
SYNTHESIS AND MASS-SPECTRAL STUDY OF THE LUCIFERIN 

OF Luciola ming re l i c a  

B.  A.  R u b i n ,  A.  N. K o s t ,  UDC 547.789 
G .  P .  K u k a r s k i k h ,  a n d  M. A.  Y u r o v s k a y a  

By " luc i fe r ins"  a re  understood var ious  compounds produced by bac ter ia ,  fungi, inver tebra tes ,  and fish 
which are  capable  of luminescing on enzymat ic  oxidation [1, 2]. F r o m  the Amer i can  glow worm Photinus 
p)rralis a luci fer in  has been isolated with the s t ruc tu re  of D - ( - ) - 2 - ( 6 - h y d r o x y b e n z o t h i a z o l - 2 - y l ) - 3 , 4 - d i -  
hydro th iazo le -4 -ca rboxy l i c  acid (I) [2]. This substance is one of the few natural  compounds containing a 
D-cys te ine  f ragment  (in the fo rm of a thiazoline ring) [3], the L fo rm usually being found in biological  m a t e -  
r ia l s .  Nei ther  L-  nor  DL- luc i fe r ins  luminesce  on react ion  with luc i fe rase .  Fo r  b ioluminescence,  in addi- 
t ion to oxygen and lucfferase ,  the p re sence  of magnes ium ions and of adenosine t r iphosphate  (ATP) is nec-  
e s s a r y .  The intensi ty of luminescence  is d i rec t ly  propor t ional  to the concentra t ion of ATP (during the f i r s t  
10 sec) [5, 6]. The l a t t e r  c i r cums tance  is used for  the quantitat ive de terminat ion  of ATP [6]. 

We have a t tempted to apply this method to the m e a s u r e m e n t  of the level  of ATP in the p r o c e s s  of 
photosynthet ic  phosphor lyat ion in pea  ch loroplas t s  by making use of the l u c i f e r i n - l u c i f e r a s e  s y s t e m  of 
Luciola  mingre l i ca  (Caucasian glow worm).  However,  a rough homogenate gave a high background lumines -  
cence because  of the p resence  in it of adenylate kinase,  which is capable of convert ing ADP into ATP. Con- 
sequently,  by means  of molecu la r  s ieves ,  we separa ted  a t r i s - a c e t a t e  {pH 7.8) ex t r ac t  of the glow w o r m  
into individual p ro te in  f rac t ions  which enabled the adenylate kinase to be el iminated to a ce r t a in  extent.  

It can be seen  f r o m  Fig. 1 that the adenylate kinase is mos t  active in the f i r s t  ten f rac t ions ,  and the 
m a x i m u m  activi ty of the luc i fe rase  is found in f rac t ions  15 and 16, where adenylate kinase is a l ready p r a c -  
t ical ly absent .  However,  in the purif icat ion of the luc i fe rase  a loss  of luci fer in  is unavoidable.  Thus, the 
necess i ty  a rose  for  the synthetic product ion of luciferin,  since the isolat ion of the pure  substance is a s so -  
ciated with exper imen ta l  difficulties and with the necess i ty  for  the consumption of l a rge  amounts  of biologi-  
cal ma te r i a l  [2, 7]. 
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Fig. 1. Activity of luc i fe rase  (1) and of adenyla tek inase  
(2) in p ro te in  f rac t ions  obtained in the chromatography  
of a homogenate of the glow w o r m  Luciola  mir~relic__ a on 
a column of Sephadex G-25. 
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The luc i fer in  f r o m  the Luciola min~re l i ca  has not been studied previously;  however,  the identity of 
the luci fer ins  of the var ious  gene ra  of Am er i can  and J ama ican  glow worms  that is known f rom the l i t e r a -  
ture [8] pe rmi t t ed  the assumpt ion  of the poss ib i l i ty  of an in teract ion of the luc i fe rase  of Luciola mingre l i ea  
with synthetic luci fer in  [1]. 

The syntheses  of compound (D that have been descr ibed include as the final s tage the reac t ion  of 2- 
cyano-6-hydroxybenzoth iazole  (II) with D-cys tene  [9-11]. We chose a method based on p-anis id ine  the 
thiocyanat ion of which takes  place  with s imul taneous  cycl izat ion to the amine (IN). 
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The following stage [the formation of the chloride (W) ] takes place with low yield, possibly because 
of the s imul taneous  fo rmat ion  of a methoxybenzothiazolinone,  but so fa r  as concerns  the rep lacement  of 
halogen by cyanogen, the conditions se lec ted  provided the possibi l i ty  of pe r fo rming  the synthes is  of the 
ni tr i le  (V) without compl ica t ions .  The demethylat ion of (V) takes  place fa i r ly  well when it is heated with 
pyridine hydrochlor ide,  although specia l  conditions a re  required.  The las t  s tage - the reac t ion  of the ni tr i le  
(1I) with cyste ine  - must  be p e r f o r m e d  with careful  pro tec t ion  f r o m  a tmospher i c  oxygen: in an alkaline 
medium rapid oxidation takes  place with the format ion  of a byproduct.  On chromatography  on Leningrad-  
skaya  B ["Leningrad fast"] pape r  in the e t h a n o l - 1  M aqueous ammonium aceta te  (70:30, pH 7.5) sys tem,  
in addition to luc i fer in  with R f  0.68 a spot with R f  0.86 is found which apparent ly  co r re sponds  to the oxi- 
dized fo rm of luc i fer in  [9]. 

The luci fer in  (I) obtained in this way luminesces  intensely in the p re sence  of ATP and purif ied lucif-  
e r a s e ,  which pe rmi t t ed  the b io luminescence  method of determining ATP to be used with a synthetic lucif-  
e r i n - l u c i f e r a s e  s y s t e m  for  studying the kinet ics  of the reac t ions  of photosynthetic phosphoryla t ion with 
var ious  cofac tors  [12]. 

We checked the individuality of compounds (II-V) by chromatography  in a thin l ayer  of a lumina and 
by means of UV and IR spec t roscopy .  To conf i rm the s t ruc tu re  (having in view also the study of the path-  
ways of the b iosynthes is  and me tabo l i sm of luciferin) we used mass  s p e c t r o m e t r y .  

Condensed f i v e - m e m b e r e d  he te rocyc les  (of the type of benzofuran,  benzothiophene, benzothiazole,  
benzimidazole ,  etc.)  with functional subst i tuents  give, under the action of e l ec t ron  impact ,  mo lecu la r  ions 
which can decompose in two main  direct ions:  the f i r s t  is connected with the loss  of the functional subst i t -  
uent, and the second with the decomposi t ion of the f i v e - m e m b e r e d  ring i t se l f  and the eject ion of neutral  
molecules  (CO, H2S, HCN, etc. ,  see for  example  [13-20]). The ra t io  of these d i rec t ions  is determined to 
a cons iderable  degree  by the nature of the subst i tuents  themse lves .  
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In our  ease,  the decomposi t ion of the molecu la r  ion of the chloride (IV) (Scheme 1) takes place with 
cons iderable  se lec t iv i ty  and leads to a s imple  scheme of d issocia t ive  ionization with a smal l  numbe r  of in- 
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tense  ion peaks .  In the f i r s t  stage,  the e l iminat ion of the methyl  radical  of the 6 =OCH3takesp lace  with the 
fo rmat ion  of a s table ion having m / e  184. Lowering the ene rgy  of the ionizing e l ec t rons  i nc rea se s  the r e l a -  
t ive intensi ty  of the peak  of this ion approx imate ly  twofold. The subsequent  e ject ion of CO probably  takes 
place  with cont rac t ion  of the benzene ring to a cyclopentadiene ring and the fo rmat ion  of a l ikewise ex-  
t r e m e l y  s table  comple te ly  conjugated s y s t e m  (ion m / e  156). The re la t ive  probabi l i ty  of the p r o c e s s e s  is 
sufficiently high to supp re s s  the poss ib le  e l iminat ion of chlorine f r o m  the molecu la r  ion [14, 17]. This 
e l iminat ion takes place only in the third stage,  and its h igh-energy nature is conf i rmed by the marked  de- 
c r e a s e  in the intensi ty of the peaks  of the ion m / e  121 when the energy  of the ionizing e lec t rons  is reduced.  
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The rep lacemen t  of the chlorine in posi t ion 2 by a cyane group [compound (V)] doubles the number  of 
mos t  p robable  decomposi t ion pathways of the molecu la r  ion (Scheme 2). The decomposi t ion of the molecu-  
l a r  ions of compounds (II) and (V) di f fers  only by the f i r s t  stage of one of the di rect ions  (the eject ion of H 
and of CH 3, respec t ive ly) .  It is e x t r e m e l y  cha rac t e r i s t i c  that in both cases  the peak of [M-CO]  + ions, which 
is genera l ly  so s t rong  in the m a s s  s p e c t r a  of phenols [21], is absent,  and in the f i r s t  s tage of decomposi t ion 
the ions [M-H]  + and [M-CN]  + a r i s e .  The sequence of decomposi t ions  of [M-H]  + is genera l ly  s i m i l a r  to 
that for  compound (IV): the e l iminat ion of the radical  f r o m  posit ion 2 genera l ly  a lso  take.s place in the third 
stage of the decomposi t ion.  However,  the p ropor t ion  of ions fo rmed in the total  ion cu r ren t  is cons iderably  
s m a l l e r  than the p ropor t ion  of the cor responding  ions of the success ive  decomposi t ion of the p r i m a r y  ion 
[M-CN]  +. The ion [M-CN]  + with m / e  150 co r r e sponds  to the s t ronges t  peak of the f r agmen ta ry  ions in the 
ord inary  and the low-vol tage spec t rum.  

As a model  s t ruc tu re  having no OH or  OCH 3 group in the benzene ring (which excludes the poss ibi l i ty  
of "phenolic" f ragmenta t ion)  we took 2 -methy l -5 ,6 - te t ramethy lenebenzo th iazo le  (VI). For  this substance,  
as was to be expected,  the max imum peak at 50 eV co r re sponds  not to the molecu la r  ion but to a f r a g m e n -  
t a ry  ion with m / e  134. The main p r o c e s s e s  proved  to be dehydrogenation (peaks of the ions [M-1]  +, [M-2]  +, 
etc.)  and the re t rod iene  decomposi t ion of the cyclohexane ring (Scheme 3). With a reduction of the energy  
of the ionizing e lec t rons  to 17 eV, the spec t rum was obtained in which the m a x i m u m  peak was that belonging 
to an ion with m / e  162, which co r r e sponds  to the e l iminat ion of CH3CN f rom the molecu la r  ion that is c h a r -  
ac t e r i s t i c  fo r  this type of s t ruc tu re  (confirmed by a metas tab le  t ransi t ion) .  However,  in this case.  as 
well,  in spite of the low se lec t iv i ty  of the decomposi t ion it is poss ib le  to detect  e l iminat ion of the subst i t -  
uent f rom posi t ion 2 (ion with m / e  188). 

It is natural  that  the molecu la r  ion of luci fer in  (I) is e x t r e m e l y  unstable (its intensity is only 0.2% of 
the max imum ion) and eas i ly  undergoes  decarboxylat ion (possibly thermal ly)  with the format ion  of an ion 
with m / e  236, giving the s t ronges t  peak.  The l a t t e r  e i ther  loses  2H, giving a stable ion with m / e  234, 
which is shown by a metas tab le  peak  (Scheme 4) or  it e l imina tes  a molecule  of ethylene sulfide with the 
fo rmat ion  of the s t rong  peak of an ion with m / e  176 having s t ruc tu re  (II) (see Scheme 4). This  p r o c e s s  
is also conf i rmed  by a metas tab le  t rans i t ion .  

The third route for  the d issocia t ive  ionization of the ion with m / e  236 apparent ly  cons is t s  inc leavage  
at the CH2-S  bond with the redis t r ibut ion  of three hydrogen a toms and the spli t t ing out of C2HN, also lead-  
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ing to the appearance of a fair ly strong peak of an ion with m/e  197. It then loses  sulfur, giving an ion with 
m/e  164. The la t ter  p rocess  is confirmed by a metastable peak. 

"Phenolic" f ragmentat ion (the splitting out of H or  CO) is not of great  importance in the mass  spec-  
t rum of lucifer in  and appears,  for  example, in the convers ion of an ion with m/e  236 into an ion with m/e  208 
with the loss  of carbon monoxide). Of the ions with low mass  numbers  we must mention fragments  with 
masses  86 and 84. 

EXPERIMENTAL 

The mass spectra of compounds (II, IV-VI) were taken on a MKh-1303 instrument with modified re- 
cording systems and the introduction of the sample at the temperature of the ion source and of the inlet 
flask of 250°C, accelerating voltage 2 kV, and energies of the ionizing electrons of 50 and 17 eV, and the 
spectrum of luciferin on a MKh-1303 instrument with direct introduction into the source at an energy of 
the ionizing electrons of 30 eV (emission current i00 re_A, 200°C). The UV spectra were obtained on a SF-4 
instrument and the m-spectra on a UR-10 instrument in paraffin oil. 

A homogenate of the glow-worms was fractionated on a column of Sephadex G-25 in 0.005 M tris-ace- 
tate buffer (pH 7.8), 0.5-ml fractions being collected. The protein content was determined by Lowry's meth- 
od [23]. The activity of the adenylate kinase was measured as described by Colowick and Kaplan [24], and 
the activity of the luciferase was judged from the intensity of luminescence [5, 6] of a system containing 
the protein, the synthesized luciferin, and ATP. 

2-Amino-6-methoxybenzothiazole was synthesized by Stuckwisch's method [22] with a yield of 90~, 
mp 163-165°C; it was used subsequently without additional purification. Literature data: mp 161-162°C [22]. 

2-Chloro-6-methoxybenzothiazole (IV) was obtained by Stuckwish's method [22] with a modified puri- 
fication procedure. The crude substance (IV) was dried in the air and sublimed in vacuum (~60°C, 20 mm 
Hg). 

The yield of chromatographically pure compound (IV) was 8%, mp 52°C. Literature data: mp 52.5- 
50°C [11], 43-44°C [22]. 

2-Cyano-6-methoxybenzthiazole (V) was synthesized by the method of White et al., [11]. The crude 
nitrile (V) was purified by preparative thin-layer chromatography on AI203 [activity grade (l-i) ] in the cyclo- 
hexane-ethyl acetate (9 : I) system, Rf 0.40, yield 54~, mp 129-131°C. IN spectrum (methanol): 322, 265 
nm (log £ 4.30, 3.98); IR spectrum: 2240 cm -I. Literature data: mp 129-130°C [11]. 

2-Cyano-6-hydroxybenzothiazole (If). A solution of 100 mg (0.5 mmole) of 2-cyano-6-methoxybenzo- 
thiazole in benzene was added to 260 mg (2.2 mmole) of pyridine hydrochloride (obtained immediately be- 
fore the synthesis in a molybdenum tube from absolute pyridine and gaseous HCI in absolute benzene with 
subsequent removal of the benzene together with the excess of pyridine by distillation in vacuum), and the 
benzene was evaporated in vacuum. The tube was evacuated (~15 mm Hg), sealed, and heated at 170-190°C 
for 1.5 h. The cooled tube was opened and the vitreous mass that had been formed was treated with 10~ 
sodium bicarbonate solution in the cold, and was repeatedly extracted with ethyl acetate. The combined 
extracts were dried with magnesium sulfate, the ethyl acetate was evaporated, and the oily residue was 
treated with benzene. This gave substance (If). Yield 30 mg(32%), rap 195-200°C (from benzene). UV spec- 
trum: Xma x, 264, 324 nm (log £ 3.56, 3.82). IR spectrum: 2240, 3230 cm -I. Literature data: nap 205- 
207°C [10], 203-206°C [11]. 

Luciferin (1) was synthesized by the method of Seto et al., [10] and isolated by the method of White 
et al., [11]. Yield 47~, mp 204°C, UV spectrum (ethanol): Xma x 268, 331 nm (log£ 3.83, 4.21); IR spectrum: 
3350, 2589, 1710 cm -I. Literature data: mp 202°C [I0], 196°C [2]. 

We are grateful to Professor R. A. Khmel'nitskii and Candidate of Chemical Sciences P. B. Terent'ev 
for  ass is tance  in the mass - spec t ro scop ic  investigations. 

CONCLUSIONS 

1. The synthesis of the luciferin of Luciola mingrelica, i.e., D(-)-2-(6-hydroxybenzothiazol-2-yl )- 
3,4-dihydrothiazole-4-carboxylic acid, has been performed with some modifications. 

2. It has been shown that in the mass spectrum of luciferin the most characteristic ions are those 
that correspond to decarboxylation, aromatization, and, finally, the elimination of the thiazoline part of the 
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molecule .  The s p e c t r a  of the intermediate  products  of synthesis  are  charac te r ized  by competing p roce s se s  
of the el imination of the substi tuent f rom posit ion 2 of the benzothiazole molecule,  and, to a small  extent, 
the "phenol ic"  f ragmentat ion of the benzene ring. 

3. Synthetic lucifer in  in combination with purif ied lue i ferase  of the glow worm Luciola mingrelica.  
can be used for  the luminescence determinat ion of the concentrat ion of ,4TP in biological mater ia l s .  
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