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Biochemistry of Bioluminescence in the Deep-sea Squid, Watasenia scintillans
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The deep-sea squid, Walasenia scinlillans, emits a bright blue luminescence
that is readily visible to the dark-adapted eye. The light originates from
numerous, tiny photophores located on the ventral side of the body, arms, and
tentacles. The light emission ceases on the death of the animal. Previous
studies have shown that cell-free extracts of the animal do not give the clas-
sical luciferin (substrate) —luciferase (enzyme) reaction. However, recently
it was shown that a homogenate prepared from the arm photophores emits a bright,
long-lasting light when mixed with a solution of adenosine 5 -triphosphate

(ATP) . The light emission is due to the oxidation of luciferin by molecular
oxygen, catalyzed by luciferase. The luciferin is the disulfate of coelentera-
zine, a compound used as substrate in the bioluminescence reactions of many
marine organisms. The role of ATP is still unknown, but it may be involved in
the transfer of sulfate groups to the hydroxyl groups of coelenterazine to form
luciferin. The luciferase is strongly bound to membrane and cannot be easily
solubilized. Thus, the enzyme is not present in a cell (membrane) —free extract,
but the membrane, when added to an in vifro bioluminescence reaction, is fully
active as the luciferase.
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Bioluminescence is both a biochemical and physical process in which light is
emitted by living organisms. The ability to produce light is widely distributed
in nature and is possessed by organisms that are both terrestrial and marine.
The firefly is the best known example, but there are numerous other organisms,
especially in the marine environment that are luminescent. They include the
bacteria, dinoflagellates, jellyfishes, sea pens, polychaetes, tunicates,
crustaceans, cephalopods and fish. The fish is the highest form of life known
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Luciferin + O, Luciferase_ Oxidized products + Light

Fig.1 General scheme for bioluminescence reaction in marine and terrestrial organisms.

to luminesce. In some higher animals, such as the squid and fish, the light is
produced in complex morphological structures called “photophores,” which con-
tain specialized cells called “photocytes.” These cells emit the light. In
addition, a photophore usually has a reflector surrounding the photocyte to
collect the emitted light and direct it into the lens for transmission to the
outside. The photophore is also innervated by nerves that regulate the intensi-
ty and duration of the light emission by means of a shutter or chromatophores.
Some photophores also possess a color filter to modify the color of the light.

The light-emitting reaction takes place in the photocyte and is due to an
enzyme-substrate (chemical) reaction in which luciferin (substrate) is oxidized
by molecular oxygen, catalyzed by luciferase (enzyme) (Fig.1) . In biolumines-
cence reactions very close to 100% of the energy of the reaction is emitted as
light so that no energy is converted to heat. This is why a luminescing fire-
fly, held in the hand, does not give off the slightest amount of heat-all of
the chemical energy is emitted in the form of light. We, therefore, call this

“cold light.” There is another way in which light originates from photophores
and this will be mentioned shortly.

In this paper, we describe what is known about the bioluminescence in the
small, deep-sea squid, Watasenia scintillans (Fig.2) . This squid appears in
Toyama Bay, Japan, every year in enormous numbers in the spring. They come
inshore to breed and the incoming population consists predominantly (90%) of
females carrying fertilized eggs; the fate of the males is unknown but presum-
ably they have died earlier. Walasenia measures about 6cm in mantle length and
has some 800 photophores distributed on its ventral side. The most prominent
photophores are found on the tip of the fourth pair of arms. On each arm there
are three minute organs colored black and these emit bright flashes of light
when the squid is mechanically disturbed. The arm photophores were first
described by Watase (1905) and the ultrastructure has been studies by Okada

(1966) . Because of the flashing behavior of Watasenia, the squid is named
“hotaru ika” or “firefly squid” by the Japanese.

Luminescent squids produce light either by harboring symbiotic luminous
bacteria in their photophores or by possessing their own light-emitting com-
pounds for use in an endogenous reaction. In the case of squids that produce
light by means of symbiotic luminous bacteria, the photophores contain, instead
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Fig.2 Photograph of specimens of Walasenia scintillans showing three tiny
black photophores at the tip of each arm.

of photocytes, specialized ducts in which countless numbers of symbiotic lumi-
nous bacteria are present. The squid provides nutrients to the bacteria and
the bacteria contribute a source of light. A similar arrangement exists among
many luminescent fish.

Almost all that we know about the endogenous type of bioluminescence re-
action in squids have come from studies on the arm organs of W. scintilians. One
problem with Watasenia is that on the death of the animal, the photophores lose
all activity, becoming dark. All attempts, until recently, to obtain an active,
cell-free extract of the arm organs have resulted in failure. In order to over-
come this problem, Goto and his associates (Goto, et al., 1974; Inoue, et al.,
1975, 1976, 1977) examined the products present in pooled extracts of the arm
organs of more than 10,000 specimens of Walasenia. From an analysis of the
products, consisting mainly of oxyluciferin, they were able to determine the
structure of oxyluciferin and deduce the structure of luciferin. It was found
that Walasenia luciferin is a disulfate of coelenterazine (Fig.3) . Further
studies by Goto and his associates showed that the liver contained relatively
large amounts of coelenterazine and little of coelenterazine disulfate, whereas
the photophores contained relatively large amounts of the disulfate of coelen-
terazine but only limited amounts of coelenterazine. They therefore concluded
that the liver served as a storage organ for the coelenterazine and that the
squid converted the coelenterazine to the disulfate form for use in the photo-
phores.



56 BILRKEABBHERE FH25 (1990)

{

HO,SO H

Watasenia LUCIFERIN COELENTERAZINE

Fig.3 Chemical structures of Watasenia luciferin and coelenterazine.

Further progress in the understanding of the Walasenia reaction have come
from the studies of Tsuji (1985) . He discovered that light emission from a
dark, cold-water extract of the photophores was stimulated markedly in light
intensity by the addition of adenosine 5 -triphosphate (ATP) , but not by the
other nucleoside 5’ —triphosphates (guanosine 5 —triphosphate, cytidine 5 —tri-
phosphate and uridine 5’ -triphosphate) . However, it is not known how ATP acts
in the light-emitting reaction. It might be expected that ATP would serve as a
means of transferring a sulfate group to each of the -OH groups in coelentera-
zine, such as by an adenyl sulfate intermediate, but no proof has been obtained
for its involvement in such a reaction. It is still possible that ATP may be
involved in such a transfer by an entirely new mechanism.

Attempts have also been made to purify the enzyme, luciferase, from the arm
organs of Watasenia. Inoue et al. (1975) reported that they were unable to
prepare an active, cell-free extract of the photophores. Such a soluble extract
is a prerequisite for studying the reaction in vitro in order to identify all
of the components of the reaction. Tsuji (1985) found that the luciferase is
membrane-bound and centrifuging an extract of the photophores caused the lucif-
erase to be sedimented in the pellet. The pellet could be resuspended in buffer
and mixed with the supernatant of the extract to regain activity on adding ATP.
The luciferase is apparently so strongly bound to membrane that it cannot be
solubilized even using various detergents. The substrate, coelenterazine disul-
fate, on the other hand, is readily soluble in aqueous solution. Thus, an
active, light-emitting mixture can be prepared by mixing the supernatant of a
photophore extract with the pellet. Injection of a solution of ATP to such a
mixture results in a long-lasting luminescence, identical to the luminescence
of the photophores (Tsuji, unpublished results) . In summary, the above results
indicate that the components of the Watasenia reaction consists of luciferin

(coelenterazine disulfate present in supernatant) , luciferase (bound to mem-
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brane in pellet) , ATP and molecular oxygen. The Watasenia reaction therefore
would classified as a bioluminescence reaction in which coelenterazine disul-
fate is oxidized by molecular oxygen, catalyzed by luciferase, yielding light
and products.
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