FEBS 15413

FEBS Letters 364 (1995) 9-12

Extreme thermostability of tarantula hemocyanin
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Abstract Biotops with extreme temperatures such as deserts
force animals to avoid or escape high temperatures by biochemi-
cal, behavioural or morphological adaptation. In this context we
tested the resistance to heat of the oxygen carrier hemocyanin
from the ancient tarantula Eurypelma californicum, which is
found in arid zones of North America. Differential scanning cal-
orimetry, light scattering, crossed immunogelelectrophoresis and
oxygen binding experiments show that the 24-meric hemocyanin
is conformationally stable and fully functioning at temperatures
up to 90°C. Our results demonstrate that the cation-mediated
state of oligomerization is not only crucial for the high coopera-
tivity of oxygen binding of this hemocyanin, but also for its
extreme stability in the physiological temperature and pH range.
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1. Introduction

The tarantula Eurypelma californicum is found in the deserts
of southwest North America where it faces high absolute tem-
peratures and large temperature fluctuations of more than
70°C between day and night. Under these extreme conditions
the oxygen supply of the animal has to be maintained. This
means that its respiratory protein, the hemocyanin, has to be
highly adaptable to drastic environmental changes with respect
to its functional properties such as cooperativity and allosteric
regulation of oxygen binding. At the same time the protein must
be stable over a wide temperature range.

Hemocyanin is freely dissolved in the blood of Furypelma
californicum in a concentration between 10-120 g/l [1]. Fig. 1
shows that it is composed of 24 subunits, which belong to seven
different types (designated with lower case letters « to g; [2,3]).
Electron microscopic pictures revealed the arrangement of the
subunits in 4 hexamers [4]. Two hexamers, which differ by
containing either subunit 4 or ¢, are forming dodecamers that
dimerize isologously to the native 24-meric hemocyanin. Iso-
lated subunits reversibly bind one molecule of oxygen between
two copper atoms in a non-cooperative manner and with high
affinity [5]. In contrast, the 24-mer shows a highly cooperative
oxygen binding with Hill coefficients of up to 9 and a reduced
oxygen affinity [6,7]. Whereas a great amount of information
has been accumulated on the functional properties of tarantula
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and related arthropod hemocyanins (for reviews see [8-10]),
only few data on the stabiliy of this important class of respira-
tory proteins are available [11]. Here, we report measurements
showing that the native 24-meric tarantula hemocyanin remains
intact up to 90°C and below pH values of 6.2. It thus fulfills
the stability requirements of a respiratory protein in the blood
of a poikilothermic animal living under extreme environmental
conditions.

2. Material and methods

Tarantula (Eurypelma californicum) hemocyanin was prepared as
described [12] and immediately dialysed against 100 mM Tris-HCI
buffer, pH 7.6, containing 5 mM CaCl, and 5 mM MgCl, at 20°C.
Under these conditions, the hemocyanin is a pure 24-mer [7]. The
protein concentration was determined spectroscopically with the ab-
sorption coefficient E3% = 11.1 in Tris-HCI buffer.

2.1. Spectroscopic methods
Absorption spectroscopy was performed with a CARY spectro-
photometer (model 114) at the given temperatures.

2.2. Differential scanning calorimetry

Differential scanning calorimetry was performed with both the 24-
meric hemocyanin and with the isolated subunits. A DASM 4 microcal-
orimeter with a cell volume of 0.47 ml was used. The experiments were
performed under air pressure of approximately 3 bar. Several runs were
made from 20°C to 120°C with each sample, and the transition temper-
atures reported are average quantities (* 0.5°C). A heating rate of
1 K - min™' was employed. Three different buffer systems were used:
(1) 100 mM Tris-HCI, 5 mM CaCl, and 5 mM MgCl,, pH 8.8 at 20°C
with a protein concentration of 1.32 g/l (24-meric form).
(2) 50 mM glycine/OH, 5 mM CaCl, and 5 mM MgCl,, pH 9.6 at 20°C
with a protein concentration of 1.0 g/l (24-meric form).
(3) 50 mM glycine/OH, 5 mM EDTA, pH 9.6 at 20°C with a protein
concentration of 0.92 g/l (monomeric form).

Unfolding was irreversible in each case as judged on the basis of zero
excess heat capacity in the second heating.

2.3. Light-scattering

Light scattering measurements were performed with a SPEX Fluor-
olog 211 spectrophotometer at a wavelength of 400 nm. The hemocy-
anin (1.0 g/ in 100 mM Tris-HCI buffer, pH 7.6 at 20°C containing
5 mM CaCl, and 5 mM MgCl,) was heated up with a rate of 1 K/min.
The concomittant change of the pH value was measured with a pH
minielectrode (Eschweiler, Germany). After a desired temperature had
been reached, an aligot of the sample was taken and further incubated
at this temperature for 10 min. Then the samples were cooled down to
20°C and filtered into the cuvette (d = 1 cm), using Millipore filters with
a pore width of 0.2 mm.

2.4. Crossed immunogelelectrophoresis

Tarantula hemocyanin was exposed for 10 min to different tempera-
tures and then cooled down to 20°C. Subsequently, crossed immuno-
gelelectrophoresis was performed according to Weeke [13] as modified
by Markl et al. [14], using polyclonal rabbit antibodies against dissoci-
ated FEurypelma californicum hemocyanin.
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2.5. Oxygen binding

Aliquots of the hemocyanin solution that had been exposed to differ-
ent temperatures, were cooled down to 20°C and diluted to a concentra-
tion of 0.1 g/l with 100 mM Tris-HC] buffer, pH 8.0, containing 5 mM
CaCl, and 5 mM MgCl,. With this solution, continuous oxygen-equilib-
rium curves were recorded with the fluorimetric-polarographic method

[6].
3. Results and discussion

Structure and function of tarantula hemocyanin were exam-
ined as a function of temperature in the range from 20°C to
120°C by differential scanning calorimetry (DSC), light scatter-
ing, immunogelelectrophoresis and oxygen binding. Conforma-
tional stability of the 24-meric hemocyanin was investigated in
two different buffer systems and in presence of physiological
concentrations of Ca®* and Mg** ions.

In Tris-buffer with 5 mM CaCl, and 5 mM MgCl, (pH 6.8
at 92.0°C) a transition temperature at the maximum of the
excess heat capacity peak of T, = 92.5°C was observed (Fig.
2, curve A). In glycine-buffer with 5 mM CaCl, and 5 mM
MgCl, (pH 7.8 at 90°C) the transition temperature T, is 89.9°C
(Fig. 2, curve B), which suggests that the hemocyanin has the
same degree of oligomerization as in Tris-buffer. Above this
temperature the protein aggregates irreversibly, which pre-
cludes determination of heat capacity changes. Irreversibility
of denaturation was also observed in DSC measurements with
the hemocyanin from the lobster Panulirus vulgaris {11]. How-
ever, the hexameric lobster hemocyanin is much less heat resis-
tant than the 24-meric tarantula hemocyanin. It denatures al-
ready at 63°C when a comparable scan rate of | K - min™' is
applied. We also performed DSC studies on a mixture of iso-
lated tarantula hemocyanin subunits, which are produced at
high pH and in the absence of Ca** and Mg™ ions in glycine
buffer [15]. The excess heat capacity curve C is shown in Fig. 2
and reveals a transition temperature of T, = 68.4°C. This
result indicates a lower stability of the isolated subunits com-
pared to the 24- mer, but an increased stability with respect to
subunits from lobster hemocyanin, which denature at 49°C
[11].

Based on the DSC experiments performed with hemocyanins
so far, the extreme thermostability of tarantula hemocyanin is

Fig. 1. Quaternary structure of the hemocyanin from the tarantula
Eurypelma californicum. The hemocyanin is composed of 24 subunits,
which belong to seven different types (designated with lower case letters
a to g [2,9]. The subunits are arranged in 4 hexamers. Two hexamers,
which contain either subunit & or ¢, are forming dodecamers that
dimerize isologously to the native 24-meric hemocyanin (adapted from

[13D.
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Fig. 2. Extreme thermostability of tarantula hemocyanin depends on
its 24-meric oligomerization state. Differential scanning calorimetric
studies were performed on 24-meric and subunits of hemocyanin. A
heating rate of 1 K - min™' was employed throughout the measure-
ments. Curve A: 100 mM Tris-HCI, 5 mM CaCl, and 5 mM MgCl,, pH
8.8 at 20°C; protein concentration: 1.32 g/l (24-meric form). Curve B:
50 mM glycine/OH, 5 mM CaCl, and 5 mM MgCl,, pH 9.6 at 20°C;
protein concentration: 1.0 g/l (24-meric form). Curve C: 50 mM glycine/
OH, 5 mM EDTA, pH 9.6 at 20°C; protein concentration: 0.92 g/l
(monomeric form).

due to its high state of oligomerization and to an elevated
intrinsic stability of its subunits compared to lobster hemocy-
anin. Since the 7, values of the 24-mer in Tris and glycine
buffer are almost identical (Fig. 2, curves A,B), the observed
high thermostability of tarantula hemocyanin seems to be an
intrinsic property which is only slightly influenced by the ap-
plied buffering systems.

Due to the irreversibility of the transition we did not attempt
to evaluate equilibrium thermodynamic parameters other than
T,,. The latter value did not significantly vary with heating rate.
Therefore it was not realistic to perform an analysis of the DSC
curves on the basis of kinetic control of the transition. Inspec-
tion of the shape of the heat capacity function (Fig. 2, curve C)
of the monomers seems to imply, however, a more complex
transition behaviour than that expected from a simple two-state
unfolding process. Such a conclusion is not unrealistic in view
of the high molecular weight of the subunits of about 75,000
g mol™', possessing three domains with different folding mo-
tives, and the assumed maximal size of the cooperative folding
unit of proteins, which is in the order of 200 amino acids [16,17).

In order to confirm the observed temperature stability of
tarantula hemocyanin, light scattering experiments were per-
formed (Fig. 3). To this end, the 24-mer hemocyanin was incu-
bated at different temperatures between 20°C and 96°C. After
cooling, the scattering intensites of the samples were measured
at a wavelength of 400 nm at 20°C. In this experiment an
irreversible decrease in the scattering intensity indicates a heat-
induced denaturation of the hemocyanin. The intactness of the
oxygen binding sites was also checked by recording the absorb-
ance at 340 nm at 20°C. Fig. 3 shows that the quaternary
structure of the hemocyanin as well as the oxygen binding sites
are stable up to 80°C in the absence of Ca** and Mg?**. The
presence of these bivalent cations in physiological concentra-
tions leads to an increase of the temperature stability of the
24-mer up to 90°C, thus confirming the results of the calorimet-
ric experiment (Fig. 2).



R. Sterner et al./ FEBS Letters 364 (1995) 9-12

100
. 804
2
o
2 60
5
]
;:D 40+
@
204
0 T T T
20 40 60 80 100

T¢O

Fig. 3. Bivalent cations increase heat stability of tarantula hemocyanin.
The hemocyanin was dissolved in 100 mM Tris-HCI buffer, pH 7.6 at
20°C, and exposed to different temperatures for 10 min. The experi-
ments were performed either in presence (filled symbols) or in absence
(open symbols) of 5 mM CaCl, and 5 mM MgCl,. After cooling down
to 20°C, light scattering intensities were measured at 400 nm (squares)
as well as absorbances at 340 nm (circles). Mean values of three exper-
iments are given. The standard deviation is about three times of the size
of the symbol. The temperature-induced changes of the pH-value of the
sample were measured simultaneously and are shown in the insert (filled
circles).

During the heating of the sample, the concomittant change
of the pH value was measured. Between 20°C and 85°C the pH
value drops by 1.4 units, from 7.6 to 6.2 (Fig. 3), a result that
is due to the strong temperature dependence of the pK value
of Tris buffer. As shown by light scattering experiments (Fig.
3) this acidification of the solution does not result in a denatu-
ration of the hemocyanin. This result is in accordance with
analytical ultracentrifugation and oxygen binding experiments
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showing that tarantula hemocyanin is an intact 24-mer
with cooperative oxygen-binding properties at least between
pH-values of 5.0 and 9.0 [18]. This tolerance towards changes
in the proton concentration of four orders of magnitude may
also be a particular adaptation of tarantula hemocyanin. In
vivo this hemocyanin has to transport oxygen under widely
variing pH conditions, whereas for example human hemoglo-
bin has to tolerate pH changes of only about 0.05 units [19,20].
The reason for the resistance to heat-induced pH-changes may
lie in a temperature-induced change of the pK-value of histidine
residues. This pK change compensates for the temperature-
induced acidification of the blood of poikolothermic inverte-
brates and guarantees a constant degree of histidine protona-
tion [21]. This prevents acid-induced denaturation of the corre-
sponding proteins.

The intactness of a protein structure can also be tested by
crossed immunogelelectrophoresis [13] since only intact epi-
topes on the surface of a protein can be recognized by confor-
mation- specific antibodies. In addition, this method allows to
discriminate between dissociated subunits and an intact quater-
nary structure. Fig. 4a-c shows the results obtained for the
24-meric hemocyanin. It is evident that an intact quaternary
structure is retained after exposure to 80°C for 10 min. Only
after an incubation at temperatures of 91°C and higher, some
dissociation occurs. In contrast, subunit e is stable at tempera-
tures up to 60°C (Fig. 4d,e) but it is denatured after incubation
at 70°C (Fig. 4f). These results are in full accordance with the
calorimetric data (Fig. 2).

In a further experiment, it was tested, if the oxygen binding
properties of tarantula hemocyanin are changed with increas-
ing time of heat incubation. To this end hemocyanin was incu-
bated at 80°C for either 10 or 30 min, and after cooling oxygen

Fig. 4. Quaternary structure and epitopes of tarantula hemocyanin remain intact at 80°C. Crossed immuno-electrophoresis [2,13] was performed
for the 24-meric hemocyanin (a—) and for isolated subunit e (d-f). The experiments were performed at 20°C after a 10 min incubation of the
hemocyanin at the particular temperature (20°C (a), 80°C (b), 91°C (c), 20°C (d), 60°C (e) and 70°C (f)). In case of the 24-meric hemocyanin the
protein concentration was 2.0 g/l in 100 mM Tris-HCl buffer, pH 8.0 at 20°C, containing 5 mM CaCl, and 5 mM MgCl,. No CaCl, and MgCl, was
present in the buffer in case of subunit e. The protein concentration was 0.6 g/l. In the second dimension the agarose bed was incubated with antibodies

against dissociated 24-meric tarantula hemocyanin.
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Fig. 5. Affinity and cooperativity of oxygen binding are only slightly
modified after heat exposure. Oxygen binding curves with 24-meric
hemocyanin were performed at 20°C after incubation at 80°C for 10
min (*), 30 min (=), and without previous heat exposure (®). (The insert
shows the Hill plots of the oxygen binding curves). The hemocyanin
concentration was 0.1 g/l in 100 mM Tris-HCl buffer, pH 8.0 at 20°C,
containing 5 mM CaCl, and 5 mM MgCl,. After different times of heat
exposure, the oxygen affinity was determined as follows: ps, = 8.5 Torr
(at 0 min), ps, = 7.5 Torr (after 10 min), ps, = 6 Torr (after 30 min). The
cooperativity of oxygen binding given as Hill coefficient at half oxygen
saturation hs, was 6.2 (0 min), 6.0 (10 min) and 5.5 (30 min).

binding curves were recorded at 20°C (Fig. 5). After 10 min of
heat exposure, oxygen binding was not changed significantly.
Longer exposure to 80°C (30 min) leads to an increase of the
oxygen affinity from 9 Torr to 6 Torr and a slight decrease of
the Hill coefficient from 6.2 to 5.5, probably due to the dissoci-
ation of a small fraction of the oligomer.

Our results show that tarantula hemocyanin is an exceptional
respiratory protein because it retains an intact structure and
proper function after exposure to temperatures of up to 90°C
and a concomitant decrease of the pH to values of about 6.2.
The remarkable heat resistance is in contrast to the properties
of the closely related but hexameric hemocyanin from Palinurus
vulgaris, which denatures at almost 30°C lower temperatures
between 60°C and 65°C [11]. The physiological significance of
the different heat stabilities of tarantula and lobster hemocy-
anin can easily be rationalized. Whereas lobsters live in a ma-
rine habitat with moderate and only slightly changing tempera-
ture conditions, desert tarantulas have to cope with extreme
temperature changes in their environment. Since tarantulas are
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poikilothermic animals, these changes are not buffered by an
active regulation of the body temperature and can thus only be
weakened, for example by behavioral adaptation. Therefore an
extremely stable, and yet highly flexible, respiratory protein is
crucial for the oxygen supply and thus the survival of tarantulas
in their dreary habitat.
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