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SUMMARY: Although the ac t i v i t y  of bacterial luciferase is dependent on the 
presence of a long chain al iphat ic aldehyde as well as FMNHz and 02, the 
mechanism of biosynthesis of a l iphat ic aldehydes in bioluminescent bacteria 
is not yet known. The present paper reports the stimulation of luminescence 
by ATP and NADPH on inject ion of FMNHz into extracts of Photobacterium 
phosphoreum containing no added aldehyde. Over a 300-fold stimulation of 
luminescence was observed after incubation of the extract for I0 min with 
NADPH and ATP, increasing to 500-fold i f  myrist ic acid was also present. These 
results provide evidence in v i t ro  for the existence of an enzyme dependent on 
ATP and NADPH and capable of synthesizing the al iphat ic aldehydes necessary 
for bacterial luminescence. 

Bacterial luciferase catalyzes the oxidation of FMNH 2 and a long chain 

al iphat ic aldehyde result ing in the emission of a blue green l i gh t  at 490 nm 

( I ,  2). Although the involvement of a l iphat ic  aldehydes in bacterial biolu- 

minescence has been known for over twenty-five years (3, 4), both the mechanism 

and the enzymes involved in the synthesis of the al iphat ic aldehydes remains 

unknown. The recent discovery that long chain fa t ty  acids, and myrist ic acid, 

in par t icu lar ,  can stimulate the in vivo luminescence of some dark mutants 

lacking the in vivo aldehyde factor (5) has provided evidence that fa t ty  acids 

may be the direct  precursors of a l iphat ic aldehydes in bioluminescent bacteria. 

The conversion of a fa t ty  acid to an aldehyde has only been studied in 

a l imited number of systems. These reactions have involved either s-oxidation 

of the fa t ty  acid followed by decarboxylation (6-8) or act ivat ion of the fa t ty  

acid with ATP to form a high energy intermediate which can then be reduced to 

the aldehyde (9, 10). Since ATP levels drop in the bioluminescent bacterium 
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Beneckea harveyi, during the induction of the bioluminescent system and this 

decrease is not detected in dark "aldehyde stimulable" mutants i t  was suggested 

that ATP may be involved in the synthesis of the aldehyde factor ( l l ) .  

The present paper reports evidence for the existence of an enzyme in 

extracts of the luminescent bacterium, Photobacterium phos~hgreum, that is 

dependent on ATP and NADPH and which can catalyze the synthesis of the 

aldehyde factor for the bioluminescent reaction. These studies are relevant 

not only with respect to the mechanism of aldehyde synthesis but also with 

regard to defining the function of the specific enzymes involved in the induction 

of the bioluminescent system (12, 13) and their mechanism of regulation. 

EXPERIMENTAL PROCEDURE 

Growth of cells. Photobacterium phospho.reum (NCMB 844) and Beneckea harveyi 
were grown in complex media containing 5 g of Difco Bacto tryptone, 5 g Difco 
yeast extract, 2 ml glycerol, 30 g NaCl, 3.7 g Na2HPO,, l g KH2P04, 0.5 g 
(NH4)2HP04 and O.l g MgS04 in one'l i ter. The B. ha rveyi cells were grown at 
27 ° whereas the P. phosphoreum cells were grown at 19 ° with limited aeration. 

Ce]Is. lysis. The cells at maximum luminescence (A660 ~ 3.0) were harvested 
by centrifugation and then lysed by sonication for 60 sec at 0 ° in H20 containing 
lO -~ M mercaptoethanol (0.25 ml per ml of culture). The cellular debris was 
removed by centrifugation and the supernatant used for future analysis. 

Luciferase assay. Luciferase activi ty was determined by injection of l.O ml 
of 5 x lO -s M FMNH2 (prepared by catalytic reduction of FMN over 5% platinized 
asbestos) into l.O ml of 0.05 M phosphate, pH 7.0, 0.2% bovine serum albumin, 
containing enzyme and dodecanal; the in i t ia l  l ight intensity being a measure 
of the activi ty. Light intensity was measured with a photomultiplier photometer 
and is expressed in l ight units (LU) where l LU equals 6 x IO B quanta per sec 
based on the standard of Hastings and Weber (14). All phosphate buffers were 
made by mixing appropriate amounts of NaH2PO~ and K2HP04. 

RESULTS AND DISCUSSION 

Extracts of bioluminescent bacteria containing the enzyme, luciferase, 

on injection of FMNH 2, will emit a low level of luminescence, apparently due 

to the presence of endogeheous levels of the aldehyde substrate for the 

bioluminescent reaction. A much higher l ight intensity can be obtained by 

addition of an aliphatic aldehyde to the extract as shown in Table I for two 

different bioluminescent strains, B. harveyi and P. phosphoreum. 
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TABLE I 

Luminescence in Extracts of Bioluminescent Bacteria a 

Component s Added B. harveyi P. phosphoreum 

None 0.8 0.35 

Dodecylaldehyde 20 b 130 

Myristaldehyde 180 b 1,200 

Myristic acid 0.6 1.5 

Myristic acid, ATP, NADPH 0.6 34 

a 

Luminescence was measured after injection of 5 x lO -s M FMNH2 into 0.20 ml 
of extract and l.O ml of lO -3 M mercaptoethanol, 0.05 M phosphate, pH 7.0, 
preincubated for lO minutes at 22 ° , with the added components. The indicated 
components were present in the assay mixture at the following levels; aldehyde, 

O.l ~mole; myristic acid, O.Ol~mole; ATP, NADPH, 1.0 ~mole. 

b 
The levels of light emission were 2 to 3-fold higher i f  assayed immediately 

after the addition of aldehyde. 

Over the last few years, our attempts to stimulate the level of l ight  

emission in extracts of B. haryeyi by preincubation with potential precursors 

of the aliphatic aldehydes (e.g. aliphatic acids, alcohols, amines, plasmalogens, 

etc.) prior to injection of FMNH 2 have been unsuccessful. However, recently 

we have in i t iated investigations on a highly luminescent bacterium, P. phosphoreum, 

and have found evidence in v i t ro that fat ty  acid activation may be the pathway 

involved in aldehyde synthesis at least in this bacterium. 

Table I shows that a lO0-fold increase in l ight  emission is obtained i f  

extracts of P. PhOsphoreum are incubated with ATP, NADPH and myristic acid 

prior to addition of FMNH 2. A small increase in luminescence can also be 

obtained with myristic acid in the absence of ATP and NADPH. Under the same 

conditions of incubation, luminescence could not be stimulated in extracts of 

B. h arveyi (Table I) or a dark, aldehyde stimulable, mutant of B. harveyi whose 

l ight  emission in vivo could be increased about lO0-fold by myristic acid. 

Different assay conditions or extraction methods or addition of other potential 

substrates and cofactors (coenzyme A, NADH, Mg ++, GTP, etc.) had no significant 

effect on luminescence with extracts of either B. harveyi or P. phosphoreum. 
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TABLE I I  

Stimulation of Light Emission in Extracts ' of P. phosphoreum 

ComPonents. Added a Light Intensity b 

None 0.07 

Myristic Acid 0.13 

ATP 0.09 

NADPH 0.38 

Myristic Acid, ATP 0.16 

Myristic Acid, NADPH 1.8 

NADPH, ATP 24.1 

Myristic Acid, ATP, NADPH 38.4 

Myristic Acid, ATP, NADH 1.5 

Myristic Acid, GTP, NADPH 1.7 

a 

Compounds were added to the assay mixture at the following levels: myristic 
acid, 0.01 umole; ATP, GTP, NADH, NADPH, 1.0 ~mole. 

b 
Maximum luminescence (LU) was measured after injection of 1.0 ml of 5 x I0 -s M 

catalyt ical ly reduced FMNH2 into 0.20 ml of extract preincubated for I0 minutes 
at 22 ° with 1.0 ml of 10 -3 M mercaptoethanol, 0.05 M phosphate, pH 7.0 containing 
the indicated components. The values are the average of two independent 
determinations. 

Table I I  gives the ef fects of d i f fe ren t  combinations of myr is t ic  acid, 

ATP and NADPH on the levels of l i g h t  emission in extracts of P. phosphoreum. 

Since a r e l a t i v e l y  low background level  of l i g h t  emission was obtained with 

th is extract  (Table I I ) ,  incubation with NADPH, ATP and myr is t ic  acid resulted 

in over a 500-fold st imulat ion.  Addition of any one of the three components 

alone leads to st imulat ion of l i g h t  emission over background leve ls ,  however, 

the f ina l  level of l i g h t  emission is much lower (< I%) than with a l l  three 

components. Addition of myr is t ic  acid and NADPH together stimulates luminescence, 

however the level obtained is s t i l l  only 5% of that obtained i f  ATP is also 

present. Only the combination of NADPH and ATP can lead to l i g h t  levels 

comparable (~60%) to the complete mixture with ATP, NADPH and myr is t ic  acid. 

Repeated experiments with d i f fe ren t  extracts have shown that l i gh t  emission 
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is increased 1.2 to 1.8-fold by myristic acid and that i t  appeared to be the 

most effective fatty acid for stimulation of luminescence. However, any 

definite conclusions about the fat ty acid specif ic i ty must await experiments 

to lower the level of luminescence stimulation obtained with ATP and NADPH 

alone due apparently to the presence of endogeneous levels of fat ty acids (or 

similar components) in the extract. 

The results, however, clearly indicate that the stimulation of l ight  

emission in extracts is specific for both ATP and NADPH. Substitution of NADH 

for NADPH gave l ight levels only 4% of those obtained with NADPH whereas 

substitution of GTP for ATP gave a level of l ight emission identical to that 

obtained in the absence of ATP. 

The dependence of the level of l ight emission on the time of incubation 

of the extract with ATP, NADPH, and myristic acid is given in Figure I. A 

linear dependence is obtained over a period of 20 minutes with the level of 

luminescence reacting about 1,000 times (77 LU) that of the control (0.07 LU) 

containing no added components. The control during this period (20 minutes) 

decreased from about 0.19 l ight  units (LU) to 0.07 LU with the greatest change 

occurring in the f i r s t  two minutes of incubation. 

Figure 2 compares the thermal s tab i l i t y  of the st imulabi l i ty of l ight  

emission in the P..phosPhoreum extracts by ATP, NADPH, and myristic acid to 

the luciferase act iv i ty .  After only one hour of incubation at 21 °, about 80% 

of the st imulabi l i ty of act iv i ty  by the mixture of ATP, NADPH and myristic 

acid has been lost,  and by three hours, the stimulation is only about 10% of 

that observed at the start of the experiment. In contrast, luciferase 

act iv i ty  only decreased to 75% of the original act iv i ty  after three hours. 

Extract stored at 4 ° for 20 hours retained 100% of i ts  luciferase act iv i ty  

but only 15% of i ts  ab i l i t y  to be stimulated by ATP, NADPH and myristic acid. 

These results suggest that an enzyme(s) other than luciferase is responsible 

for the stimulation of luminescence by ATP, NADPH, and myristic acid. 

1084 



Vol. 87, No. 4, 1979 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

80 

6(] 
>- 
I- 
> 
F- 4(] u ,::[ 

20 

0 

0 ° 

I00 

° / °  75 

/ . /  >" _> 
I.-- 5O 

~ 25 

/" 
.-o . . . .  r.o . . . . . .  o . . . . . . .  .; . . . . . . .  o, 0 

5 I0 15 20 / , ~ 0  
TIME (rain,) L ~  

t O 0 

L I I 

I 2 3 
TIME (hours) 

Figure I .  Dependence of the stimulation of luminescence on time of incubation 
with ATP, NADPH, and myrist ic acid. Aliquots of the P. phosphoreum extract 
(0.20 ml) were incubated at 22 ° with 1.0 ml of 10 -3 M mercaptoethanol, 0.05 M 
phosphate, pH 7.0 containing 1 pmole of each of ATP and NADPH, and 0.01 ~mole 
of myrist ic acid. After d i f ferent  extents of time, 1.0 ml of 5 x I0 -s M 
FMNHz was injected and the maximum luminescence determined (1). A control is 
also given (o) for the extract (0.20 ml) incubated for d i f ferent  periods of time 
with 1.0 ml of buffer containing only I0 -~ M mercaptoethanol and 0.05 M 
phosphate at pH 7.0. 

Figure 2. Comparison of the thermal s t ab i l i t y  at 21 ° of the luciferase ac t i v i t y  
(o) and the s t imu lab i l i t y  of l i gh t  emission by ATP, NADPH, and myrist ic acid 
(e) in extracts of P. phosPhoreum. The extract was incubated at 21 ° for the 
indicated periods of time pr ior to assay of al iquots for luciferase ac t i v i t y  
(with dodecanal) and s t imu lab i l i t y  of l i gh t  emission with ATP, NADPH, and 
myrist ic acid as described in Table I. The ac t i v i t i es  are plotted as percentages 
of the ac t i v i t i es  obtained at the s tar t  of the incubation. 

The present experimental data thus provide evidence for the existence of 

an enzyme in extracts that can catalyze the synthesis of a l iphat ic  aldehydes 

for the bacterial bioluminescent reaction. Furthermore, the dependence on ATP 

and NADPH might suggest that the enzyme may function by act ivat ion of a fa t t y  

acid with ATP followed by reduction with NADPH to the aldehyde. Work is in 

progress to determine whether conditions can be established to detect th is 

ac t i v i t y  in extracts of B. harveyi and other bioluminescent bacteria as well 

as to separate i t  from luciferase and determine i t s  mechanism of action 

par t icu lar ly  with regard to i t s  spec i f i c i t y  for fa t ty  acids. 
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