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BIOLUKMINESCENCE of Cypridina hilgendorfii {Japanese name:umi-hotaru)

has been studied extensively since 1917, when Harvey (1) observed the
luciferin-luciferase reaction with extracts of this Qnimal. The lumi-
nescent system of Cypridina is one of the simplest among luminous ani~
mals and plants so far investigated; only luciferin, luciferase and
oxygen being required for the light production in aqueous solutions.
Thus, it has been considered to be most suitable for the study of bio-
luminescence mechanisms. General mtructuree of the luciferin have
been proposed by many workers (2), but since the materials used were

impure, the evidence was not subatantial.
»

* A paper under the same title is scheduled for publication in F. H.

Johnson and Y. Haneda "Bioluminescence in Progress", Princeton
University Press, Princeton, N. J. {1966).

*% Pregsent address: Department of Biology, Princeton University, Prin-
ceton, New Jersey, U. S. A.
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We obtained crystalline Cypridina luciferin in 1957 (3), and
suggested the presence of an indole nucleus (3) and a mono-substituted
guanidine group (4) in the molecule. In this communication we wish

to report the complete structure of Cypridina luciferin.

Treatment of Cypridina luciferin (I) with Cypridina luciferase in
the presence of oxygen gives, with emission of light, Cypridina oxy-
luciferin (II) [formerly oxyluciferin A (3)] and Cypridina etioluci-
ferin (III) (formerly oxyluciferin B (3)]. The same products were ob—
tained alsc with ammonia, instead of luciferase, but in this case no
luminescence was observed. 1T is the initial product of the reaction,
and treatment of II with dil. HC1l affords III, which is rather stable
to oxygen alkalis, and acids compared with I or II, and III is thus

suitable for chemical investigation.

Structure of Cypridina Etioluciferin (III). Etioluciferin,
m.p. (in sealed tube) (HC1 salt) 235-237° dec.; (HBr) 226-229° dec.;
(HNO,) 222-224° ec., exhibits UV: AMSOH-0.IN HCL . (&) 223 (26,000),
%6 (20,000), 410 (5,000); g O+ MO 227 (24,000), 273 (18,000),
365 (7,600) 5 TR: 9 XBZ ! 3500-3000, 1650(s), 1620, 1530, 1430, 750;
and is a diacidic base having pKa's 2.9 and above 11 (50% EtOH).
Elemental analyses of its salts fit the formula 016HI9N7'2HX (x: c1,
Br or NOB)’ which is supported by high-resolution mass spectrometry of
etioluciferamine (IV) (see below) (5). III has & mono-substituted
guanidine group (positive Sakaguchi reaction and pKa' above 11) and
hydrolysis of III with barium hydroxide yields etioluciferamine (IV),
015517N5, the molecular formwula of which is established by the high-
resolutior mass spectrum (M*: obs. 267.145; cale. 267.148) (5). IV
exhibits the UV spectrum identiocal with that of III, and shows pKa's
2.4 and 9.6 in 50% ethanol; the latter pKa' is shifted to 6.45 by
addition of formalin (6), suggesting the presence of an amino group.
Thus, the reaction III —»IV can be represented as C1 H1 N4-NH—C(=NH)NH2
--015315H4-N32, and evidently the guanidine group in I1I takes no
part in the ohromophore. Since the acid hydrolysis of luciferin (I)

affords arginine (7) (Table 1), the guanidine group must be part of
the arginine moiety. The NMR spectrum of III (Fig. 1A) shows the
presence >f three methylene groups as in the form:
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That the signal for the B~protons is triplet and about 1 ppm lower
field than that of arginine suggests the absence of a hydrogen atom

at the a~carbon atom and, instead, the presence of a double bond (8).

Catalytic hydrogenation of III with P‘l:(')2 in ethanol gives hydro-

etioluciferin (V), an amorphous powder, which shows a positive Sakaguchi

but negative Ehrlich reaction. It exhibits a typical UV spectrum of

the indole nucleus and slightly bathochromic shifts (2-5 mp) are ob~
served in its maxima when the medium is changed from acidic to alkaline

(Fig. 2). Examination of UV spectra of model compounds listed below

Fig. 2
UV spectra of hydro-

laoo0  etioluciferin (V)
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indicates that these shifts are associated with the p-( aminomethyl)-

indole structure. Tryptamine and tryptophane as well as indole itself

do not show such shifts.
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The f-(aminomethyl)indole structure in V is further supported
by the following evidence. The NMR spectrum of III in IMSO (Pig. 14)
shows, besides of four aromatic ring protons, an indole-NH signal (dis-
appears by addition of D20) at 11.7 ppm, and an indole a-H signal at
8.0 ppm; a2 spin-coupling is observed between these signals as is con—
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firmed by a double resonance experiment. Then, V wmust have & B~sub-
stituted indole nucleus without a substituent at the ea~position. In
general, indole derivatives, such as tryptamine, bhearing no substituent
at the a-position show a positive Ehrlich reaction, but no reaction

is actually observed with the model compounds listed above, as well as
hydroetioluciferin (V). On heating or heating with slkali, V affords

indole, possibly by a reverse Mannich reaction.

Since the UV spectra of III and IV are different from that of
indole, the indole moiety in III and IV must conjugate with the chromo-
phore in the side chain (partial siructure B).

III is fairly resistant to acid treatments, but it reacts smoothly
at 0° with nitrous aocid to give an orange color when B-naphthol is
added. When a solution of III is warmed at 50° after treatment with
nitrous acid, a new compound (VI), which shows a UV spectrum different
from that of III, is obtained. These results indicate the presence in
III of a primary aromatic amino group ( partial structure C), which
takes part in the chromophore of III.

Although III is stable to acids, VI can be hydrolyzed with 6N HC1
to give glycine. Luciferin (I) itself also gives glycine (ca. 1 mole)
as well as arginine (ca. 0.5 mole) by heating with 6N HC1l (Table 1).
These results indioaté that the nitrogen atom of the glycine moiety is
not common with that of the arginine moiety or of the aromatic amino
group. In the NMR spectrum of III, there remains at 8.3 ppm only one
singlet signal corresponding to one proton, which has not been assigned.
This signal is best assigned to the proton of the glycine moiety, whioch
must exist as the partial structure D. From the above considerations,
the following partial atructures can be written for etioluciferin {III).

i e SN2
o ~CH,CH,CH NH-C=NE  (4) ;!" (¢)
Ny N
[ (8) b (D)
da
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In the partial struoctures, A to D, one nitrogen atom and two
carbon atoms must be overlapped since the actual molecular formula of
III is 016519N7' Since the glycine part (D) cannot be overlapped
with the arginine part (4) (Ca # Cd, Na # Nd), there remain only two
possible formulas, IIIa (Cb = Cd, Ca = Cc, Na = Nb) and IIIb (Cc = Cd,

Ca = Cb, Na = Nb).
O
| ¥7 "\ CH,CH,CH,X
N

K mz
(IIIa) X = -NH-C=NH,
(IVa) X = -¥NH,

o, a1t
J '

L)
EX-G-NHCHZ(!HzcE

N N
H H
(III) /e 141

The structure IITb may be excluded from the high-resolution mass
spectrum of etioluciferamine (IV) (5). The spectrum shows a peak at
ofe 141 (cmn.ln) as the largest Nj-fragment. If IIIb were correct,
it would be strongly expected that the Nl—fragment peaks containing more
than ten carbon atoms would appear instead of the m/e 141 peak (struc—
ture shown above). Furthermore, from the biogenetic point of view the
structure I1Ja is more reasonable than IITb, since IIIa ia composed
of tryptamine and arginine moieties. Here the structures IIla and,
hence, IVa are assigned to etioluciferin and etioluciferamine. The
lower pKa' of III (2.9) and IV (2.4) in 50% ethanol are attributed to
the aminopyrazine nucleus. 2-Aminopyrazine itself has a pKa' of 3.07
in water (9). Unequivocal evidence for this structure has been obta-
ined by a total synthesis of III (10).
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Siructure of Cypridina Oxyluociferin QIIZ. Treatment of the

oxyluciferin (II) with bydroshloric acid affords a-keto-fg-methylvaleric
acid (VII) as well as etioluciferin (III); the former being identified
as its 2,4~dinitrophenylbydrasgone.

II hydrochloride, m.p. 240-245° dec. (in sealed tube), exhibits

U7: AReoE m (£) 220 (28,000), 271 (14,000), 302 (13,500), 347 (15,400);

1: 35BT ™l 3500-3050, 2970-2800, 1650 (s), 1600, 1540, 1450, 1160,
1120, 7503 and elemental analysis fits the molecular formula 022H2102N7'
2HC1 (Found: C, 53.643 H, 5.773 O, 6.59; N, 19.83%), wh.oh indicates

that II is construoted from III + VII - Beo.
Table 1 shows amounts of amino acids obtained by hydrolysis of
luciferin (I) and hydroluciferin (VIII) obtained by hydrogemation of I.

Table 1
Amino acids obtained from luoiferin and hydroluciferin (7, 11)

Luciferin (I) Hydroluciferin (VIII)
vacuum 02 vaocuum O2
Glyocine 0.96mole 0.93 0.03 0.12
Arginine* 0.62 0.38 0.03 0.41
Isoleucine¥* 0.16 0.16 0.98 0.96
Amponia 0.27 0.33 0.40 0.41

*Combined amounts of arginine, y-guanidinobutyric soid and proline.
*%*Combined amounts of isoleucine and alloisoleucine; both acids
being produced in nearly the same amounts.

From this result the possibility that the nitrogen atom of isoleucine
moiety might be overlapped with that of arginine or glycine moiety can
be excluded. As the keto acid VII must be derived from the isoleucine
moiety of luciferin, the ketonic carbon atom of VII must be linked with
the primary amino group in etioluciferin (III).

The NMR spectrum of oxyluciferin (I1) (Fig. 1B) reveals that II
containe isoleucine, indole, glycine and arginine moieties. A sharp
singlet at 10.1 ppm, which disappears on the addition of D20, is not
included in the above moieties and may be assigned to a hydroxyl group.

From the above considerations, the structure IIa is proposed for oxy-
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luciferin (I{). An alternative formule IIb is less probable since
acid treatment of II gives III almost quantitatively (UV and paper
chromatography). {(Absolute configuration: see below).

OH
He oy
; wl

ZN N N &
l =
' AN ' N R
N// N
B 3
(11a) N, (11D)
R = ~CH,CH,CH NH~C=NH
Structure of Cypridina Luciferin (I). The NMR spectrum of

luciferin (1) hydrobromide (Fig. 1C) shows that I has the indole, gly-
cine, arginine, and isoleucine moieties like oxyluciferin (II}, but no
hydroxyl signal is observed at around 10 ppm. Spin-decoupling experi-
ments indicate the presence of the indole N-H and the a-H. Since the
conversion of I to II involves oxidation corresponding to -2H [consum—
ption of oxygen (12), redox titration (13), etc.)], the molecular formula
of I must be 022H2902H7 or its equivalent in oxidation stage. Elemen-
tal analysis data of I hydrobromide, m.p. 252-254° dec. (in sealed tube);
Jgﬁi. om 1 3500-3200, 3010, 1685-1645 (s), 1620, 1590, 1545, 745; pKa'
(in HZO) below 2, 8.35, and above 11; (3in 505 EtOH) below 2, 8.3 and
above 11; (¥ound: C, 46.20; i, 5.46; G, 3.78; K, 17.20; Br, 27.5T%) fits

the formula C, H,,ON,*2HBr. It forms almost colorless crystals, but
2erer 1 MeOH-H.O
its solution in methanol gives an orange-red color [Apcy. ~¢° mi ‘g

218 {27,500}, 270 (17,000), 310sh {11, 500), 435(9,000)]. When an-
bydrous hydrogen bromide is introduced into the solution of the hydro-
bromide in methanol, the color of the solution fades and the UV spec~
trun of the solution [ALSCH-HBT .21 (29,000), 243sh (12,000), 270-280sh
(14,000~15,000), 307 (20,000), 320sh (6,000)] becomes very similar to

that of etioluciferin (III). Thus, the chromophore of luciferin in
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weakly acidic sclution (orange-red) is different from that in strongly
acidic, anhydrous solutions (nearly colorless). Two forms of luciferin

are best formulated as Ia (orange-red) and Ib (colorless).

= o =
=(
W,
b

N N
H H
(1a) NH, (1b)

R = -CH20H2CHZNH-C-NB‘HX

The a-carbon atom of the isoleucine moiety in luciferin is n&t
asymmetric. This is supported by the results that the hydrolyzates
of luciferin and hydroluciferin always contain nearly the same amounts
of imoleucine and alloisocleucine (Table 1). The absolute configura-
tion at C, of the isoleucine moiety was determined as follows:
The mixture of isoleucine and alloisoleucine (nearly the same amounts)
produced by hydrolysis of hydroluciferin (VIII) was treated with L—- and
D-amino acid oxidases and then analyzed the composition of the products
by means of amino acid analyzer; only isoleucine was decomposed when

L-amino acid oxidase from Crotalus Adamanteus venom (14) was employed,

whereas D-amino acid oxidase from Hog kidney (14) consumed only allo-
isoleucine. This result indicates that the mixture contained L-iso-
leucine and D-alloisoleucine. Then, the configuration at CB must be

that shown in Ia.

Thus, luciferin is composed of tryptamine, arginine and L~isoleu-
cine moieties, and the extended dihydropyrazine structure is respon-

sible for the oxidation during the luminescence.
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