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The oxygen affinity of the hemolymph of the krill Meganyctiphanes norvegica, increases with temperature in the pH range

7.4 to 8.1 reflecting an endothermic overall heat of reaction. This striking feature may be of adaptive significance with

respect to the feeding excursions of the animal, which at night reaches the warmer phytoplankton-rich surface layers,
where the oxygen availability is reduced due to increased temperature and photorespiration.
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1. INTRODUCTION

The Crustacean order Euphaciaoea constitutes
the major part of the deep water zooplankton.
Most species of Euphaciaoea migrate through a
thermocline [1,2]. In particular, the epipelagic
Meganyctiphanes norvegica descends at daytime
down to 100—400 m, and ascends at night up to
100—0 m depth [2]. The species lives in the North
Atlantic and Mediterranean waters [1] and is abun-
dant throughout the year in Norwegian fjords
[3,4]. The aim of the present study was to find a
correlation between the vertical migration through
the thermocline and the functional properties of
the respiratory pigment. It has been reported, in
fact, that the animal species facing large tempera-
ture variations often show an adaptive decrease in
the temperature sensitivity of their biood [5-8],
while the species living at more constant environ-
mental temperatures may display a pronounced
temperature sensitivity [7,9,10].
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2. MATERIALS AND METHODS

Meganyctiphanes norvegica was collected during a four day
cruise in the North Sea (approximately, 60°10'N 3°20'E) in the
middle of August 1984. An IsaaKidd midwater trawl was used
for trawling at night at a depth of 100—200 m (bottom depth:
260—280 m). The temperature was 9°C at 150 m depth, and the
salinity was 35%o. At the surface the animals were carefully
placed in a 200-! tank with acrated seawater at 10°C obtained
from 30 m depth, and kept unfed in total darkness. Blood was
sampled less than 48 h after capture. None of the krill were
whitespotted, indicating their good health condition.

Immediately before blood sampling the animals were re-
moved from seawater, blotted carefully dry and submerged in
cold (4-8°C) mineral oil on ice. The blood was sampled in glass
capillaries by micropuncture of the dorsal aorta after cutting
posteriorly through the exoskeleton along the median line of the
first abdominal segment [11]. The blood samples were pooled
from 766 specimens (mean size 227-40 mm) into Eppendorf
tubes and frozen. Prior to experiments, the frozen sample was
thawed and centrifuged to remove remaining mineral oil and
gelled blood. The blood was stored in iced water until use. It
should be outlined that the small size of Meganyctiphanes
norvegica sets natural limits to the type and the amount of ex-
periments which can be performed. Thus only about 5 zl of
blood could on average be drawn from each specimen.

Oxygen equilibrium was obtained spectrophotometrically at
364 nm at 5 and 10°C [12]. Serially connected Woesthoff gas
mixing pumps delivered the equilibrating gas of constant car-
bon dioxide content of 0.01, 0.1, 0.2, 0.3, and 0.5% carbon
dioxide. The Hill coefficient, 71,2, and the oxygen tension at
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half saturation P12, were calculated from the Hill plots. The

chanoa anthal (AN accomnanuin oy
change in enthalpy (4H) accompanying oxygenation was

calculated from the integrated van ’t Hoff equation:
AH = —19.119 T\T»/[T, — T») Alog (Ps0)/1000, kJ mol™!

The pH of oxygenated and deoxygenated blood was

measured at 5 and 10°C equilibrated for 20 min with gas mix-

tures containing 0.01, 0.1 and 0.5% carbon dioxide. The pH

values at 0.5 and 0.4% carbon dioxide were estimated from
Astrup plots (log pCO; vs pH) in order to save material. The

protem com.emrauon was measurcu spectropnowme[nuduy at
280 nm on diluted samples (10 I blood + 10 ml of 0.9% NaCl)
according to the method of Lowry [13] using the modification
for microquantities of Rutter [14]. The oxygen-binding capacity
(ctO2) was estimated from the protein concentration assuming
one oxygen-binding site per 75 kDa [15].

3. RESULTS AND DISCUSSION

The oxygen-binding curves of blood as obtained
at pH 7.7 and at 5 and 10°C are shown in the form
of Hill plots in fig.1. In the pH range 7.7-7.9,
which has been reported to be the physiological pH

range for crustacean blood [7,16], a relatively low
[19] oxygen affinity (Pso = 50.1 and 18.2 mmHg,

rPenpr‘hvplv at 5 and 10°C, n” = 7.9) is counled
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to a quite high cooperatmty of oxygen binding,
the Hill coefficient ranging between 2.5 and 3.0.
As reported in fig.2 the Bohr shift is exceptionally
large and not significantly different at the two
temperaiures [diog(pO2)/A(pH) = -1.99 and
—1.85, at 5 and 10°C respectively]. Both figs 1 and

2 show, at all pH values above 7.3, a marked in-

crease in the oxygen affinity w1th increasing
temperature, reflecting a strong endothermic
overall heat of oxygenation (AH = 133.76 kJ
mol ™!, pH 7.9).

To our knowiedge this is a novel feature which
has never been reported previously for respiratory
pigments. Ligand binding, in fact, was reported as
endothermic only in the case of the T states of
trout Hb I [17] and of hemocyanin from Levantina
hierosolima [18]. In the case of trout Hb I, binding
of carbon monoxide to the T state of the molecule
is characterized by a AH value of about 25.50 kJ
mol~! and, in the case of Levantina hierosolima
hemocyanin, the AH value of oxygen binding to
the T state was found to be about 12.54 kJ mol 1.
No example, however, is known of a fully en-
dothermic oxygen binding to respiratory pigments.
The ecophysiological significance of this effect

may be related to the feeding excursions of the krill

towards the warmer and phytoplankton-rich sur-
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Fig.1. Oxygen binding isotherms of the hemolymph of
Meganyctiphanes norvegica at 5 (closed symbols) and 10 (open
symbols) °C, pH = 7.7.

face layers at night. The strong endothermic
character of the oxygen binding, in fact, should be
of great benefit for the krill when it ascends
towards the upper Ilayers, where the oxygen
availability may be reduced due to the lower

ealnhility at hiocher temneratures and to the
soiuouty at higher temperatures ang 1o ne

photorespiratory activity of the phytoplankton, by
safeguarding the postbranchial oxygen saturation.
A similar behaviour has been observed in the blood
from Palaemon elegans [19], while the temperature
has very littie infiuence on the oxygen affinity in
the blood from the arctic krill, Euphasia superba
r1s1 mrlmatmo a marked difference between the
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two Kkrills. The oxygen affinity of the blood of
Meganyctiphanes norvegica is very low compared
to most other crustacean blood [20], but similar to
that reported for Euphasia superba [15]. Such a
low affinity coupled to a iarge Bohr shift and a
marked cooperativity in crustacean hemocyanin
has been interpreted in terms of adaptation to high
levels of activity [20,21]. In this context it should
be mentioned that ascending speeds up to 173 m/h
have been reported for Meganyctiphanes norvegica
[1], corresponding to about 1.4 bodylengths/s.

it appears very informative and appropriate to
try to correlate the observations above and the
various contributions which, at a molecular level,
are included in the overall thermal effects
measured upon oxygen binding. These may be
summarized as follows: (i) intrinsic heat of ox-
ygenation; (ii) heat of ionization of oxygen-linked

acid erocuns fendothermic) I1221: (iii) heat of solu-
aviu sluuyo AVMMULLIVI IV &)y (Lii) LIVGL VI OVL

tion of oxygen (exothermic: = 12.54 kJ mol™")
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Fig.2. pH dependence of the Bohr effect of Meganyctiphanes

norvegica hemolymph krill at two different temperatures (open

circles, 5°C; filled circles, 10°C). The inset shows the Hill
coefficients at the various pH values tested.

[22]; (iv) heat involved in the T—R allosteric
transition (always endothermic in the cases ex-
amined so far) [22,23]; (v) heat of binding of other
ions such as chloride and calcium.

Fig.3 reports the apparent overall dH of oxygen
binding - to Meganyctiphanes norvegica hemo-
cyanin as a function of pH. The apparent AH
decreases as the proton concentration is increased
just in the range of pH in which the Bohr effect is
operative and this behaviour is the opposite of
what one would expect on the basis of the en-
dothermic contribution of the Bohr protons.
Therefore, leaving constant the (intrinsic) AH
values of oxygen binding and solubilization, the
only contribution which may be exothermic and
thereby explaining the observed change of AH as a
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Fig.3. pH dependence of the apparent overall heat of
oxygenation of Meganyctiphanes norvegica hemolymph.

function of pH, are the ones mentioned in points
(iv) and (v). If we assume that the T—— R confor-
mational transition is endothermic as in most of
the oxygen carriers tested so far, this implies an
exothermic oxygen-linked binding of other ions
whose relative weight becomes more and more im-
portant as the pH is decreased. It is worth recall-
ing, in this respect, the case of Panulirus
interruptus hemocyanin, in which the analysis of
the temperature dependence of both ligand binding
equilibria and kinetics within the context of the 2
state model [24], has provided an estimate of the
thermodynamic parameters for the oxygen binding
by the two states (T and R) and the ligand-linked
conformational change. The most significant
result emerging from that analysis is the strong
exothermic character of the allosteric transition
which amounts to a AH of —75.24 kJ per mol of
hexamer. This is at variance with what is usually
observed in vertebrate hemoglobins and namely in
human Hb A, whose allosteric transition is
characterized by a positive enthalpy change (AH =
71.06 kJ per mol of tetramer) [25]. On the basis of
those results we cannot exclude the possibility that
Meganyctiphanes norvegica hemocyanin is also
characterized by an exothermic allosteric transition
which might provide a basis for the observed pH
dependence of the enthalpy changes. If this was the
case, this hemocyanin would provide a unique ex-
ample of thermodynamic properties exactly op-
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posite to those normally observed, namely an
endothermic oxygen binding coupled to an exo-
thermic allosteric transition.

As a final conclusion, excluding any masking ef-
fect of the Bohr protons even in the presence of a
large Bohr effect, the only possible explanation for
the endothermic character of oxygen binding
seems to be an intrinsic property of the
macromolecule or a specific effect of other ions
that still needs clarification. In any event, the
unusual thermal properties of this hemocyanin re-
main per se a phenomenon of striking adaptive and
evolutionary significance.
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