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Abstract—1. Blood proteins in Sepia officinalis have been identified by an
ultramicroelectrophoretic technique.

2. The hemocyanin of adult animals shows a constant electrophoretic pattern,
characteristic for cephalopods.

3. The hemocyanin of young animals shows electrophoretic patterns that
differ significantly from those obtained with adult hemocyanin, with gradual
change into the adult pattern during the first weeks after eclosion.

4, First-day animal’s blood shows a characteristic hemocyanin pattern that
disappears after a few days. This hemocyanin is considered to be embryonic,

5. While the embryonic hemocyanin bands disappear, other bands arise.
These are considered to be young hemocyanin which are gradually converted
into the adult protein.

INTRODUCTION

HEeMOCYANINS are copper proteins found in the blood serum of five classes of
invertebrates. These are the Gastropoda and the Cephalopoda among the Mollusca
and the Xiphosura, Arachnida and Crustacea among the Arthropoda. Detailed
investigations have mainly been carried out with the larger species.

The molecular weights of hemocyanins range from about 300,000 to 900,000
in Arthropods and from a few hundred thousand to several million in Molluscs.
Amino acid composition of several hemocyanins has been determined by Ghiretti-
Magaldi et al. (1966) and by Witters & Lontie (1968), but the mode of binding
of copper in the protein is still unknown.

As shown for the first time by Erikson-Quensel & Svedberg (1936) hemo-
cyanin molecules dissociate reversibly into sub-units. Whole molecules exist in a
pH range including the isoelectric point. This pH stability region is influenced by
electrolytes such as Ca?* and Mg?*, dilution and other factors. In very acid or
alkaline solutions this dissociation becomes irreversible. Recently this dissociation
into sub-multiples has been confirmed by electron microscopic studies (Fernandez
Moran et al., 1966; Eskeland, 1967; Van Bruggen, 1968).

Hemocyanin is mostly considered as the only protein present in blood serum
(Goodwin, 1960). Besse & Mocquard (1968) and Lagarrigue & Trilles (1969)
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found in the blood of some Isopods, besides hemocyanin and fibrinogen, a protein
fraction restricted to female animals. In Cancer pagurus a slowly migrating copper
containing protein fraction with hemocyanin-like properties has been shown to
occur only in female animals with ripening eggs and a protein fraction which
does not contain any copper appears in the blood prior to moulting (Decleir, 1966,
1968). Although hemocyanin is found in high concentrations and very often forms
the only protein present in the blood, nothing is known concerning either the site
or the biosynthesis of this molecule.

The present study was undertaken to determine when hemocyanin is first
synthetized during the life of the cuttlefish Sepia officinalis. We have, therefore,
made a study of the blood proteins from eclosion to adulthood. The results of
this study are presented in this paper.

MATERIALS AND METHODS

All the animals used were collected during Summer 1968 in the region of Wimereux.
Emphasis was placed on Sepia officinalis for two reasons. First, these animals can be caught
in great numbers during May-June in the coastal waters, and second, we possessed a good
rearing method for newly hatched animals (Richard, 1966). The newly hatched specimens
are isolated daily and kept in separate aquaria at constant temperature (18°C), so we had at
our disposal a whole range of animals whose ages were accurately known,

The blood was taken directly from the heart with a Pasteur pipette and in the case of
young animals the total amount of blood (1-3 pl) was introduced directly into the sample
slot in the gel for electrophoretic analysis.

Agar gel electrophoresis

We used the agar gel ultramicroelectrophoretic technique of R. Wieme (1959). The
buffer was either a phosphate buffer pH 6'5 (1 = 0-08) or a boric acid buffer pH 9-0
(¢ = 0-05). The concentration of the gel (Difco Bacto Agar) was 0:9%. The tension
between the electrodes was kept at 150 V and electrophoresis time was 45 min.

The identification of hemocyamin

Hemocyanin is a copper protein with pseudoperoxidase (Ghiretti, 1956) and pseudo-
phenoloxidase (Bhagvat & Richter, 1938; Decleir & Vercauteren, 1965) activity., These
properties can be used for the identification of the pigment. The following tests were
performed on all specimens:

1. Copper was demonstrated with rubeanic acid as described earlier (Decleir, 1961).

2. Peroxidase activity was identified according to the method of Manwell & Baker (1963).

3. Phenoloxidase activity was demonstrated by incubating the electropherograms in a
mixture of: Pyrocatechol 0-15 M—20 ml; Sodium oleate 0-01 M—20 ml; Phosphate buffer
01 M pH 7-3—20 ml; Ethanol 20 ml. After 60 min a red-brown colour indicates phenol
oxidase activity (Decleir, 1966).

4, When several bands with hemocyanin characteristics were found on the electro-
pherograms, the association—dissociation properties were checked by using a buffer with
and without Ca?+ 0-:01 M.

Electron microscopy

Gills were fixed by glutaraldehyde, followed by a post-fixation with osmium tetroxide.
After inclusion with Epon, the tissue was cut with an ultratome LKB and the slices were
examined with a Siemens Elmiskop I.
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Spectroscopy
Spectra were taken with an Optica Milano automatic spectrophotometer.

RESULTS
1. A comparative study of adult blood proteins

Freshly drawn blood of Sepia officinalis is mostly uncoloured or a very weak
blue. After exposure to the air it turns dark blue in a few seconds. This colour is
due to oxygenated hemocyanin. In cephalopods we found no pigments in the
blood other than hemocyanin. In crustaceans the weak blue colour of the oxy-
genated freshly drawn blood is mostly obscured by yellow, brown or red pigments
which sedimentate easily after dialysis of the blood with running tap water or a
phosphate buffer pH 7-0. In Cancer pagurus we showed these to be protein-bound
astaxanthine. The absorption spectrum of oxygenated Sepia hemocyanin shows
peaks at 575, 345 and 277 mu. These peaks are shifted to the longer wavelengths
as compared to crustacean hemocyanins. In Cancer pagurus hemocyanin, for
instance, we found the corresponding peaks at 560, 335 and 276 my (Decleir, 1968).

Electrophoresis of adult blood from Sepia officinalis reveals at pH 9-0 two
equally important protein fractions that can be shown to contain copper and that
give a positive reaction for peroxidase and phenoloxidase. Moreover in the
presence of Ca®* these two bands fuse to a single band, Hence they are considered
to be hemocyanin. The two hemocyanin fractions are always preceded by a smaller
fraction, which does not show any of the tests mentioned for hemocyanin. Further-
more it gives a negative lipoprotein and a positive glycoprotein reaction.,

Figure 1 compares the electrophoretic mobilities of hemocyanin fractions
from different adult molluscs and Crustacea at pH 9:0. We can see that the
electrophoretic pattern of Sepia officinalis is characteristic for all the cephalopods
tested and that the migration velocity of the two bands is very slow as compared
to crustacean hemocyanin fractions.

At pH 6:5 we find only one hemocyanin fraction, as is the case for most other
hemocyanins, the family of the Helicidae excepted. This fraction is preceded by the
already mentioned glycoprotein fraction. Figure 2 shows the electrophoretic
patterns of different hemocyanins at pH 6-5. We see that the electrophoretic
mobility of Sepia officinalis hemocyanin at this pH, like other cephalopods, is
higher than those of many other molluscs tested and is similar to those of the
slowest crustacean hemocyanins.

2. Study of the blood proteins in newly hatched animals

While the protein fractions from electropherograms of adult animals remain
unchanged, the blood of newly hatched specimens shows a quickly changing
protein composition. Figures 3 and 4 represent the evolution of the blood proteins
on electropherograms from young animals during the first weeks after eclosion at
pH 6-5 (Fig. 3) and at pH 9:0 (Fig. 4). All the protein bands found in the blood
of young animals show a positive reaction to the tests for hemocyanin. The
non-hemocyanin glycoprotein fraction found in adults is formed only from the
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third month after eclosion. When Ca?+ is added to the buffer we always find
only one slowly migrating fraction, the mobility of which increases slightly from
the first to the sixtieth day.

Crepidula fornicata L. @
Nucella lapilius L. Q : f'\' 6
Bueccinum undatum L. O O O

Helix aspersa Mill, &

Gastropoda

Helix hortensis Mill.

0
Helix nemoralis L. O
U
9

Helix ericetorum Mill.

Meollusca

Helix intersecta Poiret O

Limax loevis Mull

Sepia officinalis L. O @
Sepiola attantica d'orb @

Cepha
lopoda

Loligo vulgaris Lamk.

Porcellana platycheles Pennant "\} O O O
Porcellana longicornis L, OG O
Fupagurus bernhardus L. ’\/O O

Cancer pagurus L. O O O O
Carcinus maenas L. O 0 OO

Macropipus puber L. ﬁ. O O":'

Arthropoda
Crustacea

f5

Macropipus holsafus Fabricius OC} O

00

£
)

Pitamnus hirtelius L. G 0

Fic. 1. Electrophoretic patterns of the hemocyanin from the blood of some arthro-
pods and molluscs at pH 9:0.

In the electrophoretic patterns of 1-day-old animals we find three fractions,
IV, V and VI (Fig. 3) at pH 6-5 which disappear after a few days, while new bands
are formed (III C, III B, IIT A and II B, II A) with higher and higher mobility
until, after 50 days, the relatively fast migrating single adult band is obtained.

At pH 9-0 we also find three fractions (A 1, A 2 and A 3) in 1-day-old animals,
which disappear after a few days. These fractions migrate in front of a diffuse
protein zone which could not be separated into different fractions. From the
ninth day on, sharp separations can easily be obtained in this zone and from the
thirty-fifth day on the two adult bands can be found (Fig. 4).
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Fi1c. 3. Electrophoretic patterns of the blood from young Sepia officinalis specimens
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These results were obtained with several hundred animals showing that the
described changes in the electrophoretic pattern of newly eclosed Sepia specimens
are quite reproducible. When the protein pattern was found to be delayed as
compared to the age, then without exception, other parameters such as weight,
length, quantity of yolk, state of liver development etc. were also retarded. So the
change in hemocyanin composition during the first weeks of life of Sepia officinalis
seems to be in strict correlation with the development of embryo to adult. This
allowed us to divide the post-embryonic life of Sepia into different stages as
published earlier (Richard & Decleir, 1969).
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Fic. 4. Electrophoretic patterns of the blood from young Sepia officinalis specimens
at pH 9-0 during the first days after eclosion. The only protein fraction with no
hemocyanin properties is indicated with the letters NH.

Electron micrographs of gills of young and adult Sepia officinalis seem to sup-
port the stated difference between hemocyanin from young and adult specimens.
In the blood vessels of adult gills (Fig. 5A) the big hemocyanin molecules aggregate
and form linearly orientated rows. This phenomenon has already been described
by Barber & Graziadei (1965), Eskeland (1967). Blood from gills of young animals
(Fig. 5B) shows hemocyanin molecules of different sizes which do not tend to
form chains like the adult molecules. These observations on slices of blood
vessels in gills are now being compared with other electron microscopic techniques
which are more appropriate to molecular studies of hemocyanins. The results of
this comparison will be published later.

DISCUSSION AND CONCLUSION

The hemocyanin of Sepia officinalis was studied by an ultramicroelectro-
phoretic method using agar gel as supporting medium. This was done at pH 6-5
and pH 9-0. Intermediate values of pI gave large diffuse protein zones probably
due to continuous association—dissociation reactions of the large hemocyanin
polymers.



F1c. 5. Blood from adult animals reveals in the electron microscope linearly poly-
merized hemocyanin molecules (A). In young animals (B) we find a heterogeneous
population of molecules which do not tend to aggregate, x 60,000,
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At the two selected pH values we obtain electrophoretic patterns that are con-
stant for animals older than 2 months, but that change considerably during the
first weeks after eclosion. This has already been the subject of a short preliminary
publication (Decleir & Richard, 1969).

Adult animals have in their blood a glycoprotein and hemocyanin. The latter
forms the bulk of the blood proteins. It migrates in the electric field as a single
fraction at pH 65 and splits into two equally important fractions at pH 9-0.
This electrophoretic behaviour is shown by all the cephalopods tested, but not by
animals belonging to other classes.

Electrophoretic patterns of young animals show at pH 65 and at pH 9-0 many
protein fractions that all have hemocyanin properties. They contain copper, they
give peroxidase and phenoloxidase reactions, and in the presence of Ca?+ they
fuse to one single protein fraction. The non-hemocyanin glycoprotein fraction
of adults emerges only during the third month after eclosion.

Immediately after eclosion three hemocyanin bands can be found at the two
pH values. They disappear by the time the animal is 6 days old. This favours the
idea of the existence of an embryonic hemocyanin. Together with the disappearance
of these embryonic bands, other bands arise until, after about 50 days, the adult
blood composition is obtained. It seems that the embryonic hemocyanin is
replaced after eclosion by a young hemocyanin, which is gradually converted into
the adult molecule.

We do not yet know the exact relationship between the proteins found at
pH 6-5 and those found at pH 9:0. To resolve this problem we intend to continue
our investigations by searching for the right circumstances to obtain corresponding
separations at different intermediate pH values.

The results described in this paper point to a change in hemocyanin composition
from the embryo to a 3-month-old specimen. 'This change is in correlation with
other factors such as weight, length, quantity of yolk, colour of the liver etc. This
change probably corresponds also with a change in size and properties of the
molecule as revealed by electron microscopy.

Since the embryonic hemocyanin fractions fuse together in a Ca?* containing
buffer, the difference between embryonic and adult hemocyanin must be due to
differences in the constituent monomers. If this is correct the difference between
embryonic and adult hemocyanin can be explained as follows:

1. The hemocyanin monomers are synthetized in an organ that already
exists in the embryo. In this case the difference between embryonic and adult
monomers might be explained by, for instance, the subsequent incorporation of
different quantities of copper.

2. The monomers are synthetized in different organs in the embryo and in the
adult. The gradual formation of the adult organ may then be responsible for the
gradual conversion of embryonic hemocyanin into the adult form. These organs
may very well be the yolk sac in the embryo and the liver in the adult.

3. Both phenomena may occur together.

Which of these three hypothetical pathways for hemocyanin formation is
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most likely to be correct cannot yet be proved. We must first learn more about
the site and the mode of synthesis of this important invertebrate blood pigment.
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