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BIOLlEilNlSCENCE of Cypridina hilgendorfii (Japenese name:umi-hotaru) 

has been studied extensively since 1917, when Harvey (1) observed the 

luciferin-luciferase reaction with extracts of this animal. The lumi- 

nescent system of Cypridina is one of the simplest among luminous ani- 

mals and plantc 60 far investigated; only luciferin, luciferase and 

oxygen being required for the light production in aqueous solutions. 

Thss, it h&a been considered to be most suitable for the study of bio- 

li_:..;nescenoe mechanisms. General structures of the luciferin have 

been proposed by many workers (2), but since the materials used were 

impure, the evidence was not substantial. 
* 

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

Johnson and Y. Bzineda "Bioluminescence in Progreee", Princeton 

University Press, Princeton, N. J. (1966). 

** Present 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 oxyluoiferin A (3)3 and Cypridina etioluoi- 

ferin (III) [formerly owluciferin B (3)]. The same products wsre ob- 

tained also with ammonia, instead of luciferase, but in this case no 

luminescencle was observed. II is the initial product of the reaction, 

and treatment of II with dil. HCl affords III, which is rather stable 

to oxygen alkalis, and acids compared with I or II, and IIIisthus 

suitable for chemical investigation. 

Structure of Cypridina Etiolucifsrin (III). Etioluciferin, 

m.p. (in sealed tubs) (HCl salt) 235-237O dec.; (HBr) 226-229" dec.; 

(HNO3) 222-224' dec., sxhibits W: kig!d'lN HC1 un (a) 223 (26,000), 

306 (M,OOO), 410 (5,000); A;gy-- NaOH 227 (24,000), 273 (18,000), 

365 (7,600); IE:$pG. ma-' 3500-3000, 1650(s), 1620, 1530, 1430, 750; 

and is a diaoidic base having pKa's 2.9 and above 11 (5046 EtOH). 

Elemental analyses of its salts fit the formula C16HlqN7'2EX (X: Cl, 

Br or N03), which is supported by high-resolution mass spectrometry of 

etioluoifersmine (IV) (see below) (5). III has a mono-substituted 

guanidine group (positive Sakaguchi reaction and pKa' above 11) and 

hydrolysis of III with barium hydroxide yields etiolucifersmine (IV), 

C15H17E5, the molecular formula of which is established by the high- 

resolution mass spectrum (P+r obs. 267.145; talc. 267.148) (5). IV 

exhibits the W spectrum identical 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 oan be represented as N4-NH-C(=NH)NH2 

-15H15H4-NH2' 

C15H1 

and evidently the gusnidine group in I 3 I takes no 

part in the ohromophore. Since the acid hydrolysis of luciferin (I) 

offordn arginine (7) (Table l), the guanidine group must be part of 

the arginine moiety. The NMB speotrum of III (Fig. 1A) shows the 

presenoe <of three methylene groups as in the form: 
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$6 3 
c==yH,cH,cHpH-C-NH (4 

That the signal for the p-protons is triplet and about 1 ppm lower 

field than that of erginine suggests the absence of a hydrogen atom 

at the a-carbon atom end, instead, the presence of 8 double bond (8). 

Catalytio hydrogenation of III with Pt02 in ethanol gives hydro- 

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

but negative Ehrlich reaction. It exhibits a typiosl W spectrum of 

the indole nucleus and slightly bathoohromic shifts (2-5 uq~) ere ob- 

served in its maxima shen the medium is changed from aoidio to alkaline 

(Fig. 2). Examination of W speotre of model compounds listed below 

loo0 

E 

0 

Fig. 2 

IJV speotra of hydro- 

etioluoiferim (V) 

in MeOH-O.lD HCl 
_-___ 
in I6eOH-o.l.R B&OH 

indioatee that these shifts are associated with the p-(am.inomethyl)- 

indole structure. Tryptemine and tryptophane as well .as indole itself 

do not show auoh shifts. 

R 

f ,E' H ::3 

B" 

CH3 (gramhe) 

CH--B;~~ H H 
CH3 

H H CH2CH2% 
H H CH2CD20H 

CH3 CH3 H 

The g-(aminomethyl)indole structure in V is further supported 

by the following widenoe. The DHR spectrum of III in IplsO (Fig. U) 

shows, besides of four eromatic ring protons, an indole-DE signal (dle- 

appears by addition of D20) at 11.7 ppm, and an indole a-H signal at 

8.0 ppm; a spin-ooupling is observed between these signals ae is oon- 
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firmed by 8 double resonance experiment. Then, V must have 8 @+ub- 

stituted indole nucleus without 8 substituent at the o-pooition. :n 

general, indole derivatives,suoh 8s tryptamine, hearing no substituent 

at the a-position show 8 positive qlich reaction, but no reaction 

is aotually observed with the model compounds listed tibove, 8s well 8s 

hydroetiolwciferin (V). On heating or heating with slkali, V affords 

indole, possibly by 8 reverse Mannioh reaction. 

Since the W spectra of III 8nd IV are different from that of 

indole, the indole moiety in III and IV must oonjugate with the chromo- 

Dhore in the side chain (partial structure B). 

III is fairly resistant to acid treatments, but it reacts smoothly 

at O" with nitrous aoid to give an orange oolor when p-naphthol is 

added. Q&en a solution of III is mrrmed at 50" after treatment with 

nitrous soid, a new compound (VI), which shows 

from that of III, is obtained. These results 

III of 8 primary 8romstio amino group (partial 

tskes pact in the ohromophore of III. 

8 liv spectrum different 

indicate the presence in 

structure C), which 

Although III is stable to aoids, VI 08n be hydrolyzed with 6N EC1 

to give glyoine. Ludiferin (I) itself ale0 gives glyoine (oa. 1 mole) 

as well as arginine (08. 0.5 mole) by heating with 6s HCl (Table 1). 

These results indioate that the nitrogen atom of the glyoins moiety is 

not oompon with thst of the srginine moiety or of the ssomatio amino 

group - In the !WE spectrum of 111, there remains at 8.3 ppm only one 

ninglet eQ@ oorreeponding to one proton, whioh haa not been assigned. 

This signal ie best aaeigned to the proton of the glycine moiety, which 
must exist as the p8rtisl struoture D. From the above oonsiderations, 

the following partial atruotures can be written for etioluoiferin (III). 
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In the partial structures, A to D, one nitrogen atom and two 

oarbon stoma must be overlapped ainoe the actual molecular formula of 

III ie C16H19B7. Since the glyoine pert (D) cannot be overlapped 

with the a&nine pert (A) (Ca # Cd, Na { Nd), there remain only two 

possible formulas, IIIa (Cb = Cd, Ca = Co, Na = Nb) and IIIb (CC = Cd, 

Ca = Cb, Na = Nb). 

(111~) X I -NH-b-NH, 

(IVa) X--NH2 

The etruoture IIIb mqy be excluded from the high-resolution mane 

apeotrum of etioluoiferanine (IV) (5). The spectrum ahowe a peek at 

m/e 141 (C H N) 
10 I 

as the largest Nl-fragment. If IIIb were correot, 

it arould be strongly expected that the Nl-fragment peaks containing more 
the,p ten carbon atoms would appear instead of the m/e 141 peak (etruc- 

ture shown above). Bkthermore, from the biogenetic point of view the 

structure IIIa is more reasonable than IIIb, since IIIa ie compoeed 

of tryptamine and arginine moieties. Here the q truoturee IIIa and, 

hence, IVa are assigned to etioluoiferin end etioluoiferamine. The 

lower pKa' of III (2.9) and IV (2.4) in 50% ethanol are attributed to 

the aminopyraeine nucleue. 2-Aminopyrazine itself has a pKa' of 3.07 

in water (9). UnequivoaaJ evidence for this q truoture has been obta- 

ined by a total synthesis of III (10). 
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Struoturo of Cspridine Oryluoiferin (II)_. Treatment of the 

cnyluoifean (II) with bydroohlorio acid affords a-keto+-methylvalerio 

soid (VII) ae ml1 ae etioluoiferin (111)~ the former being identified 

ae its 2,4_dinitrophenylhydresone. 

II hydroohloride, m.p. 240-245' deo. (in sealed tube), exhibits 

w: A:g: 14( (E) 220 (28,000), 271 (14,000), 302 (13,500), 347 (15,400); 

IR:$~~* CQ-l 3500-3050, 2970-2800, 1650 (e), l&O, 1540, 1450, 1160, 

1120, 750; and elemental andlyeie fita the moleoular formula C22H2732N7* 

2HCl (Found: C, 53.64; H, 5.77; 0, 6.59; N, l9.83$), uhi*h indioetee 

that II is oonstruoted from III + VII - H20. 

Table 1 shove amounts of amino aoide obtained by hydrolyeie of 

luciferin (I) and hydroluoiferin (VIII) obtained by hydrogenation of I. 

Table 1 

Amino aoida obtained from luoiferin and hydroluoiferin (7, 11) 

Luoiferin (I) Hydroluoiferin (VIII) 

vaouum 02 vaouum O2 
Olyoine 0.96mole 0.93 0.03 0.12 

Arginine* 0.62 0.38 0.03 0.4l 

Ieoleuoine** 0.16 0.16 0.9 0.96 

&UllOlli~ 0.n 0.33 0.40 0.41 

*Combined amount6 of arginine, y-guamidinobutyrio acid and proline. 

**Combined amour&e of iooleuoine and alloieoleuoine; both aoida 

being produced In nearly the aeme amounts. 

From thin result the possibility that the nitrogen atom of iaoleuolae 

moiety might be overlapped with that of arginine or glyoins moiety oan 

be exoluded. As the keto aoid VII muet be derived from the ieoleuoine 

moiety of luoiferin, the ketonio oarbon atom of VII must be linked with 
the primary amino group in etioluoiferin (III). 

The NM& epeotrum of oxyluoiferin (II) (Fig. 1B) reveals that II 

contains ieoleuoine, indole, glycine and arginine moieties. A sharp 

singlet at 10.1 ppm, which disappears on the addition of D20, ie not 

inoluded in the above moieties and may be assigned to a bydrosyl group. 

From the above ooneiderations, the etruoture IIa ia propoeed for o~y- 
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luoiferin (II). An alternative formula IIb is less probable since 

aoid treatment of II gives III almost quantitatively (W and paper 

chromatography). (Absolute configuration: see below). 

(IIa) 
NH2 

(IIb) 

I 
R = -CH2CH2CH2NH-C-NH 

Structure of Cypridina Luciferin (I). The NM S~&2tl'UDl of 

luciferin (I) hydrobromide (Fig. 1C) shoes that I has the indole, gly- 

oine, arginine, and isoleucine moieties like oxyluoiferin (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 U-H. Since the 

conversion of I to II involves oxidation corresponding to -2H Cconsum- 

ption of oxygen (12), redox titration (13), etc.], the molecular formula 

of I must be C H 0 N or its equivalent in oxidation stage. 
22 29 2 7 Elemen- 

tal analysis data of I hydrobromide, m.p. 252-254" dec. (in sealed tube); 

4 
KBr cm-l 

,3500-3200, 3010, 1685-1645 (s), 1620, 1590, 1545, 745; $Ka' 

(?rR20) below 2, 8.35, and above 11; (in 5CG EtOH) below 2, 8.3 and 

above 11; ('Found: C, 46.20; ii, 5.46; G, 3.78; L, 17.20; Br, 27.57.;) fits 

the formula C22H27CN7'2hBr. It forms almost colorless crystals, but 

its aolutio,z in methanol gives an orange-red color CA~~xh-H20 :V (cl 

218 (27,50@!, 270 (i7,000), 310sh (11, 500), 435(9,000)1. 'Xhen an- 

hydrous hydrogen bromide is introduced into the solution of the hydro- 

bromide in methanol, the color of the solution fades and the W spec- 

trum of the solution [A~~~-RR' <21 (29,000), 243sh (12,000), 270-280sh 

(14,OOO-15,300), 307 (20,000), 3'2Csh (6,005)3 becoc:es very similar to 

that of etioluciferin (III). Thus, the chromophore of luciferin in 
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weakly acidic solution (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 (oolorless). 

&paN$p 
H H 

R = -CH#X,CH$iIl-C..NH.JiX 

The a-carbon atom of the isoleucine moiety in luciferin is not 

asymmetric. This is supported by the results that the hydrolyzates 

of luciferin and hydroluoiferin always contain nearly the same amounts 

of isoleuoine and alloisoleucine (Table 1). The absolute configura- 

tion at C 
B 
of the isoleuoine moiety was determined ae follows: 

The mixture of isoleucine and alloisoleucine (nearly the same amounts) 

produced by hydrolysis of bydroluciferin (VIII) was treated with G and 

D-amino acid oxidases and then analyzed the composition of the products 

by means of amino acid snalyeer; 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 I&alloisoleucine. Then, the configuration at C 
B 
must be 

that shown in Ia. 

Thus, luciferin is composed of trjrptamine, arginine and L-isoleu- 

oine moieties, and the extended dihydropyrazine structure is respon- 

sible for the oxidation d;lring the luminescence. 
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