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The McCoUum-Pratt Institute and Department o] Biology, The Johns Hopkins University, 
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INTRODUCTION 

The crystallization of firefly luciferase and luciferin has allowed for the first time an 
extensive study of the interaction of these two substances in the process of light 
emission. Previous evidence hasindicated that the active site on luciferin (C13H 1,N IS,08) 
which reacts with adenosine triphosphate (ATP) is a carboxyl group 1. The initial 
reaction leads to the reversible formation of adenyMuciferin (active luciferin) and 
pyrophosphate 2. Active luciferin reacts in some unknown way with molecular oxygen 
to give light emission and adenyl-oxyluciferin. Oxyluciferin is a potent inhibitor of 
the light reaction. The addition of coenzyme A (CoA) to a reaction mixture wilI 
stimulate luminescence, due to the removal of this inhibitor from the enzyme surface. 
Evidence presented in the present paper demonstrates that adenyl-oxyluciferin reacts 
with CoA to form oxyluciferyl-CoA. In the presence of cysteine, the CoA derivative is 
converted into stable N-oxyluciferyl-cysteine. The net effect is to remove the oxy- 
luciferin from the enzyme surface, allowing luminescence to proceed. In a reaction 
analogous to acetate activation, the exchange of AMP in ATP during light emission 
can be shown to depend upon CoA. The data presented below have a direct bearing on 
the mechanism of action of luciferin in light emission and in electron transport 
processes. 

METHODS 

Crys ta l l ine  lucifer in and  oxyluc i fe r in  were p repa red  by  t he  m e t h o d  of BITLER AND MCELRoY 1. 
Crys ta l l ine  luciferase was  p repared  accord ing  to  t h e  m e t h o d  of GREEN AND MCELROY a. U n l e s s  
o the rwise  specified, t h r ee  t i mes  recrys ta l l ized luciferase was  used.  The  luciferase p r e p a r a t i o n s  
con ta ined  a p p r o x i m a t e l y  20 m g  of p ro te in  per  ml.  I t  was  nece s sa ry  to recrystal l ize  luciferase four  
t i m e s  in order  to r e m o v e  s t r ong l y  b o u n d  oxylucifer in .  H i gh ly  purif ied y e a s t  inorganic  p y r o p h o s -  
p h a t a s e  was  p repared  accord ing  to t h e  m e t h o d  of HEPPEL AND HILMOE 4. The  l igh t  reac t ions  were  
ca r r ied  ou t  in a r eac t ion  m i x t u r e  s imi la r  to  t h a t  descr ibed b y  GREEN AND MCELROY 3, excep t  t h a t  
0.025 M glycylglycine  p H  7.6 was  used  as a buffer.  T he  l ight  m e a s u r e m e n t s  were m a d e  by  a p h o t o -  
mul t ip l ie r  a p p a r a t u s  wi th  a u t o m a t i c  record ing  on a n  Es te r l ine -Angus .  The  spec t ra l  changes  were  
recorded by  a B e c k m a n  S p e c t r o p h o t o m e t e r  D K  2 while  t he  f luorescent  emiss ion  and  exc i t a t ion  
spec t r a  were m a d e  w i th  an  A m e r i c a n  I n s t r u m e n t  C o m p a n y  spec t rophotof luoromete r .  A s c e n d i n g  
p a p e r  c h r o m a t o g r a p h y  was  used  to sepa ra te  lucifer in and  t h e  va r ious  der iva t ives  on  W h a t m a n  
No. 3 c h r o m a t o g r a p h i c  paper .  

T h e  c h r o m a t o g r a p h i c  so lven t  u sed  t h r o u g h o u t  was  a 3 to 7 (v]v) m i x t u r e  of mola r  a m m o n i u m  
ace t a t e  p H  7.5 a n d  95% e thy l  alcohol.  T he  f luorescent  spo t s  on t he  pape r  were de tec ted  by  us ing  ~t 
Keese  u l t rav io le t  l amp.  

* Suppo r t ed  in pa r t  by  a g r a n t  f rom The  Na t iona l  Science F o u n d a t i o n .  
** Con t r ibu t ion  No. 2o6 of t h e  M c C o l l u m - P r a t t  In s t i t u t e .  
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RESULTS 

A. The enzymic [ormation o/ oxyluci/erin /rom luci/erin 

One of the interesting characteristics of the luciferase-catalyzed light reaction is the 
progressive inhibition of the light emission as the reaction is allowed to proceed. 
Previous results indicated that  luciferase is inhibited by the product of the reaction 5. 
Chromatographic evidence indicates that  in such a reaction mixture most of the 
luciferin remains unreacted even though light emission has essentially ceased. If  such 
a reaction mixture is allowed to proceed for one hour and then stopped by  heating at 
ioo°C for two minutes one finds after chromatography four fluorescent products 
other than luciferin. The major product has an RF of 0.41 while minor amounts of 
other fluorescent products with the following RF values are obtained: 0.93, o.91 and 
0.85. That  the RF 0.41 compound should be a major reaction product is of interest 
since a compound of similar spectral and chromatographic properties is obtained by  
refluxing luciferin under alkaline conditions at Ioo°C 1. The RF 0.41 compound has 
been isolated and crystallized and has been identified as an oxidation product of 
luciferin. Oxyluciferin (C13H 1oN 2S~O3) will react with ATP in the presence of luciferase 
to form pyrophosphate in a reaction similar to that  observed for luciferin z. That  
oxyluciferin is the pr imary product concerned with the inhibition of the light reaction 
is indicated by the results in Fig. I. I t  is evident from the data that  oxyluciferin is a 
potent inhibitor of the light reaction. If  oxyluciferin is allowed to react with ATP and 
the enzyme for a few minutes prior to luciferin addition essentially no light emission 
occurs. These observations indicate that  oxyluciferin must react with ATP in order to 
inhibit the subsequent function of the enzyme for light emission. The luciferase- 
oxyluciferin complex is still capable however of functioning catalytically in the break- 
down of ATP into pyrophosphate and adenylic acid 2. Since no light is emitted under 
these conditions even in the presence of luciferin, it is apparent that  oxyluciferin does 
not dissociate readily from the enzyme surface. 

B. The stimulation o/luminescence by coenzyme A 

When CoA is added to a normal reaction mixture which has been allowed to proceed 
until inhibition is prominent, there is an immediate rise in the light intensity which is 
directly proportional to the CoA concentration 6. After the initial flash due to CoA 
addition, the luminescence will proceed at this high level of light emission and finally 
return to the normal base-line level. The duration of this stimulated light emission is 
directly proportional to the CoA concentration. The results in Fig. 2 indicate that  the 
secondary flash height is directly proportional to the CoA concentration. If  CoA is 
added initially to the reaction mixture there is no effect on the initial light intensity, 
but  as the luminescence decays, the reaction mixture containing CoA always remains 
at  a higher value. Under these conditions, therefore, using al imited amount  of luciferin 
it is possible to show that  the total light emitted is greater in the presence of CoA than 
in its absence. Under appropriate conditions it is possible to stimulate the complete 
utilization of luciferin in such a reaction mixture. Data  supporting this will be pre- 
sented in a later section. 

The results in Table I indicate that  CoA is very specific in its st imulatory effect. 
Neither dephospho-CoA nor phosphopantethine are effective in this respect. Results 
have been presented previously indicating that  the rephosphorylation of dephospho- 
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Fig. i .  The inh ib i t ion  of l ight  emission by  oxy-  
luciferin.  The  r eac t ion  m i x t u r e  con ta ined  t h e  
fol lowing:  g lycyl -g lycine  o .o25M ,  p H  7.6, 1.5 
m l ;  MgSO 4, i o / , m o l e s ;  ATP,  1. 7 #moles ;  luci- 
fer in  6 m/* moles ;  luciferase o.o 4 ml ;  v a r y i n g  
oxyluc i fe r in  concen t r a t i on  as  ind ica ted  a n d  

wa t e r  to give a final vo l ume  of 2. 5 ml. 
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Fig. 2. The  s t i m u l a t i o n  of l ight  emiss ion  by  co- 
e n z y m e  A. The  reac t ion  m i x t u r e  con ta ined  t he  
following: g lycyl-glycine  o.25 M,  p H  7.6, 
0.25 ml ;  MgSO 4, i o / , m o l e s ;  ATP,  34 / ,moles ;  
lucifer•n, o.25 / ,moles ;  luciferase,  0.05 ml ;  
v a r y i n g  a m o u n t s  of CoA were added  th ree  
m i n u t e s  a f te r  t he  reac t ion  was  in i t ia ted  wi th  
ATP.  W a t e r  was  a d d e d  to give a to ta l  vo lume  

of 2.5 ml .  The  ini t ial  increase  in l ight  emiss ion  above  t h e  basel ine i n t ens i t y  is shown  on t he  
ordinate .  

T A B L E  I 

E F F E C T  O F  C O E N Z Y M E  A A N D  V A R I O U S  D E R I V A T I V E S  O N  L I G H T  E M I S S I O N  

Compound Amount added Ligkt response 
,ug per cent 

CoA IOO ioo  
D e s a m i n o  CoA ioo 3 
P h o s p h o p a n t e t h i n e  i oo 2 
D e p h o s p h o  CoA ioo  i 
3 ,5 -d iphosphoadenos ine  9o o 
2,5 -d iphosphoadenos ine  7 ° o 
3 ' -adenyl ic  acid 50 o 
2 ' -adenyl ic  acid 5 ° o 
5 ' -adenyl ic  acid 5 ° o 

The  va r ious  c o m p o u n d s  were added  to a l umi nescen t  reac t ion  th ree  m i n u t e s  a f te r  l ight  emiss ion  
was  in i t i a ted  w i th  ATP.  T he  increase  in l ight  i n t e n s i t y  above  t h e  basel ine  l ight  emiss ion  was  
c o m p a r e d  to  t h e  response  ob ta ined  f rom CoA which  was  t a k e n  as ioo  %. See t e x t  for detai ls .  
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Fig. 3. T he  effect of coenzyme  A on p y r o p h o s -  
p h a t e  release. The  reac t ion  m i x t u r e s  con ta in  
t h e  following: g lycyl-glycine  buffer,  0.25 M,  
p H  7.6, 0. 5 ml ;  MgSO4, 60 #,moles; ATP,  16 
/*moles; oxylucifer in ,  o.44 / ,moles ;  luciferase,  
0. 3 ml ;  p y r o p h o s p h a t a s e  o . Io  ml  and  wa t e r  to  
a to ta l  v o l u m e  vo lume  of 5.o ml.  I n  t h e  cu rve  
wi th  t he  solid po in t s  o. 5 /*moles of CoA were 

added.  
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CoA will restore the s t imula tory  properties 6. In  recent experiments it  has been found 
t h a t  th ioe thanolamine  is slightly s t imulatory.  

The inh ib i tory  effect of oxyluciferin added ini t ia l ly  can be removed by  the ad- 
d i t ion  of CoA. We have suggested previously tha t  the s t imula tory  effect of CoA is due 
to the fact tha t  it  reacts with oxyluciferin and  effectively removes it  from the enzyme 
surface 6. If this were correct then  CoA should effectively inhibi t  pyrophosphate pro- 
duc t ion  which normal ly  occurs in the presence of oxyluciferin. The results presented 
in  Fig.  3 indicate tha t  CoA is an effective inhibi tor  of pyrophosphate  l iberat ion and 
tha t  t ime is necessary before this effect expresses itself. Apparen t ly  CoA is reacting 
wi th  some component  of the reaction mix ture  which is essential for pyrophosphate  
product ion.  The evidence presented later indicates the formation of oxyluciferyl-CoA. 

TABLE II 
F L U O R E S C E N C E  P R O D U C T S  OF T H E  L I G H T  R E A C T I O N  IN T H E  P R E S E N C E  A N D  

R F 

A B S E N C E  OF C O E N Z Y M E  A 

Control CoA + CoA 

Fluorescence Fluorescence Fluorescence 
intensity intensity intensity 

o. 66 43,600 13,600 1 o,9oo 
o.41 134 1,163 3,916 
o.3I . . . .  1,579 
o.14 - -  __ 1,589 

The reaction mixtures contained the following: glycyl-glycine, 0.25 M, pH 7.6, 0.50 ml; MgSO4, 
3 ° /umoles; cysteine, 5 #moles; luciferin, o.25 #moles; luciferase, 0. 5 ml; CoA, 2 /,moles; ATP, 
x3/,moles and water to give a total volume of 5.0 ml. In the control the luciferase was inactivated 
by heat before it was added to the reaction mixture. See text for details on fluorescence measure- 
ments. 

C. The/urination o/oxyluci/eryl-coenzyme A 

The results presented in  Table  I I  demonstra te  the effect of CoA on the formation of 
fluorescent products  from luciferin. Under  the special chromatographic condit ions 
indicated,  luciferin has an RF of 0.66. As shown in  the second column, in  a reaction in  
the absence of CoA, the p r imary  product  which is formed is oxyluciferin having an 
RE of O.41. The actual  fluorescent figures are not  a quan t i t a t ive  expression of the 
am oun t  of the product  formed since the absolute molar fluorescence of these substances 
is no t  known. In  addit ion,  oxyluciferin is slowly converted in to  non-fluorescent prod- 
ucts  by  non- luminescent  reactions. The data  of Table I I I  indicate  this fact. I n  the 

TABLE III  
F L U O R E S C E N C E  P R O D U C T S  O B T A I N E D  F R O M  O X Y L U C I F E R I N  IN T H E  

P R E S E N C E  A N D  A B S E N C E  OF C O E N Z Y M E  A 

Control - -  CoA ~ CoA 

RF Fluorescence Fluorescence Fluorescence 
intensity intensity intensity 

o.41 32,600 24,600 790 
o.31 - -  __ 4,04 ° 
o.14 - -  - -  2,112 

The reaction mixtures are the same as those described for Table II except 0.28 pmoles of oxyluci- 
ferin were used instead of luciferin. 
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reaction containing CoA, considerably more luciferin is utilized with the production of 
a larger amount of oxyluciferin. In addition to residual luciferin and oxyluciferin, two 
new fluorescence spots appear in the reaction containing CoA, one having an R~ of 
o.31 and the second having an RF of o.14. These compounds were also produced in a 
reaction mixture consisting of oxyluciferin, CoA, cysteine, ATP and luciferase as 
indicated in Table III. If the reaction of oxyluciferin with CoA is allowed to proceed 
in the absence of cysteine, only the RF o.14 compound is produced. The reaction can 
be studied quantitatively by measuring the change in fluorescence on the spectro- 
photofluorometer since the RF o.14 compound has a greatly reduced fluorescence 
compared to the oxyluciferin. Chromatographic and fluorescence evidence suggest that 
the amount of RF o.14 compound formed is proportional to the CoA added. Spectro- 
photofluorometric measurement of the effect of varying amounts of CoA on the final 
fluorescent intensity of a reaction mixture containing oxyluciferin, ATP, and luciferase 
is shown in Fig. 4. For several reasons we believe that  the RF o.14 is oxyluciferyl-CoA. 
Because of the extremely small amounts of material used in these experiments it has 
not been possible to demonstrate the disappearance of a free SH group. However, a 
large amount of indirect evidence indicates the formation of a thioacyl compound. 
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Fig. 4. The effect of coenzyme A on oxyluci- 
ferin fluorescence. Same condit ions as described 
for Fig. 2 except  oxyluciferin replaced luciferin. 
The oxyluciferin fluorescence was  measured 
after  the  reaction was completed. The exciting 
wavelength  was  350 m/~ and the emission inten- 
si ty at  54 ° m/~ was  measured in the  spectro- 

photofluorometer .  
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Fig. 5. Fluorescence change on alkaline hydroly-  
sis of oxyluciferyl-CoA. The initial reaction 
mix ture  is the same as described for Fig. 4- 
0. 5 #moles of CoA was added. After the fluo- 
rescence intensi ty  had decreased to a min imum,  
the  reaction mixture  was heated in order  to 
inact ivate luciferase. The insoluble protein was 
removed by  centrifugation and the  supe rna t an t  
was  placed in a cuvet te  in the  fluorometer.  

N a O H  was added to give a final concentra t ion  of O.OlN. The increase in fluorescence wi th  
t ime was  measured.  Excit ing wavelength  35 ° m;u, emission in tensi ty  measured at  54 ° m/~. 

The increased solubility of luciferin in ethyl acetate as the pH of an aqueous solu- 
tion is lowered to 3, is due to the decrease of the dissociation of a carboxyl group 1. If 
CoA were reacting with the active oxyluciferin (adenyl-oxyluciferin) to form the 
oxyluciferyl-CoA then one would expect that such a compound would be insoluble in 
ethyl acetate even at acid pH's. We have made such an observation on the material 
having an Reof o.14. However, the fluorescent substance becomes ethyl acetate-soluble 
after treatment with sodium hydroxide, indicating the liberation of oxyluciferin. If 
this represents the splitting of oxytuciferyl-CoA into free oxyluciferin and CoA one 
would expect the fluorescence intensity to increase. The results of such an experiment 
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on alkaline hydrolysis shown in Fig. 5, indicate tha t  the ester linkage is extremely 
labile to alkali. Chromatographic evidence also indicates tha t  oxyluciferin is reformed. 
The data  presented earlier on the inhibition of pyrophosphate  liberation by  CoA would 
also support  the conclusion tha t  the carboxyl  group of luciferin has reacted with the 
CoA to form an acyl compound.  

D. Reactions o[ oxyluci/eryl coenzyme A 

Several different experiments have indicated tha t  the second fluorescent substance 
having an RF of o.31 is due to the interaction of the CoA derivative with cysteine. In  
addit ion it has been shown tha t  the conversion of the CoA derivative to the o.31 
compound by  t rea tment  with cysteine will occur non-enzymically.  The results pre- 
sented in Fig. 6 represent a spectrofluorometric s tudy  of such a reaction using 350 m/,  
as the exciting wavelength and measuring the light intensi ty which is emit ted at 540 
m/z. I n  this experiment,  the initial rapid decrease in fuorescence is due to the forma- 
t ion of the CoA derivative from oxyluciferin and CoA. After the  reaction had been 
allowed to proceed to completion, the mixture  was heated at a Ioo°C for 2 min. 

8O 

F i g .  6. E f f e c t  o f  c y s t e i n e  o n  o x y l u c i f e r y l - C o A  f l u o r e s c e n c e .  T h e  
7c initial reaction mixture is the same as described for Fig. 5. At 12 rain 

o.i mmole of cyteine was added. 
s a  

7 50 
5C >" 

- -  ----- : , 4  
4c Fig. 7" The fluorescence change on ~ 4o -~k._ ~'-V--'kk\ s 

the conversion of oxyluciferin into 
z 
m y /  N-oxyluciferyl-cysteine. Reaction _ z 30 

3c mixture was the same as for Fig. 2 
/ "  except 0.32 /,mole of oxyluciferin z o 2c replaced the luciferin. In reaction A ~ 2o / .  

t" 0. 5 / , m o l e  of  C o A  a n d  o . I  m m o l e  
,c l cysteine were added initially. In re- ~ ~o 

/ action B the CoA and cysteine were ~, 
t~*, . . . . . .  added at 15 rain. u. , , , ,l 0 to 

tO 20 30 40 0 I0 20 50 5 60 
TIME - MIN T I M E  - M I N  

After centrifugation the supernatant  material  was returned to the photofluorometer  
cuvet te  and cysteine was added. The increase in fluorescence upon the addit ion of 
cysteine is due to the formation of the RF o.31 compound as indicated by  paper  
chromatographic  evidence. A detailed analysis of the reaction mixture  indicates tha t  
the fluorescence intensi ty of the RF o.31 compound is approximate ly  one-half of 
oxyluciferin. Under  these circumstances when a reaction is performed with oxyluciferin 
and ATP in the presence of CoA and cysteine the fluorescence intensi ty decreases to 
approximate ly  4 ° % of the start ing value. The results of such an experiment are shown 
in Fig. 7. When  CoA and cysteine are withheld from the reaction mixture,  the fluo- 
rescence remains essentially constant.  After 15 min CoA and cysteine were added and 
the fluorescence intensi ty rapidly  decreased to the level indicated. This is to be 
compared with the second curve in which CoA and cysteine were added initially. 
Chromatography of the reaction mixture  after 5o min indicated the presence of only 
one substance having  an R~ of o.31. 

Since the two fluorescent compounds resulting from CoA and cysteine interaction 
with oxyluciferin could be produced in relatively pure form in a reaction mixture,  it 
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was possible to study some of their chemical characteristics in detail. Inasmuch as 
oxyluciferin was obtained by alkaline hydrolysis of the CoA derivative, the possibility 
that  the latter is a thiol ester which would react with hydroxylamine was considered. 
The interaction of hydroxylamine with the CoA derivative and the formation of the 
hydroxamic acid derivative of oxyluciferin was followed spectrophotofluorometrically. 
The results of such an experiment are shown in Fig. 8. Chromatography of the above 
reaction mixture indicated that either oxyluciferin or its hydroxamic acid derivative 
was formed. A fluorescent spot from such a reaction mixture was observed near RF o.4. 
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Fig. 8. Effect of hydroxylamine 
on oxyluciferyl-CoA fluorescence. 
Same conditions as in Fig. 5 except 
o.6 mmole of hydroxylamine was 

added instead of NaOH. 

The fact that  this latter spot always has an RF value slightly less than authentic 
oxyluciferin, is additional evidence indicating the formation of a hydroxamic acid 
derivative. 

Since the CoA derivative reacts with cysteine to form a new substance its reac- 
t ivi ty with other SH reagents was tested. When glutathione was mixed with the CoA 
derivative, the latter disappeared and a new fluorescent spot having an RE of 0.24 was 
formed. When the glutathione derivative was hydrolyzed with alkali, the fluorescence 
intensity increased and paper chromatography indicated the formation of oxyluciferin. 
The alkaline lability as well as the specific molar fluorescence of the glutathione 
derivative appears to be similar to the CoA derivative. Consequently there is no 
apparent fluorescence change in the reaction mixture during the conversion of the 
CoA derivative into the glutathione derivative. However, the following experiment 
demonstrates that reduced glutathione is capable of stimulating the removal of 
oxyluciferin from the reaction mixture using the amount of CoA which would normally 
produce only a slight decrease in fluorescence. It  was found that the addition of an 
excess of glutathione to such a reaction mixture lead to a rapid decrease in fluorescence. 
Chromatographic evidence also indicated the complete utilization of oxyluciferin. This 
experiment demonstrates that  CoA is acting in a catalytic manner in the conversion 
of oxyluciferin into the glutathione derivative. 

Efforts have been made to form the cysteine and glutathione derivatives of 
oxyluciferin in the absence of CoA. However, all the results have been essentially 
negative. I t  would appear that neither glutathione nor cysteine is capable of reacting 
with adenyl-oxyluciferin, even under enzymic conditions, to form the corresponding 
derivatives. This is not too surprising since CoA is highly specific in its effect on the 
stimulation of luminescence. The secondary addition of either cysteine or glutathione 
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to a light reaction does not stimulate light emission. Recently, however, it has been 
found that the secondary addition of hydroxylamine will give some stimulation of 
light emission indicating the possibility that this compound is capable of reacting 
directly with adenyl-oxyluciferin, releasing luciferase for further reaction with 
luciferin. The secondary light stimulation due to hydroxylamine addition is similar 
to the CoA stimulation in that the light intensity slowly returns to the normal base- 
line level. 

Although the glutathione and CoA derivative of oxyluciferin are quite labile to 
alkali, this is in contrast to the cysteine derivative. When the latter compound is 
treated with alkali, only small amounts of oxyluciferin are obtained. The possibility 
existed, therefore, that cysteine was converting the CoA compound into some other 
product without actually forming an oxyluciferyl-cysteine compound. Another possi- 
bility existed, however, namely that the S-oxyluciferyl compound was cyclizing and 
was being converted into a stable N-oxyluciferyl-cysteine. To test the possibility that 
cysteine is actually incorporated into the fluorescent derivative, a reaction was carried 
out in the presence of 35S-labelled cysteine. The 35S-cysteine was prepared from 35S- 
cystine by exchange in acid solution (o.i ml of 2.5" Io-3M cystine, containing I ~c a~S 
in o.o6M HC1 was added to o.I ml of 2.5" Io-2M cysteine and allowed to incubate for 
approximately 5 h). Complete equilibration of a~S was assumed. The CoA derivative 
was produced in a reaction mixture consisting of ATP, luciferase, oxyluciferin, and 
CoA. After incubation for 15 min the mixture was heated at ioo°C for two minutes and 
the denatured protein was removed by centrifugation. A control was heated prior to 
the addition of ATP. Both supernatants were added to the sulphur-labelled cysteine 
(each tube containing I ~c) and the mixtures were incubated at room temperature 
for 1 1/2 h. One-half ml aliquots of each solution were then placed on chromatographic 
paper and developed with the alcohol solvent. One difficulty was that cysteine itself 
has an RF very close to that of the RF o.31 compound to be counted. However, it was 
found that  when cysteine was applied to the paper under a stream of hot air, most of 
the eysteine was converted to cystine, which has an RF of 0.05. After chromatography 
linear strips of 2.5 cm width were cut from the paper and each strip was scanned for its 
~5S content. The results of such an experiment are presented in Table IV. Calculations 
of the theoretical incorporation into the RF o.31 compound were based on the following 
assumptions: (i) complete equilibration of 35S between cysteine and cystine and 
(2) complete conversion of oxyluciferin to the RF o.31 compound. Such calculations 

T A B L E  IV 

INCORPORATION OF 35S-CYSTEINE INTO OXYLUCIFERIN DERIVATIVE 

Control Experimental 
c.p.m, c.p.m. 

Percent incorporation 

expected observed 

Tota l  28,369 27,615 
RF o.31 3,5 I2 5,493 
B l a n k  2oo 2oo 

9.6 7.8 

T h e  reac t ion  m i x t u r e s  con ta ined  the  fol lowing:  g lycyl -g lyc ine  o.25M, p H  7.6, 0.30 ml ;  MgSO 4, 
i o  / ,moles ;  oxyluci fer in ,  o.26 jumoles; CoA, 2 #moles ;  luciferase,  o.2o ml ;  ATP, i o  #moles  and  
w a t e r  to  g ive  a t o t a l  vo lume  of 2. 5 ml, I n  the  cont ro l  the  luciferase was  i n a c t i v a t e d  b y  h e a t  before  
i t  was  added  to  the  r eac t ion  mix tu re .  3sS cys te ine  was  added  secondar i ly .  
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give a theoretical incorporation of 9.6% of the total counts. The data of Table IV 
indicate that 7.8% of the counts above the control were incorporated. Thus, it may 
be calculated that about 80% of the theoretically possible incorporation had taken 
place. It  can be concluded therefore that cysteine is incorporated into the new 
fluorescent spot. This experiment indicates the extreme sensitivity of the fluorometric 
method for the analysis of enzyme reactions as compared to the isotopic method. 

To demonstrate the importance of the SH group of cysteine in its reaction with 
oxyluciferyl-CoA, the following reactions were carried out. Oxyluciferyl-CoA was 
reacted with homocysteine in one case and methionine in the other. In the case of the 
former compound an increase in fluorescence was observed, a new chromatographic 
spot at RF 0.50 appeared, while the RF o.14 spot disappeared. Methionine did not 
change the oxyluciferyl-CoA fluorescence and chromatography indicated no reaction. 
The product of the homocysteine reaction is relatively stable to alkali and unreactive 
to hydroxylamine. The rate of reaction of cysteine and homocysteine with oxyluciferyl- 
CoA, as judged by fluorescence, is about the same. 

The evidence indicates clearly, therefore, that cysteine reacts with the CoA 
compound to form an oxyluciferyl-cysteine derivative. Judging from its alkaline 
stability and the evidence of other workers on the lability of thiol esters compared to 
the nitrogen esters, we may conclude that the cysteine derivative is an N-oxyluciferyl- 
cysteine. 

F. The enzymic breakdown o/ oxyl~ci/eryl-CoA by adenylic acid 

The enzymic activation of oxyluciferin by ATP in the presence of CoA leads to the 
formation of pyrophosphate and adenylic acid as well as oxyluciferyl-CoA. This 
suggested the possibility that the latter might react with adenylic acid and pyro- 
phosphate in a reversible manner to form free CoA, oxyluciferin and ATP. The results 

Fig. 9. Effect  of adenyl ic  acid a n d  p y r o p h o s p h a t e  on 
oxyluc i fery l -CoA decompos i t ion .  The  reac t ion  m i x t u r e  
con ta ined  t h e  fol lowing:  glycyl-glycine,  o.25M , p H  
7.6, 0.35 ml ;  MgSO4, 8 /*moles; ATP,  4 /*moles; oxy-  
luciferin,  o.16 /*mole; luciferase,  0.o6 ml ;  CoA, o.6 
/*mole and  wa t e r  to give a final v o l u m e  of 1.5 ml.  At  
I I rain i .o /*mole of adenyl ic  acid was  added  and  a t  
15 m i n  20 /*moles of inorganic  p y r o p h o s p h a t e  was  
added .  F luorescence  exc i ta t ion  a t  34o m # .  E mi s s i on  

i n t e n s i t y  was  m e a s u r e d  a t  54 ° m/*. 
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presented in Fig. 9 indicate that  this reaction does occur. Oxyluciferyl-CoA was 
produced in a reaction mixture consisting of oxyluciferin, CoA, and ATP. This is 
shown on the graph by the initial decrease in fluorescence. Upon the addition of 
adenylic acid after I I  min, there was a small increase in fluorescence. When high con- 
centrations of pyrophosphate were added there was a large increase in fluorescence 
Re/erences p. 532. 
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due to the formation of free oxyluciferin. ATP was also formed in the reaction and was 
measured by the firefly system. The high concentration of pyrophosphate required to 
obtain an increase in fluorescence indicates that the equilibrium is in favor of oxyluci- 
feryl-CoA formation. In this reaction luciferase must be present. Adenylic acid is 
incapable of splitting oxyluciferyl-CoA non-enzymically in contrast to the reactions 
with cysteine, hydroxylamine, or glutathione. 

I t  has shown previously that if the reaction of oxyluciferin, ATP, and luciferase 
is carried out in the presence of labelled pyrophosphate and the reaction is stopped 
before all ATP is broken down, there is an incorporation of pyrophosphate into the 
residual ATP 2. The results were interpreted to mean that  adenyl-oxyluciferin and 
pyrophosphate were the immediate products of the enzyme-catalyzed reaction. Like- 
wise, one should be able to show a CoA-dependent incorporation of labelled adenylic 
acid into ATP. Reaction mixtures consisting of oxyluciferin, luciferase, CoA, 14C- 
labelled adenylic acid and pyrophosphate were incubated for the times specified in 
Table V. The reactions were stopped by heating at ioo°C for two minutes. The mixtures 
were then placed on a Dowex-I chloride column and the ATP and adenylic acid were 
separated by gradient elution according to the method of COHN AND CARTER 7. 

T A B L E  V 

INCORPORATION OF laC-AMP INTO ATP 

Specific activity 

Reaction Counts~rain/rag A TP 

I I I  

Comple te  86 2,73 i 
- -  CoA - -  918 
- -  L 7 55 ° 
H e a t e d  o - -  

The  comple t e  r eac t ion  m i x t u r e s  con t a ined  t he  fo l lowing:  g lycy l -g lyc ine  o.z5M, p H  7.6, 1. 7 m | ,  
MgSO4, 4 ° / z m o l e s ;  CoA, 3 / , m o l e s ;  14C-AMP, 5.2 /zmoles, inorgan ic  py rophospha t e ,  ioo  #tmoles; 
ATP, 20 #mole s  and  w a t e r  to  g ive  a final vo lume  of i o  ml. R e a c t i o n  I con ta ined  0.75 /*mole 
oxy luc i fe r in  and  0.2 ml  luciferase.  I n c u b a t i o n  t i m e  was  for one hour.  R e a c t i o n  I I  con t a ined  o.80 
/ ,mole  oxy luc i fe r in  and  o. 3 ml  luciferase.  I n c u b a t i o n  t i m e  was  for t wo  hours .  Reac t ions  w i t h o u t  
CoA and  oxyluc i fe r in  as well  as w i t h  h e a t e d  enzyme  are shown in the  cor responding  rows. 

The ATP was precipitated with barium acetate, filtered into sinterglass crucibles and 
counted with a methane-flow proportional counter. Data from two such experiments 
are presented in Table V. In both experiments there was a significant incorporation 
above the controls. One difficulty with this experiment was due to the contamination 
of the luciferase with a small amount of myokinase which also catalyzes the incorpora- 
tion of adenylic acid into ATP. The myokinase was decreased to a considerable extent 
by  recrystallizing the enzyme two additional times. The control in which oxyluciferin 
was omitted shows the level of myokinase activity. Numerous controls in which the 
reaction mixture was heated prior to the addition of ATP have eliminated the possi- 
bility of chemical exchange and shown that there is good separation of the adenylic 
acid and ATP. The fact that  the incorporation of adenylic acid into ATP is dependent 
upon the presence of CoA supports the spectrophotofluorometric evidence that the 
reactions leading to the formation of oxyluciferyl-CoA are reversible. 
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G. The spectrophotome~ric and fluorescent characteristics o/luci/erin and its derivatives 

The reactions of oxyluciferin are summarized in Fig. IO and the various fluorescence 
and spectral characteristics of luciferin, oxyluciferin and the glutathione, cysteine and 
CoA derivatives are shown in Table VI. 

L+ATP~'~- L - A M P  + POP 

COAS - L + A M P  
(OXYLUCIFERYL - CoA) 

Cvs rE : ,N /  J G S H ' ~ A O H  
N-OXYLUCIFERYL S-OXYL-GSH k + CoASH 

- C Y S T E I N E  

Fig. IO. The reactions of oxyluciferin. 

TABLE VI  

SOME CHARACTERISTICS OF LUCIFERIN, OXYLUCIFERIN AND DERIVATIVES 

Excitation Emission Relative 
Compound R F AIax mlt Max m# fluorescence 

pH = 7.6 p H =  7.6 intensity 

Luciferin (LH~) o.66 327 53 ° ioo 
Oxyluciferin (L) o-41 347 54 ° ioo 
Oxyluciferyl-CoA o.14 367 45 ° 5 
N-oxyluciferyl-cysteine o.31 36o 545 4 ° (approx.) 
S-oxyluciferyl g luta thione o.21 37 ° 545 5 

The excitat ion and emission peaks are not  corrected for the photocell sensit ivity and are therefore 
only relative values. 

DISCUSSION 

I t  has been proposed that  luciferin reacts with ATP to form adenyl-luciferin (LH 2- 
AMP) and pyrophosphate. Adenyl-luciferin in the presence of 0 3 gives off light and 
produces adenyl-oxyluciferin (L-AMP), a potent inhibitor of the light reaction. 
Additional evidence presented in the present paper supports this general scheme of 
the light reaction. 

A compound of RF o.4I is one of the major products of the light reaction. Direct 
chemical evidence indicates that  this is an oxidation product of luciferin. Therefore, 
this product has been designated as oxyluciferin. The inhibition of the light reaction 
by oxyluciferin depends first upon its reaction with ATP. Once oxyluciferin has reacted 
with ATP and luciferase, the latter is incapable of catalyzing the oxidation of luciferin 
with light emission. Isolation of luciferase also indicates that oxyluciferin is tightly 
bound to the enzyme and is removed with difficulty only after several recrystallizations 
of the enzyme. On the other hand, luciferin is completely removed during the first 
crystallization. The fact that luciferin can be isolated from a reaction mixture that has 
ceased to luminesce is indicative also that an inhibitor is formed during light emission. 
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CoA and pyrophosphate have been shown to be capable of rapidly removing oxy- 
luciferin from the enzyme surface. Adenyl-oxyluciferin apparently is the active form 
of the inhibitor which reacts with CoA. 

The oxyluciferin-luciferase complex is capable of rapidly breaking down ATP into 
adenylic acid and pyrophosphate and the evidence indicates the formation of adenyl- 
oxyluciferin as an intermediate. Why luciferin cannot compete with oxyluciferin after 
the latter has reacted, is not clear. Luciferin can compete with oxyluciferin when 
both are initially mixed with the enzyme. The reasons why pyrophosphate stimulates 
light emission is not so readily apparent although it must in some way displace 
oxyluciferin from the enzyme surface. If pyrophosphate were to act by  reversing the 
following reaction ATP + L - ~  L-AMP + POP why shouldn't the enzyme be 
equally flee for luciferin utilization when L-AMP is hydrolyzed to give L and AMP ? 
The evidence suggests that  in the reaction of enzyme with oxyluciferin and ATP an 
intermediate is formed on the enzyme surface which can be removed by pyrophosphate. 
Subsequent rearrangements prior to the release of adenylic acid apparently leads to a 
stable complex between enzyme and oxyluciferin which is not removed by pyro- 
phosphate. 

The formation of the intermediate, adenyl-oxyluciferin, has not been directly 
demonstrated. Indirect evidence for such a compound is the release of pyrophosphate 
during the reaction of oxyluciferin, ATP, and luciferase. In addition, the exchange of 
pyrophosphate in ATP depends upon oxyluciferin. Further indication of the formation 
of active oxyluciferin is the ethyl acetate insolubility of the products of the reaction. 
Under acidic conditions (pH approx. 3.o) luciferin and oxyluciferin are soluble in ethyl 
acetate. However, the reaction product is ethyl acetate insoluble. Since the relative 
solubilities of luciferin and oxyluciferin in ethyl acetate and water depends upon the 
dissociation of a carboxyl group, the formation of an anhydride type linkage, as 
suggested for active luciferin, should decrease its solubility in ethyl acetate. 

This ethyl acetate-insoluble fraction is rapidly hydrolized at neutral pH to give 
an increase in fluorescence with a peak emission at 54 ° m/~. These characteristics 
would be expected of adenyl-oxyluciferin. All other a t tempts  to isolate the compound 
have proven unsuccessful, although the above observations are consistent with the 
postulation of such an intermediate. The fact that  the product of light emission 
inhibits the initial reaction of ATP and luciferin further complicates the isolation of a 
reasonable quanti ty of this material. The similarities between the above reactions and 
those recently described by  BERG s for acetate activation and DE Moss AND NOVELLI 9 
for amino acid activation are striking. 

When CoA is added secondarily to a biolumineseent reaction, the extra light 
emission observed can be shown to be due to the removal of oxyluciferin from the 
enzyme surface. The formation of oxyluciferyl-CoA frees the enzyme for reaction with 
a luciferin molecule and ATP. That  the above reaction takes place, has been de- 
monstrated by reacting oxyluciferin, ATP, CoA and luciferase. In this reaction, the 
oxyluciferin chromatographic spot, RE o.41, disappears and a new spot with an RE 
o.14 appears. Several different experiments indicate that  this latter spot is oxyluciferyl- 
CoA (CoA-L). The RF o.14 compound yields oxyluciferin upon alkaline hydrolysis and 
either oxyluciferin or its hydroxamic acid derivative upon treatment with NH,OH.  
The extent of oxyluciferin utilization is dependent on the concentration of CoA and 
both oxyluciferin and CoA are required for the adenylic acid exchange with ATP. 
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Both adenylic acid and pyrophosphate are required for the formation of oxyluciferin 
and ATP from the CoA derivative. Finally the RF o.14 compound will react with other 
SH compounds non-enzymically to form the corresponding oxyluciferin derivatives. 
The subsequent nonenzymic reactions of oxyluciferyl-CoA with such sulfhydryl com- 
pounds as cysteine and glutathione are also similar to reactions found with acetyl- 
CoAxo. 

The nonenzymic formation of oxyluciferyl-glutathione (GS-L) from oxyluciferyl- 
CoA has been indicated in several ways: (I) on reacting oxyluciferyl-CoA with glu- 
tathione the former compound disappears and a new chromatographic spot appears at 
RF o.24, (2) alkaline hydrolysis of the suspected intermediate yields oxyluciferin, 
(3) the amount of R:¢ o.24 material formed is a function of the glutathione concentra- 
tion and (4) treatment with NH20H produces oxyluciferin or its hydroxamic acid 
derivative. This latter point would suggest that S-oxyluciferyl-glntathione was formed. 

When the oxyluciferin derivative of CoA or glutathione is reacted with cysteine 
a new chromatographic spot appears at RF o.31, and the former thiol ester spots 
disappear. Alkaline hydrolysis of the cysteine-dependent spot gives oxyluciferin, 
however, this compound is much more alkaline-stable than either the CoA or gluta- 
thione derivative of oxyluciferin. The experiment using 35S-labelled cysteine indicates 
that  the RF 0.31 chromatographic spot is oxyluciferyl-cysteine. The fact that  this 
compound does not give a NH 2OH test and is relatively alkaline-stable indicates that  
it is probably N-oxyluciferyl-cysteine. The SH group is important in the reaction 
however as indicated by the non-reactivity of oxyluciferyl-CoA and methionine. 
STADTMAN has shown that acetyl mercaptans having unsubstituted amino groups 
adjacent to the carbon to which sulfur is attached are very unstable and decompose 
readily in aqueous solution 1°. On the other hand, NOVELLI concludes that the disub- 
stituted compound is more stable and in the case of diacetyl cysteine an immediate 
NH2OH test is obtained n. The synthesis of N-acetyl-cysteine from S-acetyl-gluta- 
thione using thioesterase at pH 5.4 has been found by STRECKER TM. This type of linkage 
in the case of oxyluciferyl-cysteine seems to be much more stable than either the 
S- or N-acetyl-cysteine and is under investigation. 

The question of the biological significance of some of the above reactions is under 
consideration. The control of the enzymic oxidation of luciferin by the product of the 
reaction may be of general importance in electron transport processes. Chromato- 
graphic evidence indicates that oxyluciferin is present in the firefly lantern but the 
various derivatives of oxyluciferin have not been found. Firefly lanterns are also 
known to contain considerable quantities of CoA and consequently oxyluciferyl-CoA 
is very likely formed. Preliminary experiments indicate that there are enzymes in the 
lanterns which will hydrolyze oxyluciferyl-CoA, oxyluciferyl-cysteine and oxyluciferyl 
glutathione. This could possibly explain the absence of the oxyluciferyl derivatives in 
the firefly lantern. 

The possibility that oxyluciferyl-CoA is reduced to produce luciferyl-CoA which 
would react with adenylic acid to form active luciferin and CoA, is under investigation. 
I t  seems more than likely that this latter reaction represents a pathway of electron 
transport which is only incidentally concerned with light emission. 
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SUMMARY 

Firefly luciferin (C13H12NzS203) reacts with ATP to form active luciferin (apparently adenyl- 
luciferin) and pyrophosphate. The oxidation of active luciferin leads to light emission and adenyl- 
oxyluciferin, the latter compound eventually decomposes into adenylic acid and oxyluciferin 
(CI3H10NzS203). Oxyluciferin is a potent inhibitor of the light reaction and once it has reacted with 
ATP and luciferase, the latter is incapable of catalyzing the oxidation of luciferin. Coenzyme A 
stimulates light emission by removing oxyluciferin from the enzyme surface. The evidence in- 
dicates tha t  oxyluciferyl-CoA is formed, which can react non-enzymically with cysteine, glutathione 
or hydroxylamine to form the corresponding oxyluciferyl derivatives. Chromatographic, isotopic 
and fluorometric data are presented to support the above conclusions. Oxyluciferyl-CoA in the pres- 
ence of luciferase can be split by adenylic acid and when excess pyrophosphate is added ATP and 
free oxyluciferin are formed. The incorporation of laC-adenylic acid into ATP depends upon the 
presence of CoA in the reaction mixture. The importance of these various reactions for light 
emission and electron transport  is discussed. 
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A r o m a t i c  a m i n o  ac id  e s t e r s  a n d  t h e i r  s u b s t i t u t e d  d e r i v a t i v e s  can  be  h y d r o l y z e d  b y  
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