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Q U A N T U M  E F F I C I E N C Y  D E T E R M I N A T I O N S  ON C O M P O N E N T S  

OF T H E  B A C T E R I A L  L U M I N E S C E N C E  SYSTEM 

MILTON J. C O R MIE R "  AND J O H N  R . ' F O T T F R  

l¢iologv Division, Oak Ridge National I .aboratorv" ,  (.)ale Ridge, 7"era*. (U.S .A.)  

I N TRO1)UC'I'ION 

The nature of the components involved in the bacterial luminescence system, and 
the interaction of these components to produce light have now become relatively 
well understood owing to the work of a number of investigators ~-x°. 

On the basis of results obtained by the workers mentioned, the sequence of 
events that  lead to light emission in bacteria may be summarized as follows: 

D P N H  Oxidase Luciferase 
] ')PNH - FMN ~" I;'MNH2 - -  RCHO ---> Light + unknown products.  

O2 

The cell-free extracts will reduce FMN*** in the presence of an FMN-dependent 
DPNH oxidase. The reduced FMN then reacts with the enzyme luciferase in the 
presence of a long-chain aldehyde and oxygen to produce light plus unknown products 
of the reaction. I t  should be pointed out, for the sake of future discussion, that  there 
is good evidence for the existence of two sites for FMN on the surface of luciferase 8,9. 

The identity of the energy-yielding reaction during bacterial luminescence, 
however, remains unknown, although McELRoY .xxt~ GREEN 9 suggested that a 
peroxidation of an aldehyde to an acid might furnish the necessary energy. In ad- 
dition, the fate of FMN during the luminescence, reaction is still highly speculative. 

Answers to these questions were sought in a determination of the quantum 
efficiencies of FMN and a long-chain aldehyde (dodecyl aldehyde in this case) in the 
bacterial luminescence system. The quantum efficiency for DPXH was also deter- 
mined, since the percentage of the DPNH oxidized via a luminous pathway to produce 
light would be of interest. 

MA'I'ERIALS AND METHOI)S 

Acetone-dried powders of the luminous bacterium, A chromobacter fischeri (ATC(" No. 7744) were 
prepared by methods  described by SrREHLE~ n.~l) ('ORMVV:R 2. Ext rac ts  of lysed cells of .4. fischeri 
were prepared by methods descri(~ed by McELRoY el al. ~ and ~[C]".LROV AND GREEN 9. 

- -  * o a ~ i d g e  Ins t i tu te  of Nuclear Studies predoctoral fellow. This material is taken from a 
thesis submit ted  by the senior au thor  in partial fulfillment of the requirement  for the degree of 
Doctor  of Philosophy, The University of Tennessee, Knoxville, Tennessee. 

"* Operated by Union Carbide .Nuclear Company for the Atomic Energy Commission. 
*** The following abbreviat ions are used in this paper:  ] )PNH,  reduced diphosphopyridine 

nucleotide; FMN, flavin mononucleotide: FMNH 2, reduced flavin mononucleotide;  RCItO, n- 
dodecyl aldehyde. 
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Prepa ra t ions  C-I a nd  B-2 were zo % by  weight  wa te r  ex t r ac t s  of acetone-dr ied  powders  of 
A. fischeri acid p r e c i p i t a t e d - - t h e  former  wi th  o.z N acetic and  t he  la t te r  wi th  o.oz N HC1--. and  
washed  twice wi th  di lute  HC1 (pH 4.o). P repa ra t ion  C- 4 was the  4 o - 7 o %  (NH4) ,SO 4 f ract ion 
(nondialysed)  of t he  s u p e r n a t a n t  f rom lysed cells of A. fischeri. 

Reduced  d iphosphopyr id ine  nucleot ide  was  ob ta ined  from the  S igma Chemical  Company ,  
t he  riboflavin p h o s p h a t e  f rom t he  California F o u n d a t i o n  for Biochemical  Research ,  a n d  the  
dodecyl  a ldehyde  f rom the  Matheson  Company ,  Inc. T he  dodecyl  a ldehyde  was  v a c u u m  distil led 
unde r  12 m m  pressure ,  and  t he  fract ion boiling a t  129-13 °0 C was used.  

L igh t  was measu red  wi th  a liquid ni t rogen-cooled q u a n t u m  coun t ing  device, described by 
STREHLER II t h a t  con ta ined  a I P2I  photomul t ip l ie r .  

Q u a n t u m  efficiency de te rmina t ions  were m a d e  in a l igh t - t igh t  tunne l  a p p r o x i m a t e l y  30o cm 
long (from the  photomul t ip l i e r  to t he  end of the  tunnel )  t h a t  con ta ined  an  optical  bench  for 
correct  m e a s u r e m e n t s  of distance.  The  inside of the  t unne l  was pa in ted  dull  black. The  opt ics  
inside t he  t unne l  with respect  to the  photomul t ip l i e r  appea red  to be sa t i s fac tory ,  since t he  inverse  
squa re  law was  obeyed over  the  d is tances  used in the  exper iments .  

I n  principle, the  efficiency of the  photomul t ip l i e r  was de te rmined  as  follows: The  the rmopi le  
was ca l ibra ted  from a Nat iona l  Bureau  of S t anda rds  5o-wat t  l amp  of known flux unde r  condi t ions  
set  by  the  Nat iona l  Bu reau  of S tandards .  F r o m  thermopi le  m e a s u r e m e n t s ,  a s econda ry - s t anda rd  
l amp  (a General  Electric z 8-amp,  6-volt,  f i lament  l amp  opera ted  a t  a c o n s t a n t  vol tage  of 4 volts) 
was  made.  Two C o m i n g  glass filters (numbers  3387 and  4303) were placed in f ront  of the  hous ing  
t h a t  con ta ined  the  lamp.  The  l ight  coming  t h rough  the  filters covered m o s t  of the  visible region 
of t he  s p e c t r u m  and  had  a t r ansmiss ion  peak  a t  490 m/~. Fig. i is a schemat i c  d i ag ram of the  
a p p a r a t u s  used in the  de t e rmina t ion  of the  efficiency of the  photomul t ip l ie r .  

LIGHT-TIGHT TUNNEL PHOTOMULTIPLIFR SHUTTER HOUSING 

ATTENUATOR ] ] I .I ] ] " ~ ]  HIGH 

• AMP HOUSING ~1 ~ ~ 1 ~  
SECONDARY STAN~RG I~"t~J ~uL~----II"~STOP 

I , I t l  
~" 140 2 cm 

PHOTOMULTIPLIER 

Fig. z. D iag ram of a p p a r a t u s  used in the  de te rmina t ion  of the  pho tomul t ip l i e r  efficiency. 

Since the  l ight  f rom the  lamp was still much  too bright ,  unde r  condi t ions  used for opera t ion  
of the  photomul t ip l ie r ,  a t t e n u a t i o n  was necessarx,. For  th is  purpose,  a chemical  filter was used 
t h a t  consis ted of 57.8 g of Cr,(SO,)  3 plus 97.2 g of CuSO 4 per  liter of solution.  The  a t t e n u a t o r  
solut ion obeyed Beer ' s  law at  the  concent ra t ion  used, and  had  an optical  dens i ty  of o.78 per  cm 
a t  49o m~.  The  l ight  t h rough  the  filter was a lmos t  monochromat ic ,  wi th  a very  sha rp  t r ansmiss ion  
peak  a t  49o rot*. For  example ,  the  t r ansmiss ion  a t  io m p  and  a t  2o m p  on e i ther  side of the  peak  
was one-e ighth  and  one-five hund red t h ,  respectively,  the  t r ansmiss ion  a t  the  peak.  The  a t t e n u a t o r  
solut ion was  placed into a lucite cell hav ing  a ~o-cm l ight  pa th .  

A t t enua t i on  produced by  the  sy s t em described was calcula ted as follows: 

Le t  J~ = energy per  un i t  wave leng th  from the  secondary  s t a n d a r d  l amp  (de termined  with 
the  use of a F a r r a n d  m o n o c h r o m a t o r  and  then  corrected for dispersion), 

F = t r ansmiss ion  th rough  the  two Corning filters, 
and  T~ = t r ansmiss ion  th rough  the  a t t e n u a t o r .  

Then  the  total  l ight  from ).1 to )'2 emi t ted  from the  secondary  s t anda rd  would be equal  to 

The  a t t e n u a t i o n  factor  is t hen  represented  by the  ratio of the  two in tegra ls :  

f ~= JaFaT~.d3. 

A t t e n u a t i o n  --  ~ll 

Re]eve~ces p. z37. 
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"/'he value obtained for the a t tenuat ion was 2.~ • lO -9 .  W e  macle allowance for any absorpt i ,m ,~f 
light by the lucite cell and water  by making the original measurements  of the flux fr-m the 
secnndary-s tandard lamp with the lucite cell plus water  in front of the lamp. 

From the a t tenuat ion  factor calculated as described and the known tlux of the sec~mdaL'y- 
s tandard lamp, the flux in wat ts  t imes cm -2 could be calcnlated at any distance from the pho t , -  
multiplier inside the light-tight tunnel. From the value thus  obtained ( ' r .O. ~o -~8 wat ts  cm-a at 
~4o.z cm from the phototube) ,  the number  of quan ta  times sec i t imes cm ~ at  the surface of 
the photomult ipl ier  was then calculated, yielding a value of 5.4" io". After determination of the 
counts  times seconds .1 from the secondary standard,  the efficiency of the photomult ipl ier  ('s'a~0) 
at  490 mtt was represented by the following ratio: 

• 324 counts  sec z 0.o6 counts  cm 2 qua n tum -~ 
549° = 5400 q~Tlanta sec -l cm 2 

The value of o.o6 is the number  ~f counts  produced by one q u a n t u m  for the entire grid area 
~m the phototube.  I t  can be thought  of as a sort  of cross section of the grid area with respect 
to a q u a n t u m  of light. Since the grid area was 1.89 cm 2, the efficiency in counts  per q u a n t u m  
was 0.032. 

Quan tum efficiency determinat ions of the bacterial luminescence system were made at  
J33 cm from the photo tube  in 2.~-ml spherical glass vessels. The total qua n t a  emitted from such 
a sx stem could then be determined from the product  of the expression : 

((~mnts) (area of a sphere of radius -= 133 cm) )'l 

where C,~. = counts  as a timer!on of wave length and S,I ~: efficiency of the i P2a photo tube  as 
a function of wavelength.  The curve for (7~. was obtained from a determinat ion of the biolumines- 
cence energy distribution of a cell-free extract  of A. fischer!, which had been determined with 
a Farrand monochromator ,  placed in front of the q u a n t u m  counter in such a way tha t  luminescence 
rates could be conveniently measured as a fimction of wavelength. Efficiency values for the 
pho to tube  used in this calculation were arrived at  as follows: The efficiency of the photomult ipl ier  
in counts  times cm 2 times q u a n t u m  -~ at  490 mt*. was determined to be o.o6. From a photo- 
sensit ivity curve h~r the I P21 tube published by the Radio Corporation of America, we constructed 
a new curve by giving a value of o.o6 for the sensitivity of the tube at 490 m/l. Since the RCA 
curve gives a value of o.76 for the relative sensitivity of the tube at 490 mp, division of the 
published RCA value by l z. 7 gives .q'a for any given wavelength. 

The luminescence system on which the q u a n t u m  efficiency determinat ions were made 
generally consisted of o.2 ml of one of the enzyme preparat ions previously described, and D P N H ,  
FMN, and dodecyl aldehyde. All components  were added in excess except the one whose q u a n t u m  
efficiency was being determined. STnV:nLEii et al. ~ showed tha t  the only requirements  for bacterial 
luminescence are luciferase, FMNH 2, a long-chain aldehyde, and oxygen. For determinat ions of 
q u a n t u m  efficiency, however, use of FMNH 2 was impractical because of its rapid autooxidat inn 
and also because relatively high concentrat ions of FMN will inhibit the luminescence system ~. 
Therefore, an FMNH,.,-generating system tha t  required only catalytic amoun t s  of FMN was used. 
This system was the FMN-dependent  I_)PNH oxidase, which was present  in the enzyme prepa- 
rations used. Thus  the addition of an excess of D P N H  would regenerate FMNH 2 continuously 
in the presence of a catalytic anaount of added FMN. 

RIt'SUL'fS 

I n  g e n e r a l ,  we  d e t e r m i n e d  t h e  q u a n t u m  ef f ic iency  of  e a c h  c o m p o n e n t  of  tile b a c t e r i a l  

l u m i n e s c e n c e  r e a c t i o n  b y  m a k i n g  t h e  c o m p o n e n t  in q u e s t i o n  l i m i t i n g ,  a n d  d e t e r m i n i n g  

t h e  t o t a l  l i g h t  e m i s s i o n  f r o m  t h e  a d d i t i o n  of  a k n o w n  a m o u n t  of  t h i s  c o m p o n e n t .  

T h e  r e s u l t s  f r o m  q u a n t u m  ef f ic iency  d e t e r m i n a t i o n s  ( e x p r e s s e d  as  m o l e c u l e s  

u t i l i z ed  p e r  q u a n t u m  e m i t t e d )  fo r  F M N ,  D P N H ,  a n d  d o d e c y l  a l d e h y d e  a r e  p r e s e n t e d  

in  T a b l e  I .  F o r  t h e  a l d e h y d e  d e t e r m i n a t i o n s ,  t h r e e  i n d e p e n d e n t  m e a s u r e m e n t s  w e r e  

References p. 237. 
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TABLE I 

QUANTUM EFFICIENCY DETERMINATIONS FOR COMPONENTS OF 

THE BACTERIAL LUMINESCENCE SYSTEM*" 

Enzyme preparaMon - 
Molecules u~itized per quantum emitted 

Dod.ecyl aldehyde F M N  DPNH 

C-1"* 43 4 ° 4 ° 0.28 
B-2 0.34 
C- 4 2o 19 23 

2 8 0 0  

* Protocol for: 
(I) Aldehyde quantum efficiency--o.r M phosphate buffer pH 7.0 (I.O ml); FMN (2. 3/~g); 

l°,~ egg albumin (0.05 ml); DPNH (4 pmoles): dodecyl aldehyde (0.05 ttg); enzyme (o.2 ml); 
water to 2.t ml. 

(z) FMN quantum efficiency-- o. t pg of FMN, 0.3 ml of a saturated water solution of dodecyl 
aldehyde, and o.I 5 ml of BAL (o.15M) were added. All other components were the same as 
described under (i). 

(3) DPNH quantum efficiency-- 20 pg of DPNH and 0. 3 ml of a saturated water solution 
of dodecyl aldehyde were added. All other components were the same as described under (i). 

** The procedures used in making the different enzyme preparations are given under MATERIALS 
AND METHODS. 

made  with each of two enzyme prepara t ions  to show the reproduc ib i l i ty  of the results.  
Apparen t ly ,  enzyme prepara t ion  C-4 was more efficient in the  ut i l iza t ion of a ldehyde  
than  p repara t ion  C-I  (see MATERIALS AND METHODS for a discussion of the  enzyme 
prepara t ions) .  

Dur ing  the a ldehyde  de terminat ions ,  the  luminescence ra te  decayed  l inear ly  with 
t ime.  I t  was impor t an t  t ha t  we know whether  this  decay  was propor t iona l  to the  
amount  of a ldehyde  tha t  d isappeared.  Since the  amounts  of a ldehyde  used in these 
de te rmina t ions  were too small  for chemical  assay,  indirect  enzymic  methods  were 
used. In  this  procedure,  which made  use of the  luminescence system,  we followed 
the decay  of the  luminescence ra te  to one-half  the ini t ial  value,  and  at  t ha t  point  
added  one-half  of the ini t ia l  a ldehyde  concentrat ion.  When  this waz done, the 
luminescence ra te  immedia t e ly  re turned  to the original level. In  several  repet i t ions  
of this  cycle, q u a n t u m  efficiency de te rmina t ions  for each half cycle were abou t  the  
same (see Fig. 2). These results  suggest  t ha t  the decay  of the luminescence ra te  was 
propor t iona l  to the amount  of a ldehyde  ut i l ized dur ing the exper iment .  Another  
impor t an t  point  in the a ldehyde  de te rmina t ions  is tha t  a correct  value for the  
q u a n t u m  efficiency can be approached  only with  high concentra t ions  of luciferase. 
Since at  one- twent ie th  the  enzyme concentra t ion  used in these exper iments ,  a fur ther  
decrease in the  enzyme concentra t ion  by  a factor  of 4 caused a concomi tan t  io- fo ld  
decrease in the  quan tum efficiency, concentra t ions  of enzymes were used tha t  to lera ted  
a several-fold var ia t ion  in enzyme concentra t ion  wi thout  s ignif icant ly affecting the 
efficiency values obta ined.  

Depending  on the enzyme prepara t ion  used (Table I), abou t  2o-40 molecules of 
a ldehyde  are ut i l ized per  quan tum of fight emit ted .  These efficiency values can vary ,  
depending on a number  of factors,  e.g., the  concentra t ions  of luciferase and a ldehyde,  
a l r eady  discussed. Other  factors,  e.g., the presence of compet ing  react ions  for a ldehyde  
ut i l izat ion,  t ha t  m a y  affect the value  ob ta ined  for the  efficiency will be discussed. 

Relerences p. 237. 
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Because of the influence that  various coml)onents may have on tim aldehyde. 
efficiency, one cannot  predict the value for the efficiency within a living cell. The 
impor tan t  observation is that  whatever the efticiency value might he, it did not fall 
below 2o with the hest enzyme preparat ion tested. In addition, evidence to be 
presented indicated that  the aldehyde added to preparat ion C-4 was being oxidized 
by luciferase, not by other enzymes in the preparation.  These results are in agreement 
with evidence presented by McEI.ROY .\xl> (;RI,;EN 9, who flmnd that  the relative total 
light emission was proportional to the amount  of aldehyde added, suggesting that  
the aldehyde was utilized dur ing the luminescence process. 

;°I 
o 50.0 

"a 4 0  
o t \: 

! 

~20 ALDEHYDE w 
z ADDED 

~ 1 0  

9, 

: \  :\\ 
: g \ /  °\ 

\o ': z 

ALOEHYDE ~ i ADDED 
..J 

TIME (.ram) 

Fig. 2. The relation of luminescence rate to the 
disappearance of dodecyl aldehy, de. Protocol: 
Enzyme preparation C- 4 (0.2 ml) ; o.1 zlI phos- 
phate butter pH 7.o (l.o ml); FMN (2.3/tg); 
1% egg albumin (o.o 5 ml) ; I)t'NH (4 pmoles); 
water to -'.t ml. Initially, 0.05 Hg of dodecyl 
aldehyde was added. . \ t  the points indicated 

o.o25 pg of dodeeyl aldehyde was added. 

'21 o'ol/ \ 
A 

o 

5 I0 ~5 20 

Fig. 3. The effect of a preparation of bacterial 
luciferase on the disappearance of dodecyl 
aldehyde. The reaction mixture consisted of 
enzy, me preparation C-4 (o, i 2 ml), o. 1 .11 phos- 
phate buffer pH 7.() (t.o nil), FMN (..31tg), 

o /  t ,o e g g  a l b u m i n  {o.o5 nil) D P N H  (4 p m o l e s ) ,  
d o d e c y l  a M e h y d e  (0.05 ttla~ a n d  w a t e r  to  2. I ml .  
( ' u rw ' .  A - ,  i n c u b a t i o n  o f  al l  c o m p ( m e n t s  m i n u s  
t h e  e n z y i n e  fo r  t h e  p e r i o d s  of  t i m e  i n d i c a t e d .  

A t  t h e  e n d  of  t h e  i n c u b a t i o n  p e r i o d ,  t h e  e n z y m e  w a s  a d d e d  a n d  t h e  in i t i a l  r a t e  o f  l u m i n e s c e n c e  
d e t e r m i n e d .  C u r v e  }~ := enzyme ,  a d d e d  a t  ze ro  t i m e ,  a n d  t h e  r a t e  o f  l u m i n e s c e n c e  fo l lowed  a s  

a f u n c t i o n  o f  time. 

Table I also shows that  tile FMN was not destroyed dur ing tile luminescence of 
A.  fischeri extracts. In  the C-I enzyme preparat ion,  FMN produced 3.6 quan ta  of light 
per molecule of FMN present and 2. 9 quan ta  in the 13-2 preparation.  In each of these 
experiments  it is impor tan t  to point out tha t  tile reaction was stopped at the end 
of IO hours, and at that  point the luminescence rate was still proceeding at (5o% 
tile init ial  value. Since the experiment  was long, we added 2,3-dimercaptopropanol 
(BAL) to stabilize luciferase. Addi t ion of BAL necessitated slow aeration of the 
mixture  to main ta in  an op t imum oxygen tension. Thus the reaction was allowed to 
proceed only to the point at which one might safely assume that  FMN was indeed 
recycling in the luminescent  reaction. Since it was difficult to remove the last traces 
of FMN from the enzyme, controls were run in which no FMN was added to the 
system. The total  light emission from a system conta in ing no FMN was, in ever)- case, 
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about 7% of that  obtained in the FMN experiments, and the corresponding correc- 
tion was made by subtraction of this blank from the value obtained in the complete 
system. 

In enzyme preparation C-I, it was determined that  the oxidation of 2800 mole- 
cules of DPNH gave rise to one quantum of light. Presumably, a large percentage 
of the hydrogens of FMN went directly to oxygen as a result of reduced FMN auto- 
oxidation. If  this situation approximates that occurring within the cell, luciferase is 
not very significant as part of an over-all oxidative pathway. 

Table I I  shows the effect of varying levels of FMN on the rate at which dodecyl 
aldehyde was utilized during the luminescence reaction. I t  can be seen that,  although 
the total light emission per 0.0125/~g of aldehyde remained essentially constant, the 
time required for utilization of this amount of aldehyde changed by a factor of I0 
from the lowest to the highest level of FMN used. At the three different levels of 
FMN, the luminescence rate remained a linear function of the aldehyde concentration 
at the level of aldehyde used in these experiments. The suggestion from these results 
that  FMNH,  is required for the utilization of dodecyl aldehyde during luminescence 
is supported by two observations made by STREHLER et al.6: (I) that  FMNH,,  a long- 
chain aldehyde, luciferase, and oxygen, are the only required components for bacterial 
luminescence and (2) that  in the presence of the aldehyde, FMNH 2 was oxidized at 
a much faster rate than in its absence. Furthermore, since the aldehyde quantum 
efficiency did not change significantly over a io-fold change in reaction time, most 
of the aldehyde was probably being oxidized by luciferase, at the concentrations of 
luciferase used, and not by other enzymes in the extract. 

TABLE II 
EFFECT OF l / i N  ON THE RATE OF DODECYL ALDEHYDE UTILIZATION* 

F M N  added Total quanta X lf)-l| pgP'r o.o125 fl~ Reaction time 
( ~'M o/do,#~l at~hyde (,~in) 

O.I 1.2 20.0 
0.3 1.8 11.8 
i . o  i . 9  i . 9  

* Protocol: C- 4 enzyme (o.i ml); o.i M phosphate buffer pH 7.0 (I.O ml); DPNH (4 #,moles): 
dodecyl aldehyde (o.o25 t,g) ; i %, egg albumin (0.05 ml) ; water to 2. t ml. FMN added as indicated. 

The conclusion drav, na from Table I I - - t h a t  reduced FMN was required for the 
utilization of a ldehyde- -was  further substantiated by  experiments in which the 
aldehyde was incubated for 15 minutes in the presence of the complete luminescence 
system, and the total light emitted was determined at the end of the incubation 
period. When the preincubation was carried out in the absence of FMN, the total light 
emitted after the addition of FMN was two to four times that  produced in the former 
experiment. The additional light production when FMN was absent during preincu- 
bation lends support to the suggestion that  FMNH,  is necessary for utilization of 
the aldehyde. 

The enzyme was also shown to be essential for aldehyde utilization (see Fig.3). 
In these experiments, the aldehyde was incubated for varying periods with all com- 
ponents of the luminescence system present except the enzyme. At the end of the 
incubation periods, the enzyme was added, and the initial luminescence rate (curve A) 
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was determined. In curve B, the enzyme was added at zero time and the rate of 
luminescence followed as a function of time. Thus it can be seen that only when 
the enzyme is present during incubation of the complete system will the initial rate 
of luminescence he decreased, indicating that the aldehyde disappears only in the 
presence of the enzyme. Furthermore, the quantum efficiency of the aldehyde, when 
the enzyme was added after 17 minutes' preincubation with all other components of 
the system, was the same as that for the aldehyde in the system to which enzyme 
was added at zero time. The enzyme was presumed to be stable during incubation 
since the addition of more aldehyde after 17 minutes restored the luminescence rate 
to the initial level. We do not know whv the initial luminescence rate increased upon 
incubation, but the effect appeared to be real since the experime.nt was reproducible. 

I ) IS ( ' I ' SS ION 

MCELROY AND GREEN 9 proposed that the energy-yielding process prerequisite to light 
emission in extracts of luminous bacteria involved the peroxidation of a long-chain 
aldehyde. This proposal was based on the fact that the energy from the luminous 
process is equivalent to about 60 kcal/Einstein whereas the peroxidation of I mole 
of aldehyde to the corresponding acid produces 75 kcal. The latter reaction produces 
more than enough energy for the excitation process. Since the direct oxidation of 
the aldehyde by molecular oxygen (according to McEI.ROY AND GREEN) does not 
produce enough energy to support the luminescent reaction, it seems reasonable to 
suppose that a peroxidation of aldehyde could furnish the energy for the process, 
as they have suggested. 

The results presented in this paper now establish that the aldehyde is indeed 
used up during the luminescence reaction. Presumably, the peroxidation of aldehyde 
to the corresponding acid furnishes the energy for the reaction as proposed. In ad- 
dition, it has been established that FMN is not destroyed during the light reaction, 
although it is assumed that FMN is the molecule that becomes excited. Since FMN 
is not utilized during the luminescence process, any significant luminescence pathway 
that does not result in a regeneration of FMN is ruled out. Furthermore, on the basis 
of the experiments presented, FMNH 2 seems necessary for the utilization of the 
aldehyde during luminescence. 

The over-all bacterial hlminescence process, starting with DPNH, can now be 
expressed somewhat more completely as: 

DPNH oxidasc 
I)PN}I + FMN • ~ F.MNII.~ q I)PN (I) 

Luciferase-F31N RCHO q. O.., n- FMNH2 .... + RCOOH(?) -!- I"MN + H20 + light (2) 

DPNH is visualized as being formed through a variety of metabolic pathways. Then 
in reaction (I), the reduced I)PN, in the presence of an FMN-dependent DPNH 
oxidase, generates reduced flavin. The FMNH 2 formed in reaction (I) then reacts 
with the aldehyde and oxygen, in the presence of a luciferase-FMN complex, to give 
the products shown in reaction (2). The FMN regenerated ~equation (2)J can now 
recycle and again generate reduced flavin as a result of tile first reaction. The exact 
nature of the product, or products, of aldehyde oxidation will have to await chemical 
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identif icat ion.  Luminous  processes leading to the  format ion  of the  corresponding 
alcohol have  appa ren t l y  been ruled out  b y  MCELROY AND GREEN 9. 

I t  is not  known whether  both  flavin molecules on luciferase mus t  be reduced 
before exci ta t ion  and subsequent  l ight  emission. Since FMN is general ly  assumed to 
be the exci ted  molecule in the luminescence reaction,  i ts t ransformat ion  to a free 
radical  could be a prerequis i te  for the  exci ta t ion  process. A precedent  for the oc- 
currence of free radicals  in f lavoprotein  catalysis  was made  b y  BEINERT TM, who 
presented  evidence for the  existence of flavin adenine dinucleot ide free radicals  dur ing 
the oxida t ion  of f a t t y  acids b y  flavoproteins.  

Such a mechanism is schemat ica l ly  out l ined;  here there exist  on the enzyme 
surface one molecule of reduced and one of oxidized FMN tha t  could be in equi- 
l ibr ium thus:  

i FMNH 2 ~ FMN'H -~ FMN 

[- FMN ~- FMN'H ( ~ FMNH 2 

The a ldehyde  could conceivably  be a t t ached  to the enzyme through the a l iphat ic  
chain in such a w a y  as to br ing the a ldehyde  group between the flavin free radicals  
to form a resonat ing  complex.  The two flavin radicals ,  in the  presence of oxygen,  
could favor  the  format ion  of an organic peroxide  tha t  in tu rn  might  be expected  to 
react  wi th  the  a ldehyde  leading to i ts peroxidat ion .  The energy l ibera ted  b y  the 
perox ida t ion  of the  a ldehyde  might  then be channeled into one of the flavin molecules 
to br ing abou t  an exci ta t ion  state ,  which could lead to the emission of a qua n tum 
of l ight.  
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SUMMARY 

Quantum efficiency determinations for dodecyl aldehyde, FMN, and DPNH were made, various 
enzyme preparations from the luminous bacterium, Achromobacter fischeri being used. From such 
measurements, it was shown that FMN was not destroyed during luminescence but that dodecyl 
aldehyde disappeared during the reaction. The lowest value found for the aldehyde quantum 
efficiency was 2o. In one enzyme preparation, about o.o36% of the DPNH was utilized for light 
production whereas the bulk of the compound was oxidized via other pathways. Reduced flavin 
mononucieotide and the enzyme, luciferase, were found to be necessary for the disappearance of 
the aldehyde in the luminescence reaction. The quantum efficiency data support a proposal by 
McELRoY AND GREEN 9 that the peroxidation of dodecyl aldehyde (or of long chain aldehydes 
in general) furnishes the necessary energy for the excitation of FMN, which subsequently leads 
to light production. A working hypothesis describing the mechanism has been presented. 
Re]ere~ces p. z37. 
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Rochester, N .Y .  (U.S.A.) 

The first paper of this series 1 was concerned with an assessment of tissue breakdown 
subsequent  to exposure to X-irradiat ion by means of measuring the extent  of di lut ion 
of laC-activity in the "free glycine fraction ' 'I of rats given glycine-2-14C after exposure 
to X-rays. The present communica t ion  deals with another  approach to the problem 
of tissue breakdown, using again the concept of the dynamic  glycine pool as defined 
by ARNSTEIN AND NEUBERGER 2. In  the present s tudy,  however, the rate of release 
of radioactive glycine into this pool is used as a measure of breakdown of proteins 
labeled extensively with glycine-2-1ac prior to exposure of rats to X-rays. In adopting 
the release of laC-labeled amino acid residues from tissue proteins as an index of 
radiat ion damage to tissue it is assumed that  tissue proteins l iberated from cells 
destroyed by  ionizing radiat ion are rapidly catabolized by intracellular  proteases or 
other catabolic reactions. In  this way, increased amounts  of ~4C-glycine and of other 
taC-labeled glycine precursors should appear in the "free glycine pool" assessible by 
means of the isotope concentrat ion in the glycine moiety of ur inary  hippuric acid. 
Fur thermore ,  it is assumed that  l*C-labeled glycine originating from tissue proteins 
is the only major  source cont r ibu t ing  14C-activity to glycine in ur inary  hippuric acid. 
This assumption appears justified in view of the fact that  at the time of irradiation,  

* Supported, in part, by a grant from the United States Atomic Energy Commission. 
** Fellow of the Max Kade Foundation. 
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