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1. Introduction

The blood of trout (Salmo irideus) contains several
electrophoretically distinct hemoglobin components,
as has often been reported for fish hemolysates [1,2].
The isolated trout hemoglobin components proved to
possess widely different functional properties [3].

The component with the lowest electrophoretic
mobility at pH 8.5 (called Hb Trout I) is characterized
by a cooperative O, binding curve (n = 2.5 from pH
6—9). The overall free energy of interaction for Trout
1 is similar to that characteristic of mammalian hemo-
globins (A F; > 2.5 Kcal/mol) [4, 5] . In contrast to
mammalian hemoglobins, the position of the ligand
binding curve for Trout I is invariant with pH (from
6—9), invariant with the composition of the medium
(in particular the presence of organic phosphates),
and almost invariant with temperature (A H overall <
1Kcal/site).

The other major component of trout blood (called
Hb Trout IV) has the greatest electrophoretic mobili-
ty at pH 8.5 and shows a very large pH dependence of
the shape of the O, binding curve. The position of
the O, binding curve has a large pH dependence and
at low pH values (below 6.5) the molecule is only par-
tially saturated in air. This property, which is charac-
teristic of many fish hemoglobins, in known as the
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Root effect [6] . In the blood of trout this seems to
be an exclusive property of Hb Trout IV [3]. The O,
binding properties of this component are influenced
by organic phosphates as well as by temperature.

Knowledge of the functional properties of the vari-
ous components has suggested different physiological
roles for the different hemoglobin components [7] .
It appears possible to rationalize the multiplicity of
components in terms of physiological requirements
of teleost fishes, where hemoglobins may play the
double role of providing O, to the tissues and to the
swim bladder [8].

The molecular and functional properties of the iso-
lated components, including kinetic aspects of the re-
action with ligands, have been extensively investigated
[7 and data to be published] . However, understand-
ing of the functional properties in structural terms
demands knowledge of the structural features of the
molecules in question, and in particular their chemi-
cal properties. Work directed towards the determina-
tion of the primary structure of the main components
from the blood of trout has therefore been under-
taken. This note reports preliminary information deal-
ing with the determination of the carboxyl and -
amino terminal sequences of Hb Trout I and Hb
Trout IV as well as some information on Hb Trout II,
The relevance of our findings for the interpretation
of the functional properties is briefly discussed.
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Table 1
Amino acids released (equivalents per of dimer) from Hb
Trout components after digestion with carboxypeptidase A
or B.

Carboxypeptidase A Carboxypeptidase B™

Tyr (2.0) Phe (1.0)

Trout | Tyr (1.0), Phe (1.0) Arg (2.0) Lys (1.0)
Ala (0.7)

Trout II Tyr (1.0), Phe (1.0) Arg (2.0) Phe (1.0)
Tyr (2.0) Lys (1.0)

Trout IV His (1.0), Tyr (1.0) Arg (0.7), Tyr (0.4)

Gln (0.5)

** The release of non-basic amino-acids by CPB may be con-
nected with the presence of SDS, with the time of diges-

tion (2 hr) and with the enzyme/substrate ratio (1/50 w/w).

2. Materials and methods

Preparation of hemoglobin and purification of the
various components was performed as previously re-
ported [3]. From the homogeneous components, glo-
bins were prepared by the acid—acetone procedure
[5]. Globins obtained by the standard method, how-
ever, are insoluble at neutral pH in water or dilute
buffer, and therefore are probably denatured.

Starch gel electrophoresis in 8 M urea and mercap-
toethanol was performed according to standard pro-
cedures [9] . Digestions with Worthington, DFP-
treated carboxypeptidase A (CPA) and B (CPB) were
carried out according to Ambler [10], using 0.05 M
Tris—HCI buffer, pH 8.0, in the presence of 3—15 mM
sodium dodecyl] sulfate (SDS)*. Samples were with-
drawn at the appropriate time intervals and quenched
with trichloroacetic acid. The amino acid content was
determined with a Bio Cal BC 200 or an Optica amino
acid analyzer.

The N-terminal amino acids were identified by the
modified dansylation technique for proteins suggested
by Gray [12]. The DNS-amino acids were identified
by the thin layer chromatographic method described
by Woods and Wang [13].

Manual determination of the V-terminal sequence
of the chains was carried out with dansyl chloride ac-

* In the absence of SDS, Hb Trout I is not susceptible to the
action of either CPA or CPB, while removal of residues has
been obtained with Hb Trout IV in the native state [11].
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cording to the rapid degradation procedure described
by Gray [12].

3. Results

Each of the two main components of trout blood
(namely Hb Trout I and Hb Trout IV) is composed of
two different types of chains, as shown by starch gel
electrophoresis in 8 M urea and mercaptoethanol. As
discussed below, these two types of chains may be
designated as a-like and 8-like on the basis of their C-
terminal sequences, and since these two hemoglobin
components do not possess common chains, they are
designated as alz BIZ, alzv BIZV.

Isolation of the chains was attempted by chroma-
tography on CM-cellulose in 8 M urea and 0.05 M mer:
captoethanol. By properly modifying the procedure
employed for human hemoglobin [14], in a manner
to be reported in detail, it was possible to obtain pure
chains from the globin of Trout IV. Chromatographic
fractions were assigned to a certain type of chain on
the basis of the electrophoretic mobility and, more
rigorously, on the basis of the C-terminal amino acid
sequence (see later). Similar separation procedures
when applied to Hb Trout I (or Trout IT) proved to be
less successful, and only one chain could be obtained
in reasonably pure form.

Carboxyl terminal sequences were obtained by car-
boxypeptidase digestion of the hemoglobins in SDS.
Table 1 shows the type and number of amino acid
residues released per off unit after digestion with ei-
ther CPA or CPB. Digestion of the protein with CPA
always released: His and Tyr (1 equivalent per of8
dimer) from Hb Trout IV, and Phe and Tyr (1 equiva-
lent per o8 dimer) from Hb Trout I (and Hb Trout II).
On the other hand, digestion with CPB released argi-
nine from all three components, along with other
amino acid residues, including tyrosine.

These results are somewhat at variance with those
obtained by Bulher on hemoglobin from Salmo
gairdneri [15], for which no Arg was released by CPB
addition.

The C-terminal sequences were deduced from the
analysis of: i) the time dependence of the digestion
with either CPA or CPB; ii) the digestion of the puri-
fied chains in the case of Hb trout IV. For Hb Trout
I this second approach could be used only on partial-
ly purified chains.
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Table 2
Summary of N- and C-terminal sequences of various hemoglobins.

a Val-Leu-Ser-Pro-Ala-Asp-

Man
8 Val-His-Leu-Thr-Pro-Glu-
a
Trout I af Val-
B
Trout IV o Val-X-Ser-Ala

B Val-Asx-X-Thr-Asx

Catostomus o Acetyl-Ser-Leu-Ser-Asp-
Clarkii B Cathodal Val-Glu-Trp-Ser-Asp
an B8 Anodal Val-Gly-Trp-Thr-Asp

-Leu-Thr-Ser-Lys-Tyr-Arg

-Leu-Ala-His-Lys-Tyr-His

-Lys-Tyr-Arg

-Gly-Ser-Arg-Tyr-Phe

(Leu, Glu, Ala)-Lys-Tyr-Arg
(Val, Leu, Ala) Arg-GIn-Tyr-His

Glu-Lys-Tyr-Arg
Tyr,Phe
Arg-GIn-Tyr-His

Table 2 shows the amino acid sequences of the C-
terminal region on the trout hemoglobin components.
The sequence —Tyr—Phe for Hb Trout I, which is the

likely one on the basis of homologies, is confirmed by:

i) partial digestion of Hb Trout I in the absence of
SDS with high CPA concentration; ii) sequencing of a
peptide obtained by CNBr fragmentation of Hb Trout
L

The dansylation method for identification of N-ter-
minal residues was carried out on the purified hemo-
globins as well as on some isolated chains. The only
residue found at the N-terminal position was valine
for all three hemoglobin components. It was impossi-
ble, however, to decide whether both the a and §
chains of Hb Trout I and II have freely accessible a-
amino groups or whether one of the chains hasa
blocked amino group, as reported for other fishes [16,
17] . For Hb Trout IV neither & nor § chains have
blocked N-termini. Partial N-terminal sequences of
both the a and B chains of Hb Trout IV, obtained by
the rapid degradation procedure [12], are reported in
table 2.

4. Conclusion

Consideration of the data reported above, in con-
junction with the knowledge of the functional proper-
ties of the various hemoglobin components from
trout, allows us to draw the following conclusions:

a) The C-terminal sequence of the a chains in trout is
less variable than that of the § chains, in agreement

with extensive observations already available. In all
cases tyrosine seems to be present in the penultimate
position. This is in agreement with the'stereochemical
model of hemoglobin function, based largely on X-
ray crystallographic studies of human hemoglobin
[18]. The stereochemical model assigns an essential
role to this residue in the functional properties of the
molecule, and in particular for the cooperative effects
observed in O, binding.

b) In Hb Trout I the absence of Bohr effect, and pos-
sibly of other heterotropic phenomena, may be corre-
lated with the substitution of Phe for the C-terminal
His of the 8 chains. The presence of a hemoglobin
component containing Phe in the terminal position of
the 8 chains may be common in fast swimming fishes
[see 17]. The lack of a Bohr effect may have definite
physiological significance in these fish. Our data on
Hb Trout I and II appear remarkably consistent with
the results of Powers and Edmundson [17] on
Catostomus clarkii.

¢) On the other hand, in Hb Trout IV, the presence of
marked heterotropic effects is associated with the
presence of His at the C-terminal position of the §
chain. Although the Root effect cannot be ascribed
exclusively to the C-terminal His, the participation of
this residue in the pH dependent effects is shown by
the functional modifications observed after digestion
of the native protein with CPA [11].

d) As shown by X-ray crystallographic studies of hu-
man hemoglobin [18,19], the binding of organic
phosphates and notably of 2-3, diphosphoglycerate
(DPG), involves interaction of the allosteric effector
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with the following residues: Val 1 (8) (the a-NH,
group), His 2 (8), Lys 82 (8), and His 143 (8). As is
clear from table 2, two of these four ‘binding sites’ i.e.
His 2 and His 143 (B) appear to be missing in Hb
Trout IV. Addition of ATP, the physiologically im-
portant phosphate in fish, to Hb Trout IV decreases
the oxygen affinity only about half as much as in hu-
man hemoglobin [20] and, in general, the effect of
organic phosphates on the O, binding of Hb Trout IV
is considerably smaller than that observed with human
hemoglobin [5,21]. Similar correlations were pointed
out by Powers and Edmundson [17] in the case of

Cs. clarkii. The beautiful correlation between structur-
al and functional data is independent evidence for the
role of precise charge complementarity in regulating
the interactions between hemoglobin and organic phos-
phates.
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