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Inhibition of firefly bioluminescence by scavengers of singlet oxygen,  
superoxide radicals and hydroxyl radicals 
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C. N. R. Unit/or the Study o/Physiology o/Mitochondria and Institute o/General Pathology, University o/Padova (Italy), 
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Summary. The  p a r t i c i p a t i o n  of h igh ly  energet ic  oxygen  species in t he  A T P - i n d u c e d  b io luminescence  of a f i r e f ly -ex t rac t  
has  been  inves t iga ted .  The  i n h i b i t i o n  of l igh t  emiss ion  b y  a v a r i e t y  of specific scavengers  suggests  t h a t  s ingle t  oxygen,  
superox ide  rad ica l s  a n d  h y d r o x y l  radicals  are i m p o r t a n t  i n t e r m e d i a t e s  in t he  f irefly b io luminescence  reac t ion .  

B io luminescence  is a n  e n z y m e - c a t a l y z e d  chemi lumines -  
cence. The  generic  t e r m  luciferase refers to  t he  e n z y m e  
t h a t  ca ta lyzes  an  ox ida t i on  of t he  s u b s t r a t e  luciferin,  
a c c o m p a n i e d  b y  l igh t  emiss ion  (for a r ecen t  rev iew see 
M. J. Cormier  et  al.e). Some aspec ts  of t he  b io lumines -  
cence are fa i r ly  well  unde r s t ood3  for  t he  f irefly sys tem,  
t he  luciferase h a v i n g  been  pur i f ied  and  crystal l ized4,  a n d  
t he  s t o i c h i o m e t r y  of t he  r eac t i on  worked  ou t  5. In  t he  
presence  of A T P ,  lucifer in  is c o n v e r t e d  to luciferyl  
adeny la t e ,  wh ich  is oxid ized  to oxi lueifer in  w i t h  1 mole 
of 02 c o n s u m e d  pe r  each  mole of luciferyl  a d e n y l a t e  
oxidized.  A t  th i s  s tage  emiss ion  of l ight  occursa  w i t h  a n  
i n t e n s i t y  m a x i m u m  a r o u n d  560 nm.  
Single t  oxygen  has  been considered,  on  theo re t i ca l  
g rounds ,  as a possible  i n t e r m e d i a t e  in t he  ox ida t i on  reac-  
t ion  of luciferyl  adeny la t e " .  O x y g e n  radicals  m a y  lead to  
the  f o r m a t i o n  of exc i ted  peroxides  which  decompose  to  
a n  oxid ized  p r o d u c t  in  t he  exc i ted  s t a t e  7 I n  these  cases, 
t he  s t a n d a r d  free ene rgy  of t he  i n t e r m e d i a t e  p r o d u c t  
fo rmed  m a y  be  suff ic ient  for t he  emiss ion of p h o t o n s  of 
560 rim. Fol lowing  t he  sugges t ion  of H a s t i n g s  6, the  pos-  
s ible  i n v o l v e m e n t  of ex i ted  oxygen  species a n d / o r  
rad ica l s  ha s  the re fore  been  i n v e s t i g a t e d  b y  s t u d y i n g  t he  
effect  of a n u m b e r  of k n o w n  s ingle t  oxygen  and  rad ica l  
quenche r s  on  A T P  induced  l igh t  emiss ion in t he  luci fer in /  
luciferase sys tem.  T he  resu l t s  r epo r t ed  in th i s  s t u d y  sug- 
gest  t h e  p a r t i c i p a t i o n  of s ingle t  oxygen  a n d  va r ious  
rad ica l s  in t h e  f iref ly b io luminescence .  
Materials and methods. Fi re f ly  a b d o m i n a  a n d  adenos in -  
5 ' - t r i phospha t e ,  g r ade  I I ,  d i sod ium salt,  were o b t a i n e d  
f rom the  S igma  Chemica l  Co. Superox ide  d i s m u t a s e  was 
p u r c h a s e d  f rom Miles Lab .  D i p h e n y l f u r a n  was o b t a i n e d  
f rom E a s t m a n  a n d  recrys ta l l i zed  f rom e t h a n o l  before  
use. 1, 4-diazo-bicyclo-(2,  2, 2)-octane and  d-caro tene  were 
p u r c h a s e d  f rom Merck.  D i m e t h o x y e t h a n e  was a p r o d u c t  
of E a s t m a n .  t - B u t a n o l  a n d  m e r c a p t o e t h a n o l  were f rom 
F l u k a  a n d  reduced  g l u t a t h i o n e  f rom Zel l s tof fabr ik  Wald -  
hof, M a n n h e i m  (Federa l  Repub l i c  of Ge rmany) .  Cys te ine  
was f rom H o f f m a n n - L a  Roche.  Tyr2-Cu2+ was a generous  
gif t  f rom Prof.  U. Weser ,  U n i v e r s i t y  of T i ib ingen  (Federa l  
Repub l i c  of G e r m a n y )  a n d  ha s  been  syn thes ized  accord ing  
to  Wei tze l  e t  al. s. All  o t h e r  r eagen t s  were o b t a i n e d  f rom 
Merck.  
E x t r a c t s  of f i ref ly a b d o m i n a  were ob t a ined  b y  the  fol- 
lowing p rocedure :  100 m g  a b d o m i n a  were f ine ly  g r o u n d  
w i t h  q u a r t z  s and  a n d  t a k e n  up  in 10 ml  p h o s p h a t e  buf fe r  
(pH 7.5). Af te r  s t a n d i n g  on ice for 15 rain, t he  suspens ion  
was cen t r i fuged  a t  3000 •  for 10 min.  The  s u p e r n a t a n t  
was  s to red  a t  0 ~ for 1 h a n d  t h e n  cen t r i fuged  a t  4000 • g 
for 10 min .  The  r e su l t i ng  s u p e r n a t a n t  was  t h e n  frozen 
and  t hawed ,  and  the  p r e c i p i t a t e d  p ro te ins  r e m o v e d  b y  
cen t r i fuga t ion .  The  e x t r a c t  can  be  s tored  a t  - 20  ~ in t he  
d a r k  w i t h o u t  loss of a c t i v i t y  for severa l  m o n t h s .  
A fine d ispers ion  of d i p h e n y l f u r a n  was o b t a i n e d  b y  re- 
p e a t e d  son ica t ion  in buf fe r  u n d e r  a s t r e a m  of n i t rogen .  
d -ca ro tene  was d issolved in e thano l .  Cont ro l  e x p e r i m e n t s  

showed  t h a t  ne i t he r  t he  s l ight  t u r b i d i t y  caused  b y  di- 
p h e n y l f u r a n ,  nor  t h e  a d d i t i o n  of t he  coloured d-caro tene ,  
a f fec ted  t he  eff ic iency of t he  l igh t  d e t e c t i n g  sys tem.  
Fo r  t he  d e t e r m i n a t i o n  of t he  l igh t  emission,  a specia l ly  
des igned a p p a r a t u s  was used (Bioluminiszenz-Messger / i t  
T y p  X P  2000, S k a n  AG, Basel,  Swi tzer land) .  0.5 ml  buf-  
fer (50 m M  Tris-HC1, p H  7.4, 5 mM MgC12) c o n t a i n i n g  
250 pmoles  A T P  were p i p e t t e d  in to  t he  c u v e t t e  wh ich  
was t h e n  p laced  in f r o n t  of t he  pho tomu l t i p l i e r .  The  l igh t  
r e a c t i o n  was s t a r t e d  b y  i n j ec t i ng  0.2 ml  f irefly e x t r a c t  
and  1.3 ml .  buf fer  (50 mM Tris-HC1, p H  7.4, 5 m M  MgC12) 
in to  t h e  cuve t t e .  The  mix ing  was comple t ed  w i t h i n  
1.3 sec. The  t ime  course of t he  r eac t ion  was  fol lowed w i t h  
a r ecorde r  a n d  t he  r e l a t ive  a m o u n t  of I ight  p roduced  
d u r i n g  t he  f i rs t  15 sec of t he  r eac t ion  was  p r i n t e d  o u t  b y  
an  e lec t ronica l  i n t e g r a t o r  a t  t he  end  of the  reac t ioh .  
E x p e r i m e n t s  were done  in t r ip l ica tes .  The  SE was =L 2%.  
Results. W h e n  an  e x t r a c t  of f i ref ly a b d o m i n a  is m i x e d  
w i t h  buf fe r  c o n t a i n i n g  ATP ,  an  i n s t a n t a n e o u s  l igh t  f lash  
is obse rved ,  followed b y  a rap id  decrease  of t he  l igh t  
i n t e n s i t y  in t he  f i rs t  few seconds  and  b y  a slower decay  
wh ich  las ts  for m a n y  minu tes .  To q u a n t i t a t e  t he  l igh t  
emiss ion  in our  expe r imen t s ,  a r ap id  m i x i n g  device  was 
used. F igu re  A shows t h e  t yp ica l  t i m e  course  d u r i n g  t he  
f i rs t  15 sec of t he  r eac t ion  (upper  curve) .  In  the  presence  
of d i p h e n y l f u r a n ,  a specific q u e n c h e r  of s ingle t  oxygen  9, 
less l igh t  is e m i t t e d  (lower curve) .  In  f igure B, i t  can  be  
seen t h a t  h igher  c o n c e n t r a t i o n s  of t he  q u e n c h e r  r e su l t  in 
a d i m i n u t i o n  of t h e  e m i t t e d  l ight.  
In  s imi la r  expe r imen t s ,  a n u m b e r  of compounds ,  k n o w n  
to r eac t  w i t h  s ing le t  oxygen  a n d  oxygen  radicals ,  were 
t e s t ed  for t he i r  ab i l i t y  to  i n h i b i t  l igh t  emission.  The  t ab l e  

Inhibition of firefly bioluminescence by scavengers of singlet oxygen, 
superoxide radicals and hydroxyl radicals 

Compound Concentration required 
to give 50% inhibition* 

Diphenylfuran 0.4 mM 
Azide 1.5 mM 
1, 4-Diazobicyclo-(2, 2, 2)-octane 23 mM 
Tyr2-Cu i+ 100 llM 
Glutathione 7.5 mM 
Cysteine 0.75 mM 
Dimethoxyethane 3.5 % v/v 
t-Butanol 2.5 % v/v 
Mereaptoethanol 1 % v/v 
Ethanol 7 % v/v 

The relative light intensity in the presence of various scavengers 
was determined as described in the legend of the figure. 
*To give an inhibition of 26% /~-carotene (2.5 p.M) was added in 
50 Ill of ethanol. Ethanol alone did not inhibit at this concentration. 
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r epor t s  the  concen t r a t ion  of quencher  required to give 
50% inhib i t ion  of t he  react ion.  The table  shows t h a t  in 
add i t ion  to d iphenyl furan ,  also d iazobicyclooctane  ~~ 
azide n and  fl-carotene 12, known as singlet oxygen  
quenchers ,  inh ib i t  the  firefly bioluminescence.  I t  seems 
unl ikely t h a t  the  inhib i t ion  by  azide is due to an in ter-  
ac t ion wi th  a redox  c o m p o n e n t  of the  enzyme,  since the  
firefly luciferase does no t  con ta in  h e a v y  meta ls  la. This 
v iew was also suppor t ed  by  the  f inding t h a t  10 mM KCN 
did no t  inh ib i t  the  firefly b io luminescence  in our experi-  
men t .  
Recen t  evidence suggests  t h a t  superoxide  ions (0 2 ) are 
involved  in t he  b io luminescence  of the  clam Pholad,  and 
t h a t  t he  l ight  reac t ion  is p ropaga ted  by  a radical  chain  
reac t ion  mechanismS< In te res t ing ly ,  superoxide  d ismu-  
tase,  t he  enzyme  k n o w n  to  d i smu ta t e  superoxide  radicals ,  
did no t  inhibi t  t he  react ion,  and it was concluded t h a t  
O 2- r emains  t igh t ly  bound  t6 the  luciferin/luciferase 
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Bioluminescence of a firefly extract induced by ATP and its quench- 
ing by a scavenger of singlet oxygen. 
0.5 ml buffer (50 mM Tris-HC1, pH 7.4, 5 mM MgCIJ containing 250 
pmoles ATP were mixed with 0.2 ml firefly extract and 1.3 ml buffer 
(50 mM Tris-HCl, pH 7.4, 5 mM MgClJ, and the relative light in- 
tensity was measured for 15 see. For details refer to 'materials and 
methods'. 
A Time course of the light emission. 
B Effect on the relative light intensity of increasing amounts of di- 
phenylfuran, a specific quencher of singlet oxygen. Experimental 
conditions as in A. 

complex  14. The lack of inh ib i t ion  of l ight  emission by  
superoxide  d ismutase ,  if 0 2- radicals  were involved  in the  
react ion,  is cons i s ten t  w i th  the  not ion  t h a t  t he  high 
efficiency of l ight  emission dur ing bioluminescence15,16 
requires t h a t  the  act ive species (i.e. 03- ,  02* ) is no t  easily 
accessible f rom the  env i ronment .  As in the  case of Pho lad  
also, in our expe r imen t s  superoxide  d i smutase  (at a con- 
cen t ra t ion  of 2 • 10 -6 M) did no t  inh ib i t  the  l ight  emis- 
sion. The small  and hyd rophob ic  d iva len t  copper  complex  
Tyr2-Cu2L however ,  which  reacts  w i th  O 2- a t  a ra te  
comparab le  to t h a t  of the  enzyme superoxide  d i smutase  17, 
was found to be inh ib i to ry  a t  low concent ra t ions .  
D i m e t h o x y e t h a n e  ~s and t -bu t ano l  ~9 are considered to be 
specific quenchers  of OH" radicals.  The presence  of small  
concen t ra t ions  of these compounds  (3.5 and 2.5% v/v,  
respectively)  inhibi ts  the  firefly b io luminescence  effec- 
t ively.  Fu r the rmore ,  compounds  which  can act  as oxygen  
radical  or organic radical  quenchers  like g lu ta th ione ,  
mercap toe thano l ,  cys te ine  and e thanol  a t  h igher  con- 
cen t ra t ions  were t e s t ed  and found to be inh ib i to ry  
(table). Similar ly  it has  previous ly  been repor ted  t h a t  the  
b io luminescence  of Ba lanogloss id  is inh ib i ted  by  cys te ine  
and mercaptoethano120. 
Discussion.  One of the  cent ra l  ques t ions  in biolumines-  
cence is how exci ted  molecules are genera ted  whose  
decay  is accompanied  by  the  emission of p h o t o n s  of a 
minimal  energy  of 50 to 60 kcal per  mole. The experi-  
men t s  r epo r t ed  above indica te  t he  pa r t i c ipa t ion  of 
s inglet  oxygen  and oxygen  radicals  in the  firefly bio- 
luminescence.  Subs tances  which  reac t  specifically w i th  
singlet  oxygen,  O 2 radicals  and  OH" radicals  inh ib i t  
l ight  emission.  A direct  react ion of some of the  scavengers  
With the  exci ted  s ta te  of the  emi t t ing  species, or some 
o the r  unspecific effect,  c anno t  be excluded.  The chemical  
d ivers i ty  of the  quenchers  employed,  however ,  toge the r  
wi th  the i r  c o m m o n  p r o p e r t y  of reac t ing  wi th  singlet  
oxygen or oxygen  radicals,  suggests  t h a t  the  inhib i t ion  of 
the  firefly l ight  emiss ion  is re la ted to the  scavenging 
proper t ies  of the  inhibi tors .  Singlet  oxygen  could be pro-  
duced dur ing  the  d i smuta t ion  of 0 3- radicals  21-2a, dur ing  
the  in te rac t ion  of O 3- w i th  OH" 24 or H2022~, or dur ing the  
decompos i t ion  of peroxides2% I t  is in te res t ing  to note  
t h a t  the  small  copper  complex  Tyr2-Cu2§ bu t  no t  t he  
re la t ively  large enzyme superoxide  d ismutase ,  inhib i t s  
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t h e  l i g h t  emiss ion .  T h e  h i g h  q u a n t u m  yield of b i o l u m i n e s -  
cence  r e q u i r e s  a p r o t e c t i o n  f r o m  col l is ional  d e a c t i v a t i o n .  
T h i s  could  be ach i eved  b y  a spac ia l  a r r a n g e m e n t  in 
w h i c h  t h e  ac t ive  c en t r e  is n o t  access ib le  to  t h e  large 
e n z y m e  molecule .  
T h e  o b s e r v a t i o n  r e p o r t e d  in t h i s  s t u d y  shou l d  also be 
cons ide red  of p r a c t i c a l  r e l evance  for  t h e  e m p l o y m e n t  of 
t h e  f i ref ly  b i o l u m i n e s c e n c e  as  a n  a n a l y t i c a l  too l  for  t he  

d e t e r m i n a t i o n  of v e r y  sma l l  q u a n t i t i e s  of A T P ,  A D P ,  
c r e a t i ne  p h o s p h a t e  a n d  o t h e r  e n e r g y - r i c h  o rgan ic  p h o s -  
p h a t e s  in biological  e x t r a c t s .  Since t h e  e x t r a c t s  m a y  
c o n t a i n  a p p r e c i a b l e  a m o u n t s  of c o m p o u n d s  (e.g. a z i d e ,  
cys te ine ,  m e r c a p t o e t h a n o l ,  g l u t a t h i o n e ,  alcohols)  w h i c h  
i n t e r f e r  w i t h  t h e  l igh t  emiss ion ,  t he se  a s s a y s  s h o u l d  be  
i n t e r p r e t e d  w i t h  c a u t i o n  un le s s  t he  a p p r o p r i a t e  c o n t r o l s  
h a v e  b e e n  p e r f o r m e d .  

Carbohydrate compos i t i on  of the h u m a n  cataractous  lenses  

J .  F.  A lao l ,  

College o/ Medicine, University o/ Lagos, Biochemistry Department, P. M. B. 12003, Lagos (Nigeria), 15 July 1976 

Summary. Specific chemica l  a s says ,  i nc lud ing  c a r b o h y d r a t e ,  h e x o s a m i n e s  a n d  h e x u r o n i c  acid, were  d e t e r m i n e d  on  the  
lens  inso lub le  a l b u m o i d .  I t  w a s  no t i ced  t h a t  t h e  c a r b o h y d r a t e  c o m p o s i t i o n  va r i e s  w i t h  age. The  s ign i f icance  of c a rb o -  
h y d r a t e  in t h e  lens  is d i scussed .  

T h e  s t r u c t u r a l  c o m p o s i t i o n  of t h e  in so lub le  a l b u m o i d  of 
t h e  h u m a n  c a t a r a c t o u s  lenses  h a s  n o t  been  c lea r ly  def ined.  
I t  h a s  b e e n  h y p o t h e s i z e d  3 t h a t  c a t a r a c t  f o r m a t i o n  is 
a s s o c i a t e d  w i t h  t h e  c o n v e r s i o n  of low m o l e c u l a r  w e i g h t  
p r o t e i n  to  h i g h  m o l e c u l a r  w e i g h t  agg rega te s ,  t he  h e a v i e s t  
of  w h i c h  c o r r e s p o n d s  to t h e  in so lub le  p r o t e i n  f rac t ion ,  
V a r i o u s  a u t h o r i t i e s  4,5 h a v e  s u g g e s t e d  t h a t  t h e  p r e se nc e  
of h i g h  m o l e c u l a r  p r o t e i n  a g g r e g a t e s  in t h e  lens can  lead 
to  inc reased  s c a t t e r i n g  of l i gh t  as  a c o n s e q u e n c e  of loss of 
t r a n s p a r e n c y .  O t h e r s  6-s i n d i c a t e d  t h a t  c a l c i u m  or g lucose  
m a y  in f luence  t h e  a g g r e g a t e  s t a t e  of  t h e  s u b u n i t s  of 
~ -c rys ta l l in  p ro t e in .  T h e  c a r b o h y d r a t e  c o m p o s i t i o n  of t h e  
i n so lub le  a l b u m o i d  in  t h e  h u m a n  c a t a r a c t o u s  lens is 
m o s t l y  u n k n o w n .  T h e  p r e s e n t  i n v e s t i g a t i o n  is c o n c e r n e d  
w i t h  t h e  p a t t e r n  a n d  c o m p o s i t i o n  of  t h e  c a r b o h y d r a t e  in 
c a t a r a c t o u s  lenses  r e m o v e d  a t  su rge ry .  
Materials and methods. H u m a n  lenses  were  o b t a i n e d  f r o m  
p a t i e n t s  fo l lowing  c a t a r a c t  o p e r a t i o n ,  u s u a l l y  w i t h i n  2 h 
of  r e m o v a l .  8 h u m a n  c a t a r a c t o u s  lenses  w e r e  u sed  in each  
age  g r o u p .  T h e  p r o c e d u r e  fo r  e x t r a c t i n g  inso lub le  a lbu -  
m o i d  a n d  i t s  s u b s e q u e n t  t r e a t m e n t  w i t h  u r e a  h a s  been  
fu l ly  desc r ibed  9. 
H e x u r o n i c  acid. H e x u r o n i c  acid w a s  d e t e r m i n e d  b y  a 
modifica,  t i on  of B i t t e r  and  Mui r  TM of the  m e t h o d  of 

Table 1. Carbohydrate composition (quantitative). The neutral sugar 
content of the urea extracts USF. UIFA and UIF g from the human 
eataractous lenses aged 20-91 years were estimated by the orcinol 
sulphurie acid reagent method of Tillman and Phillip TM. Glucose was 
used to plot a calibration curve 

No. Average age Protein UIF A t%) UIF B (%) 
of patient USF (%) 

1 22 i 2 years ND 1.00 0.975 
2 38.5 • 0.5 years 0.800 1.208 0.980 
3 43 ~ 2 years 0.700 1.182 1.00 
4 53 :J2 3 years 0.500 1.396 0.900 
5 65 i 2 years 0.698 1.533 1.100 
6 74 • 4 years 0.425 1.428 1.108 
7 82 :~ 2 years 0.500 1.864 1.621 
8 90.5 -b 0.5 years 0.500 2.118 1.968 
9 Adult bovine 0.799 1.150 0.969 

ND, not detectable. 

D i sche  u .  H e x o s a m i n e .  W e i g h e d  s a m p l e s  in 1 m l  were  
h y d r o l y s e d  in v a c u o  in sealed t u b e s  a t  110 ~ T o t a l  hexo -  
s a m i n e  w a s  d e t e r m i n e d  b y  t h e  m e t h o d  of Mui r  a n d  
J a c o b s  12 a n d  t h e  d i s t i l l a t ion  p r o c e d u r e  of Cessi a n d  
Peliego13. Hexose .  T h e  p r o c e d u r e  w a s  t h a t  de sc r ibed  b y  
G r a n t  a n d  J a c k s o n  14 u s i n g  D o w e x  50 (H  + form)  res in  
h y d r o l y s i s .  A f t e r  h y d r o l y s i s  n e u t r a l  s u g a r  a n d  a m i n o  
s u g a r s  were  s e p a r a t e d  a c c o r d i n g  to  t h e  m e t h o d  of  A n a -  
s t a s s i a d i s  a n d  C o m m o n  15. 

Table 2. Distribution of carbohydrate in the insoluble lens extract 
of human cataractous lenses, average age 20-90 years; using paper 
chromatography 

Protein Age Galaetose Glucose Mannose Fucose Xylose 
(years) 

20 + + ND ND ND 
30 + -{- + ND ND Trace 
40 + + + ND ND Trace 

USF 50 -- -- ND ND ND 
60 -- -- ND ND Trace 
70 -- -- ND ND ND 
80 -- -- ND Trace ND 
90 -- ND ND ND 

20 . . . . .  • 
30 . . . . .  
40 . . . . . . .  T 

UIFA 50 . . . . . .  

70  . . . . . . . . . .  

80  . . . . . . . . .  

90 - - T T T T  T T T T  - - - -  -- 

20 -- -- ND 
30 -- -- -- ND 
40 -- -- ND 

UIF B 50 ~- q~ ND 
60 - -  Trace 
70 
80 ----  
90 . . . .  

- -  Indicates the relative intensity of the spot on the chromatogram 
after dipping in sodium thiosulphate; quantitative value for 8%. 
ND. not detectable. 


