:haemoglobin tetramer (Hb4) ratio of 2:1, as found in vivo
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Fig. 1. Separation of the cathodic and anodic haemoglobin
components of eel blood by anion-exchange chromatography.
Circles, optical density measured at 540 nm; triangles, Cl−

concentration. The box at the base of each peak indicates the
fractions pooled in each component.
(Weber et al. 1976), dramatically increases the magnitude 
the Haldane effect in the anodic haemoglobin compon
(Breepoel, 1981b). Titrations were also conducted in th
presence of GTP at a GTP:Hb4 ratio of 3:1 (which represents
saturating conditions; Breepoel et al. 1981b) to shed light on
the relative roles of the individual components in CO2 transport
and excretion in vivo.

Materials and methods
Animal acquisition and care

European eels (Anguilla anguilla) were purchased from a
local fish farm and maintained in the Zoophysiolog
Department at Aarhus University in running fresh water 
15 °C. Fish were fed twice a week to satiation and kept fo
months prior to blood sampling. Blood was drawn from th
caudal vein into heparinized syringes. Blood samples fro
several individuals were pooled and kept on ice.

Preparation of haemoglobin solutions

Red cells were washed three times with 5 vols of cold 0.9
NaCl and lysed with 3 vols of ice-cold 0.05 mol l−1 Tris buffer
(pH 7.6). Cell debris was removed by centrifugation 
14 000 revs min−1 for 10 min. All remaining procedures were
conducted at 4 °C. The haemoglobin solution was repeate
dialysed against 20 mmol l−1 Tris buffer (pH 8.04) over an 18 h
period. Haemoglobin components were separated by i
exchange chromatography on a Sephacel DEAE colu
(2 cm×20 cm) and eluted with a linearly increasin
(0–0.3 mol l−1) NaCl gradient in 20 mmol l−1 Tris buffer
(pH 8.04). The eluted fractions were collected in 1 ml samp
for absorption measurements at 540 nm and for chlor
concentration measurements using a Radiometer CM
chloride titrator. The elution yielded two main component
one positively charged (cathodic) and the other negativ
charged (anodic). Haemoglobin fractions within eac
component were pooled as indicated in Fig. 1. Ea
component was dialysed against three changes of disti
water over the following 12 h and then passed repeate
through a mixed-bed resin (Amberlite IRN-150L monobe
mixed resin) to remove ions, checked by conductivi
measurements. The concentrated stripped haemoglo
components were separated into 1 ml samples that were fro
at −80 °C until titrations were conducted.

Titrations

In each experiment, the concentrated stripped haemoglo
sample was thawed and diluted to a final concentration
50µmol l−1 Hb4. Haemoglobin concentration was measure
after conversion to cyanomethaemoglobin using a millimo
extinction coefficient of 11 at 540 nm. The haemoglob
solution was then equilibrated with either pure oxygen or pu
nitrogen (>99.9965 %) for 2 h in a titration vessel thermostatt
at 15 °C. Titrations were conducted starting at the isoion
point of the haemoglobin solution by the automated additi
of 10µl of freshly prepared and carbonate-free 0.01 mol l−1
dly
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NaOH (assayed with potassium hydrogen phthalate) 
0.01 mol l−1 HCl (assayed with NaOH) using a Radiomete
Titralab automated titration system with data acquisition. Th
pH of the haemoglobin solution was measured using 
Radiometer combined pH electrode (GK 2321C) connected
the Radiometer Titralab and recorded 5 min after the additi
of titrant, by which time the pH had stabilised. Each comple
titration curve for the anodic component consisted of fou
separate titrations; addition of HCl or NaOH from isoionic pH
in samples equilibrated with O2 or N2. For the cathodic
component, only HCl was added from the isoionic point in O2

and N2 because of its high isoionic pH.
Titrations were conducted in triplicate (yielding virtually

identical results) for the anodic and cathodic components und
four different conditions: concentrated stripped haemoglob
diluted with (i) distilled water (stripped); (ii) distilled water
with GTP (guanosine 5′-triphosphate sodium salt) at a molar
ratio of 3:1 relative to the tetrameric haemoglobin (GTP:Hb4);
(iii) KCl to a final concentration of 0.1 mol l−1; and (iv) KCl to
a final concentration of 0.1 mol l−1 KCl and GTP at a GTP:Hb4

molar ratio of 3:1. Titrations were also conducted on GT
solutions alone. The buffer value of the GTP/solvent solutio
was subtracted from that of the haemoglobin components
described in the text. Prior to the titrations, methaemoglob
levels were measured according to the method of Beneschet
al. (1973), and samples were discarded if values greater th
5 % were measured.

Results
The haemolysates resolved into two well-defined pea
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during ion-exchange chromatography and consisted 
approximately 32 % cathodic and 68 % anodic haemoglo
(Fig. 1).

Titration of the anodic component

The titration curves for the anodic haemoglobin compone
are shown in Fig. 2, in which ZH (the net charge of the
protein) is plotted as a function of pH in the presence 
0.1 mol l−1 KCl in the absence (Fig. 2A) and in the presen
(Fig. 2B) of GTP. The traces are drawn to the same scale w
zero net proton charge as the reference point (Tanford, 19
The fixed acid Haldane effect (∆ZH; the number of protons
released per Hb4 oxygenated at constant pH) can b
calculated from the distance between the oxygenated 
deoxygenated curves at constant pH. ∆ZH is illustrated in Fig.
3 for stripped haemoglobin and for haemoglobin 
0.1 mol l−1 KCl in the absence and presence of saturati
levels of GTP (3:1 molar ratio of GTP:Hb4). The maximum
fixed acid Haldane effect (referred to simply as the Halda
effect from this point onwards, unless otherwise indicate
increased from 2.1 at pH 6.3 in stripped haemoglobin to 
at pH 6.9 in 0.1 mol l−1 KCl (see Fig. 3). The presence of GTP
further elevated ∆ZH to a maximum value of 4.6 at pH 7.3
The trace for the Haldane effect in the presence of G
without KCl was not included in this figure because it w
identical to that of GTP with KCl. At low and high pH value
(pH<5.3 and pH>8.1 for stripped haemoglobin, pH<5.9 a
pH>7.9 for haemoglobin + KCl, and pH<6.4 and pH>8.2 f
haemoglobin + KCl + GTP), a small negative Haldane effe
was observed.

The area between the ∆ZH curves and ∆ZH=0 (Fig. 3) was
measured to determine the Bohr group recruitment during 
addition of Cl− and GTP. Compared with stripped
Fig. 2. Titration curves for ZH (net H+ charge) as a function of pH for
the anodic eel haemoglobin in (A) 0.1 mol l−1 KCl and (B) 0.1 mol l−1

KCl plus GTP (GTP:Hb4 molar ratio of 3:1). Open symbols
oxygenated haemoglobin; filled symbols, deoxygena
haemoglobin; temperature, 15 °C.
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haemoglobin, the addition of Cl− increased the area by 5 %,
and further addition of GTP increased it by 26 %. Thus, bo
Cl− and GTP increased the magnitude of the alkaline Halda
effect, increased the pH at which the maximum Haldane effe
was observed and reduced the pH range over which t
Haldane effect was observed.

Titration of the cathodic component

Titration curves for cathodic haemoglobin in 0.1 mol l−1

KCl in the absence and presence of GTP are shown in Fig.
In the absence of GTP, a negative Haldane effect is se
above pH 6.8 (deoxygenated haemoglobin is more acidic th
oxygenated haemoglobin at constant ZH), while below pH 6.8
the Haldane effect is positive but small. Fig. 5 illustrates th
magnitude of the Haldane effect over the pH range 5.3–8
for the different conditions. At all pH values measured, KC
slightly increased ∆ZH (or reduced the magnitude of the
negative Haldane effect), while GTP virtually eliminated an
Haldane effect.
,
ted

Fig. 3. The fixed acid Haldane effect (∆ZH; the number of protons
released per Hb4 oxygenated at constant pH) as a function of pH in
the eel anodic component for stripped haemoglobin (dotted line),
for haemoglobin in 0.1 mol l−1 KCl (broken line) and for
haemoglobin in 0.1 mol l−1 KCl plus GTP (GTP:Hb4 molar ratio of
3:1; solid line). ∆ZH was calculated from the vertical distance
between titration curves for oxygenated and deoxygenated
haemoglobins at intervals of 0.1 pH unit. Each curve represents the
mean of three complete titrations with theS.E.M. indicated by the
vertical bars every 0.5 pH unit. Values for haemoglobin with GTP
in the absence of KCl are identical to those for haemoglobin in
0.1 mol l−1 KCl with GTP (solid line) and have been omitted for
clarity.
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Fig. 4. Titration curves for ZH as a function of pH for the cathodic
eel haemoglobin in (A) 0.1 mol l−1 KCl and (B) 0.1 mol l−1 KCl plus
GTP (GTP:Hb4 molar ratio of 3:1). See legend to Fig. 2 for further
details.
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the eel cathodic component for stripped haemoglobin (dotted li
for haemoglobin in 0.1 mol l−1 KCl (broken line) and for
haemoglobin in 0.1 mol l−1 KCl plus GTP (GTP:Hb4 molar ratio of
3:1; solid line). See legend to Fig. 3 for further details.
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Fig. 6. Buffer value (−dZH/dpH; mol H+ mol−1Hb4pH unit−1) as a
function of pH in (A) anodic haemoglobin and (B) cathodic
haemoglobin in 0.1 mol l−1 KCl in the presence (squares) and
absence (circles) of GTP at a GTP:Hb4 molar ratio of 3:1 for
oxygenated (upper panels) and deoxygenated (lower panels)
conditions. The buffer value of GTP alone was subtracted from
respective traces.
Buffer value of the anodic component

The buffer values of the anodic haemoglobin at const
oxygenation status (mol H+ mol−1 tetramer pH unit−1) were
derived from the slope between adjacent points on the titra
ant

tion

curve relating ZH to pH (Fig. 6A). In the presence of KCl, the
buffer value in the pH range 5.5–9 showed maxima at pH 6
in oxygenated haemoglobin and at pH 7.3 in deoxygenate
haemoglobin. The additional presence of GTP increased t
maximum haemoglobin buffer value and shifted this maximum
to a higher pH, the shift being greater in oxygenated (to pH 6.
than in deoxygenated (to pH 7.7) conditions.

When the data for the anodic haemoglobin are expressed
the inverse of the buffer value compared withZH (differential
titration), two well-resolved peaks are obtained, particularly in
the deoxygenated condition (Fig. 7A). The distance betwee
these two sharp peaks indicates the number of titratable grou
that exist in the neutral pH range (de Bruin and van Os, 196
Janssen et al. 1970, 1972). This value was 9 for the anodic
haemoglobin (Fig. 7A).

Buffer value of the cathodic component

In contrast with the buffer value for the anodic componen
that of the cathodic component at constant oxygenation stat
(Fig. 6B) showed no peak in the measured pH range and
minimum buffer value near pH 7.5 in both the oxygenated an
deoxygenated haemoglobins. In addition, only a small increa
in the haemoglobin buffer value was induced by GTP in th
pH range between 6 and 7.5. Also, the differential titration
revealed only one well-resolved peak in contrast with the tw
observed in anodic haemoglobin (Fig. 7C,D), indicating tha
there are no titratable groups within the neutral pH range in th
cathodic haemoglobin component. Titrations were conducte
beyond the pH values reported in Fig. 7; however, no secon
peak was found (data not shown).
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Fig. 7. Differential titration curve (−dpH/dZH, the inverse of buffer
value, versus ZH) of (A) deoxygenated and (B) oxygenated anod
haemoglobin of eel in 0.1 mol l−1 KCl and (C) deoxygenated and (D
oxygenated cathodic haemoglobin of eel in 0.1 mol l−1 KCl. The
horizontal distance between inflection points indicates the numbe
titratable groups within the neutral pH range (see Discussion 
further explanation).
Discussion
The haemoglobin system in eel A. anguillaconsists of one-

third cathodic and two-thirds anodic component (Fig.
Pelster and Weber, 1990; Fago et al. 1995). The H+ titrations
of these components reveal pronounced differences 
correlate well with molecular data and indicate distinctive rol
in buffering. While the anodic component possessed a la
Haldane effect and a low buffer value, the cathodic compon
exhibited a low Haldane effect and low buffer value. The
data indicate that the H+ equilibria of the anodic haemoglobin
component are the more important for H+ buffering and CO2
transport.

Haldane effect
Anodic component

The Haldane effect (which is thermodynamically equivale
to the Bohr effect; Wyman, 1964) arises from changes in 
pK of specific ionizable groups that are linked to haemoglob
1;

that
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oxygenation (Imai, 1982). In mammalian haemoglobin, th
Bohr effect is divided into two regions over the pH rang
between 5 and 10. Whereas an increase in proton concentra
decreases the oxygen affinity (alkaline Bohr effect) in th
alkaline pH range, it increases the oxygen affinity belo
pH 6.5 as a result of an uptake of protons during oxygenat
(acid Bohr effect). While the alkaline Bohr effect was large 
anodic eel haemoglobin relative to that in human haemoglob
the acid Bohr effect was not observed in the strippe
component because of the presence of a Root effect (Pe
and Weber, 1990), which represents a drastic reduction
haemoglobin O2-affinity at low pH. In the presence of GTP,
however, the titrations reveal a slight acid Bohr effect belo
pH 6.4 (Fig. 3).

In human haemoglobin, proton binding to His β146(HC3)
(the histidine residue occurring at the 146th position of the β-
subunit and at helical position HC3), which forms a salt brid
with Asp β94(FG1), accounts for approximately 50 % of th
Bohr effect (Perutz et al.1969; Kilmartin and Wootton, 1970;
Shih et al.1984). Although His β146(HC3) is conserved in eel
anodic haemoglobin, Asp β94(FG1) is replaced by Glu (Fago
et al. 1997), which may still form a salt bridge with His
β146(HC3) and contribute substantially to the Bohr effe
(Chien and Mayo, 1980b). In carp haemoglobin, removal of
His β146(HC3) reduces the magnitude of the Bohr effect b
half (Parkhurst et al. 1983). The magnitude of the Haldane
effect is determined by the number of Bohr groups and th
pK shifts, so that additional groups must be involved or th
same groups must contribute more in anodic eel haemoglo
to account for the much larger Haldane effect compared w
that of human haemoglobin (Imai, 1982). Additional group
that may be involved are discussed by Fago et al. (1997).

The presence of 0.1 mol l−1 Cl− slightly increased the
Haldane effect and the pH at which the maximum value w
observed in the anodic component. In human haemoglob
α1Val accounts for approximately 25 % of the alkaline Boh
effect in the presence of Cl−. As in other fish haemoglobins
(Farmer, 1979), the N-terminal residues of the α-chains are
acetylated in A. anguillaand in the American eel A. rostrata
(Fago et al. 1997; Gillen and Riggs, 1973) and are therefo
unavailable to contribute to the Bohr effect. Another group th
has been proposed to contribute to the Cl−-induced Bohr effect
in vertebrate haemoglobins is Lys β82(EF6) (Perutz et al.
1980), which is conserved in both the anodic and cathodic 
components (Fago et al.1995, 1997). GTP similarly increased
both the Haldane effect and the pH at which it was maxim
The absence of cumulative effects of GTP and Cl− (Fig. 3, data
for haemoglobin in the presence of GTP are identical in t
presence and absence of KCl; results not shown) sugg
overlapping binding sites for the two effectors (e.g. at Ly
β82). Apart from this residue, organic phosphates bind to fi
haemoglobin at the N-terminal amino group Val(NA1), a
Glu(NA2) and at Arg(H21) of the β-chains (Gronenborn et al.
1984; Weber and Wells, 1989). All these residues a
conserved in anodic eel haemoglobin (Fago et al. 1997),
explaining the large influence of GTP on the Haldane effec
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Table 1.Histidine residues in the α- and β-chains of the
anodic and cathodic eel haemoglobins 

Anodic component Cathodic component

α-chain
α45(CD3) α45(CD3)
α58(E7) ------- Distal ------- α59(E7) 
α87(F8) ------ Proximal ------ α88(F8) 
α103(G10) α104(G10)
α123(H5) α124(H5)

β-chain
β41(C7)
β63(E7) ------- Distal ------- β63(E7) 
β82(F8) ------ Proximal ------ β92(F8) 
β97(FG4)
β109(G11)
β146(HC3)

Residues considered to be titratable are printed in bold type.
Cathodic component

In the absence of organic phosphates, oxygenation of 
cathodic haemoglobin at pH values above 6.8 is associa
with an uptake of protons, causing a reversed acid Bohr eff
The absence of the normal alkaline Bohr effect correlates w
the replacement of His β146(HC3) with Phe (Fago et al.1995).
In human haemoglobin, the removal of this histidine inhib
the expression of the normal alkaline Bohr effect and perm
expression of a reversed Bohr effect, which suggests that
Bohr groups exhibit a higher affinity for protons in th
oxygenated than in the deoxygenated state. The poss
molecular mechanisms underlying the reversed Bohr effect
discussed elsewhere (Fago et al.1995).

The most likely groups to contribute to the reverse Bo
effect are the N-terminal amino groups of the β-chains and the
imidazole groups of histidines, all of which possess pKa valu
in the pH range at which the reverse Bohr effect is observ
The five histidine residues in the α-chains are unlikely to
contribute because they are not titratable (Fig. 7C,D) and t
occur in many fish haemoglobins that do not exhibit a reve
Bohr effect (Fago et al.1995).

The presence of Cl− slightly increased the Haldane effec
(decreased the negative Haldane effect) at all pH values. T
effect is probably due to the presence of Lys β82(EF6), which
may contribute to the Cl−-dependent Bohr effect in human
haemoglobin and is conserved in cathodic haemoglob
Although Cl− strongly decreases the oxygen affinity o
cathodic eel haemoglobin (Weber et al.1976), Breepoel et al.
(1981a) found no Cl− effect at concentrations greater tha
0.1 mol l−1. GTP in the presence or absence of Cl− (results for
the latter not shown) virtually eliminates the negative Bo
effect at pH values above 7, as has been observed previo
(Weber et al. 1976; Fago et al. 1995; Feuerlein and Weber
1996).

Buffer value

Eel haemolysates exhibit a lower buffer value than hum
haemolysates (Breepoel et al.1980), and titrations reveal a low
buffer value for both the anodic and cathodic haemoglo
components (Fig. 6). The buffer value of haemoglobin at fix
oxygenation status is determined by the nature of the gro
that exchange protons with the solvent. The groups titrated 
be roughly divided into three classes, each distinguished fr
the others by an inflection point in a titration curve (de Bru
and van Os, 1968; Janssen et al.1970, 1972): (a) the carboxyl
groups of aspartic and glutamic acids, which are titrated be
pH 5.5, (b) the imidazole groups of histidine and the N
terminal amino groups, which are titrated between pH 5.5 a
9 (neutral pH range), and (c) the groups titrated at pH val
above 9. However, the pK values vary depending on the na
of adjacent groups (Paetzel and Dalbey, 1997). The low bu
value in the neutral pH range in teleost fish haemoglob
compared with that in most other vertebrate haemoglobin
correlated with the low total histidine content of th
haemoglobin (Jensen, 1989). In eel, the anodic compon
contains 22 (Fago et al. 1997) and the cathodic componen
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contains 14 (Fago et al. 1995) histidine residues (Table 1)
values much lower than those found in human haemoglobin
(38 residues, Braunitzer et al.1961).

Not all the histidine residues in the tetramer are available 
proton binding since some are buried within the prote
moiety. In the anodic component, there appear to be n
titratable groups in the neutral pH range (Fig. 7), as is a
observed in carp (Jensen, 1989). Excluding the N-termin
amino groups of the α-chains that are acetylated and those 
the β-subunits that are available for titration, this leaves sev
titratable histidines per tetramer from a total of 22 histidin
(Table 1). Of the 22 histidines in the anodic component, eig
(per tetramer) consist of the proximal and distal histidin
which ligate with the iron atom of the haem groups and a
thus unavailable for proton binding, leaving 14 histidin
residues. Thus, of the seven titratable histidine residues 
tetramer (Fig. 7), there are 14 that could potentially be titrat
in the neutral pH range in the anodic component.

The single maximum in the differential titration curve of th
cathodic component (Fig. 7C,D) indicates that there are 
titratable groups in the neutral pH range for this compone
(Breepoel et al.1981a); thus, none of the 14 histidine residue
in this component (Fago et al. 1995) is titratable. It may be
possible to determine which histidines in the anod
component are titratable if it can be assumed that t
titratabilities of histidine residues found at the same locati
in the two components are equivalent. On this basis, 
histidines at β41(C7), β97(FG4), β109(G11) and β146(HC3)
in the anodic component, i.e. eight per tetramer, would 
available for titration (Table 1). Together with the two β-chain
N-terminal residues, this indicates the presence of 10 titrata
groups, which agrees closely with the value of nine groups
determined in Fig. 7.

The addition of GTP to the anodic component increased 
maximal buffer value observed and the pH at which it w
manifested (Fig. 6). The implied increase in apparent pK 
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haemoglobin in both the oxygenated and deoxygena
condition indicates that GTP binds to both forms. Although t
affinity for organic phosphates is generally much higher f
deoxygenated than for oxygenated haemoglobin (Garby et al.
1969), there is evidence for GTP binding to oxygenat
haemoglobin in tench (Weber et al.1987) and for IHP binding
to oxygenated haemoglobin in carp (Chien and May
1980a,b). The raised pK in the presence of GTP increased 
pH at which the Haldane effect was observed (Fig. 3). T
reduced difference between pK values for oxygenated a
deoxygenated haemoglobin resulted in the narrower pH ra
over which the Haldane effect was observed (Fig. 3).

In conclusion, in the titrations conducted in the prese
study, GTP was present at a 3:1 molar excess compared 
haemoglobin tetramers, which is not much greater than t
measured in vivo(2:1 GTP:Hb4; Weber et al.1976). These data
provide insight into the roles of the two components in vivo.
A dominant aspect with respect to CO2 transport and pH
homeostasis of the blood is that the Haldane effect is very la
in the anodic component but virtually absent from the catho
component. Although both haemoglobins have low buff
capacities relative to those of air-breathing vertebrates, tha
the anodic component is always equal to or greater than 
of the cathodic component, which is probably due to t
specific histidine residues at β41(C7), β97(FG4), β109(G11)
and β146(HC3). Thus, the inverse relationship between t
magnitude of the Haldane effect and the buffer value obser
in the whole blood haemolysates from various vertebra
(Jensen, 1989) does not extend to the individual compone
in eel. Since the cathodic component constitutes o
approximately one-third of the total haemoglobin, it will mak
only a minor contribution to the buffer value of the blood.

Haemoglobin multiplicity in fish is thought to permit a
division of labour between the various haemoglob
components with respect to O2 transport (Weber, 1990). This
also appears to apply to CO2 transport and pH homeostasis
which in the eel is accomplished predominantly by the ano
component.

We thank Angela Fago and Hans Malte for valuab
discussions and criticisms and the two anonymous referees
their suggestions. Support from the Danish Natural Scien
Research Council is acknowledged, and C.J.B. was suppo
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