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SUMMARY 

A fluorometric method is described for measuring the reduction and reoxidation of 
flavins in the presence of suspensions of chloroplasts or grana. The method is based 
on the fact that oxidized flax"ins have a strong fluorescence bar, d in the green, whereas 
reduced flavins have no visible fluorescence. The fluorometric procedure has been 
used to sho-v that illumination of chloroplasts wi'th FMN in argon leads first to re- 
duction of flavin, and that the reduced flavin is then reoxidiT~d in a dark reaction 
which lags behind the reduction sufficiently to be directly demonstrable. 

INTRODUCTION 

As WARBURG 1 has previously noted, the blue-~reen fluorescence band of all,~xazin 
disappears on reduction, and the fluorescence may therefore be u~ed to measure the 
reduction and reoxidation of flavins. Here we shall describe a method for the fluoro- 
metric measurement of the photoreduction and dark reoxidation of flavins in the 
presence of chioroplasts or grana. The procedure is more sensitive than the direct 
spectrophotometric observations of VERNON and his associates t, s and permits obmr- 
vations over a wider range of flavin and chloroplast concentrations. 

EXPERIMENTAL 

The es~ntial steps in the procedure and the arrangement of apparatus are gh,~wn 
in Figs. I and 2. It was necessary to remove O t from the l?action mLx~ture xsithout 
foaming, and this was accomplished as shosx'n in Fig. I. Furtnermore, it was decisive 
that the reaction mixture could be stirred during illumination, and that the shift from 
illtJmination light to fluorescence-exciting light could be made rapidly. The arrange- 
ment of the apgxtratus is shown in Fig. 2. 

Unwashed chloroplasts fror.~ spinach leaves {':ariety Matador) were u.~d in all 
of the experiments described in the protocols. The leave:, weft. ground in a mortar 
with sand in o.35 M NaCI at o °. The brei was strained throuffh cloth oa~d the intact 

• ~ mldr,~: t~m~rtment of Biochemmt+ +. t'mv~rtity M ~ .  C3~+'a~. iU. (t" S+A+~. 



28~ E. VENNESLAND, H.-W. GATTUNG. E. BIRKICHT 

chloroplasts were ~-.~r a*,~4 hy different i,! ce,~trifugation. Chlorogb.vH was determined 
by extraction into methanol and measurement of light transmission at .546 mtt (ref. 4)- 

Ch io~op . los t  A " t I "¢I 

Fi c. x. Prepara t ion  of chloroplas t  suspens ion  
and  filling of cuve t tes .  Chloroplast  suspens ions  
with all add i t ions  were equi l ibra ted  wi th  a rgon  
by  shak ing  m m a n o m e t e r  vessels. The  vessels  
were t hen  r emoved  f rom t h e  m a n o m e t e r  and  
t he  suspens ion  was  p ipe t ted  ou t  w i t hou t  in ter-  
rup t ing  the  flow of a rgon  gas  f rom t h e  s ide a r m  
(left). The  cuve t t e s  were filled to  overflowing 
and  immed ia t e ly  closed wi th  a cap i l l~  T s topper  
(right}. Sufficient suspension was prepm~ to 
fill 2 m a t c h i n g  cuvet tes ,  one  of  which  was  used 
as  a s t a n d a r d  a n d  was  p rov ided  wi th  an  air  
bubble  to keep t he  FM N comple te ly  oxidized.  
Excep t  for t he  inser t ion  of t h e  a i r  bubble ,  
s t anda rd  a n d  expe r imen ta l  cuve t t e s  were 

t rea ted  identical ly.  

Fig. 2. A r r a n g e m e n t  of  a p p a r a t u s  for  i l lumi-  
na t i on  a n d  fluorescence m e a s u r e m e n t s .  L t = 
H B O  2oo (Osram m e r c u r y  h igh-pressure  lamp) ; 
L# = z2V8A me ta l  f i l ament  l a m p  (Osram);  
W = i o - cm wa te r  cuve t t e ;  I F  = in te r fe rence  
filter, ~ = 366 m p  (Schot t  a n d  Gen. ,  Mainz,  
T y p e  U V - P I L ) ;  F t = 2 cm z %  CuSO4; F# = 
2 m m  R G I  filter (Schot t  a n d  Gen. ,  Mainz),  re-  
m o v e d  ff whi te  l igh t  des i red;  Mi t = s i lver  
mirror ,  on ly  for i l lumina t ion ,  r e m o v e d  for fluo- 
reseence m e a s u r e m e n t ;  Mit  = a l u m i n i n m  su r -  
f acemi r ro r ;  C = m e a s u r e m e n t  c u v e t t e  (quartz)  
M = s t i r r ing  mo to r ;  MS = m a g n e t i c  s t i r re r  
MO = m o n o c h r o m a t o r  (Zeiss, T y p e  M4Q) 
~ m a z  FMN fluorescence ----53 ° m p ;  P h M u  = 
pbo tomul t ip l i e r  (RCA T y p e  tP28)  ; A ~ amp l i -  
fier (Zeiss) ; G ---- g a l v a n o m e t e r  (Bruno  Lange ,  

Type  MFG2). (x) In  general ,  t h e  in t ens i ty  of t he  u l t ravio le t  l igh t  (Lt) was  low ( <  5 % )  r e h t i v e  
to  t he  in t ens i ty  of t h e  red or  whi te  l ight  (L#L (2) St i r r ing of  t h e  c o n t e n t s  of t h e  c u v e t t e s  w a s  
essential .  (3) Bo th  mi r rors  are  to ta l iy  reflecting, n o t  par t ia l ly  t r a n s m i t t i n g .  (4) T h e  c u v e t t e  ho lde r  
(not  shown) conta ined  s lo ts  for 2 cuve t tes .  T he  s t a n d a r d  was  used  to a d j u s t  t h e  g a l v a n o m e t e r  
se t t ing  to Ioo before each reading.  T he  scale was  ca l ibra ted  b y  m e a s u r i n g  t h e  ? M v a n o m e t e r  

response  wi th  va ry i ng  a m o u n t s  of  FMN added  to  t h e  s a m e  a m o u n t  of  chloroplas ts .  

RESULTS AND DISCUSSION 

Reduction and r~xid.~ion of F M N  

The fluorometric procedure permits simple direct demonstration of the photo- 
reduction of FMN. If the illumination is not too long and intense, the FMNH s formed 
in the light is rapidly reoxidized after the light is turned off. With ,m'm~rly chosen 
conditions, reduction and reoxidation can be repeated many times. 

r'ig. ?. shows the photoreduction of FMN, and the following reoxidation in the 
dark. repeated in sequence 7 times. The reactions may be represented by the overall 
Eqns. I and 2. 

a FMN + # H#O --~ a F ~ N H  s + O s ( 0  

a F]I4NH# + O# ~ . ~ + # H#O (z) 

In the light, the rate of Reaction x exceeds the rate of Reaction a. trot one must of 
course v i smdi~  a state of  ~ in vdnch the ~ is cyclin~ rapidly between 
u d  oxidizmi Iomm. 
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The e x p e r ~ c n t  shown in Fig. 3 illustrates another pheno:v.,er,~n--the gradual 
establishment of anaerobiosis in the light. Though O t was almost completely elimi- 
nated  from the reaction mixture prior to the first illu,nination, the system can, in 
the  light, generate O t almost equivalent to the amount  of FMN added, and cannot 
therefore be regarded as anaerobic in the light. With continued illumination, a more 

Fig. 3- The light reduction and dark reoxidation of FMN. 1 i ~OOi- 
The reactio~ ~Lxture contained 75 pmoles of sodium phoa- 80~ r'~t ¢,~ 
phate buffer (pH 6.8), 20/zmolea ot KCI, 25 pmoles of NaCi, ~"[] I f f  o.o375 pmole of FMN, and spinach chioix)ptasts containing • I / [  
0.23/~mole of chlorophyll in x.5 ml HtO, equilibrate~ ~ith F 60~ 
argon. The dashed lines r~q, resent illumination with white • N 
light of about 60o pl quanta/rain. The first three illumi- o ~ 4 0 ~  
nations were for 0.5 min each, the fourth illumination was R 
for z rain, ard the remaining illuminations were for z rain r- 20W- 
each. The solid lines represen°t dark intervals between fluo- ~ 
rescence readings. An air bubble was introduced into the C/ I I I 

cuvette at the end of the experiment. 0 *0 20 30 40 50 

complete anaerobiosis is gradually establi~htxl, however, as shown by  the fact tha t  
the reoxidation of FMNH= becomes less complete after each successive illumination 
period. The O= formed is not quite equivalent to the FMNH t feimed, so that ,  as 
the sys tem cycles, there is an accumulat ion of FMNH t ~Sth(mt acc,~,nu!ation of an 
equivalent  m o u n t  of O t. This mus t  occur at  the e x p e n ~  of some reductant  provided 
b y  the chloroplasts. Eventual ly,  if enough light is used  ~_,Imost all of the FMN may  
be converted to  FMNH t which is n~;:" relatively stable h~ ~lie dark. i.e., reoxidized 
only ve ry  slowly. T~ds Fb~NH, is rapidly reoxidized on admL~sion of a little O t to 
the  system, which shows tha t  the FMN has been reduced rather than destroyed. 
and  tha t  O t has really disappeared. 

This gradual establishment of anaerobiosis in the light provides an explanation 
for the effect of anaerobiosis on phosph~rylation (see Section Effect of HCN and 
corrdafion with phosphorylation). 

The net  proport ion of FMN reduced and reoxidized under particular circum- 
stances depends on the relative arnomii-~ of ddorophyl l  and FMN employed. Thus, 
the rat io of chlorophyll  to FMN, on a molar  basis, should be greater than  5 in order 
to  demonstra te  almost complete dark  reoxidation of FMNH t follo~,ing almost com- 
plete reduction of  FMN in the light as shown in Fig. 3. Wi th  lower ratios of chlorophyll 
t o  FMN, more light is required in order to give almost complete FMN reduction, 
and  the subsequent dark reoxidation becomes more incomplete because there has 
been a larger net  consumption of oxidant during the iUmranation. Quite low ratios 
of  ~ y l l  to  FMN are required for sufficient ser~itivity when FMN reduction 
is n m a m u ~  by  direct speetropbotometrya,  s. The FMN reduction observed under such 
drtmmstanees reflects main ly  the net amount  of ¢,xidant consumed. 

q ~  r ~ / r m , ~  for F MN redua/o~ 
At the beginning of illmnination, the reox~at ion rate of ~ H t  is slow, sine e 

0 t is present. Bet  as more FILNH t is formed with increasing time of ilim_ai- 
nation, the rate of the back reaction (reoxkl=tion of FMNH=) incr~se~ The measure- 
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ments  in Table I showed that  in a par t io t la r  case, when o.42I pa q u a n t a  were absorbed 
in 4 ~c ,  o.o562/~1 FbL'q was reduced, gix~mg an apparent  q u a n t u m  requirement  of 
7-5 quanta/molecule FMN, but  when 2-o.421/El quan ta  were absorbed in 8 sec, the 
apparent  quan tum requirement  had increased to 11.2 quanta/molecule  of FMN re- 
duced, because of the back reaction. An extrapolat ion of such da ta  to zero th~te should 
give the q u a n t u m  requirement of the photoreduction react ion alone, unaffected by  
the back reaction. Extrapolat ion of the results in  Table I gives the value of about  
4 quan ta  per molecule FMN reduced or 8 quanta]molecule O t evol :ed,  without  back 
reaction of the Or, whereas in photosynthesis,  I ligh~ q u a n t u m  gives I molecule of O t 
without the back reaction 4's-*. This shows that  the chlorophyll of the part icular  
chloroplasts used for the measurements  of Table I had one-eighth of the ac t iv i ty  of 
the chlorophyll in l iving Chlorella under  optimal conditions. 

TABLE I 

QUANTUM REQUIREMENT FOR PHOTOREDUCTION OF FMN 

The reaction mixtures were equilibrated with argon, and contained, in a cuvette volnme of x.39 ml: 
4o/,moles of phosphate (pH 6.2 or 7-5), 25/,moles of NaCI. o.oi31/zmole of FMN, and spinach 
chloroplasts containh-~g o.:24/~mole of chlorophyll. The intensity of the incident red light was 
e.55 ul quanta/min (measured bolorimetrically), and 74°o of this light was absorbed, as de- 
termined with the ULBEtCHT sphere ~. The cuvettes were cooled in an ice-bath in the dark for 
a rndnimum of 5 rain between each illumination. Higher efficiencies were obser,,ed -.-~th this 
procedure than when measurements were made at room temperature. The dark period between 
illuminations was sufficient to permit at least 9o % reoxidation of the FMNH s in all cases. The 
observed efficiency of the light was relatively low in the first illuminations, but increased with 
succeeding illumination periods to reach, eventually, constant values. Only these constant values 
were recorded and used in the calculations. The samples were stable for many hours, so that 
a given measurement could be repeated almost any de ,  red number of times with the same sample. 

Time of °o F M N  reduced 
illtsminatum Id quama &'e. ~f - pl F M N z/O* 

absorbed [" ": measuttnk'nts r td~ed 
( ~ )  ,autfft mv:,age 

4 0 .42t  7.5 5 (I 7 .5-2ol  x9.x 0 .0562  ".5 
6.2 5 (t 8.5-22 ) 20. 4 0.o600 7.05 

6 0.632 7-5 2 (23~ 23 0-0676 9.3 
6.2 2 (24.5-20) 25. 2 0.0740 8.55 

8 0.842 7.5 7 (24-27 ) 25. 7 0.0755 I 1.2 
0.2 7 (26--29.5~ 28.I 0.0835 IO.1 

" Quantum requirement, I/O = ul quanta alxorbed per/~1 FMN reduced. 

For the measurements  recorded in Table I, low concentrat ions of FMN ~'ere used 
to obtaht hi¢:h ~ n s i t i v i t y  and to keep the rate of the back reaction low relati~e to 
the rate of reduction of FMN. The results are typical of the bet ter  efficiencies we 
have observed to date, bu t  there is no ,-laim made tha t  higher efficiencies cannot  
be obtained. Added ADP ~ d  not  affect t iE.  ~ efficiency measurements .  

T k e  r e o x i d a t i o n  o f  F M N H  t 

Jt is impomible to  de tnomtra te  a n y  Ot  evolution manometr icaBy when Oavin 
is pimtmedmmd by  c h l m e p h s t  s u s l m m k ~ ,  even in argon wit h large anmmnts off FMN. 
This is pedm~ net smwisi~,  since :he ~ r k -  measmements sltamed that the 
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n e t  a m o u n t  of ox idan t  (Or) acc~mula ted  in solution even in a brigh~ light was onh" 
equiya ien t  to  abou t  1 5 - 2 o  ° o of the  amount  of chlorophyll  presen~ i~.ee ior example  
Fig.  4). If  G i is pr~e_nt in the  gas ph&se, there  is a negative rath,~r than a posit ive 
pressure change observed at  the onset  of i l luminat ion  of chloropla . t  suspensions with 
FMN. O t is consumed,  not  given off. If  o .o i  M HCN is added,  there  is a g rea t ly  
enhanced  O t consumpt ion  in the  l ight,  and  HtO t accumulates  because ca ta lase  is 
inhib i ted  t . l°.  The overal l  react ion .sequence m a y  be descrzbed by  the e~uo*io: 

2FMN + 2 HzO ~ 2  FMNH t ~' r~. 
2 FMNH~ =- z f)~ - - . ,  FMN + z }I~'~2 

Net: O t + 2 HtO ~ 2 HzO t 

The q u a n t u m  requi rement  for the  H zO, product ion under  aerobic condit ions was 
measured  and  found to be about  t he  same, within exper imenta l  error, with similarh,  
p repared  chloroplasts ,  as the  q u a n t u m  requirement  for FMN reduct ion deteHttined 
f luorometr ical ly  and ex t r apo la t ed  to zero t ime. This agreement  suggests tha t  the  
react ions  have  been formula ted  correctly.  FMN functions wi th  chloroplasts  as a 
normal  Hill  r eagen t ;  i ts  reduct ion  can be obser ' .cd  darectly;  it  is the very  rapid  re- 
ox ida t ion  of F M N H ,  which makes  the  O,  evolut ion impossible to demonst ra te .  

Effect of HCN and correlation with phosphorytation 

The light react ion is not  d i rec t ly  affected by  HCN ; this  reagent  does not  change 
the  q u a n t u m  requi rement  for FMN reduct ion when the ini t ial  reduct ion ra te  is de- 
t e rnuned  by  ex t rapola t ion .  But  HCN can nevertheless  caase a s t r ik ing enhancement  
of FMN reduct ion under  some circumstances.  An exper iment  to  i l lustrate  this  effect 
is shown in Fig. 4- Here  two react ion mix tures  were c o m p a r e d - - o n e  without ,  and 
the  o ther  wi th  o .o i  M HCN. The HCN enhanced the net  reduction of FMN by in- 
h ib i t ing  the  da rk  reoxidat ion  of F M N H  v In fact, HCN causes a more rapid  establish-  
ment  of anaerobiosis  wi th  accumula t ion  of FMNH t (with HCN, one can demons t ra te  
FMN reduct ion  in the  l ight even when air is not removed from the react ion mixture  
b y  ini t ia l  equi l ibra t ion  with  argon). 

The effects of HCN, de.-cribed above,  can account for the effect of this reagent  

100 i" ""  A 

'7 2 0 -  ~ /  P U 
oi  , , , t , , 

0 2 6 10 14 
Tir.~e (n~,) 

"0_Ol )HCN 

I t 

Fig. 4. Effect of ]tCN on flavin reactions. The 
reacti~m mixtures  contained 40 pmoles of sodium 
phosphate  (pl{ o~L aopmoles  of KCI, ! 5opmoles  
of NaCl. o .o86 / /mole  of FMN, and spinach 
t-h!t, roplasts  containing o. 20 pmole  of chlorc, phyl! 
in 1.5 ml H,O equilibrated with argon; o.oz M 
HCN was added from the gas phase n to the re- 
action mixture of Expt. B. The dashed lines 
represent illumination with white light of about 
6oo vl quanta/rain. Conditions were selected to 
show the apparent enhancement of photo- 
redu~tmn by HCN in the fu~t illumination period 
of z rain. and the inhibit~n of the dark ft..oxi- 
dation by HCN. The second illumination period 
ruth HCN w u  for o.z5 rain, in contrast to the 

5 rain tt~d for the munpte tzlthout ltCN. Such p r o l o u g ~  i l lumin~ion was netemary to obtain 
t i m o m c o m # e ¢ ~  reduc tz~  of FMN in the akme~c¢ ol  HCN with the ~ 4 1 / F M N  m ~  e~r.- 
ployed in t h t ~  ~,xpenmt-nts | ut~ ~ t~n u.f ~n ~f  bobble ~t the end of ~ cxpc r im~  led to rz~id 
~oTidatmn ~ t l~  accumulated reduced F ~ I ~  _~_~ ~ ~ . .  p . - ~ n ~  ~n~ in the abmence of H C N .  



290  B. VENNESLAND, H.-W. GATTUNG, E. BIRKICHT 

on the phosphoD'lation which occurs when chloropla~s axe /||ulminated with 
FMN', t*-z4. With the fluorometric procedure one can show that  the phosphoryiatmn 
only ncoJrs when oxa'PaAzed FMN is reduced. W'hen the reduction of FMN has become 
almost complete, and the ,eoxidation of FMNH, has become very. slow, phospho- 
rylation stops. One can convince oneself of this by observation of the FMN fluores- 
cence of a phospho~qating system. Equilibration with argon to remove air leads to  

T A B L E  II  

EFFECT OF OS, FMN CONC~NTaAZZOS aND HCN oN I-HOSPiiORYLATION 

E x p e r i m e n t s  were done in manomet r i c  vessels  i l lumina ted  while shaking ,  g~th  8oo pl  q u a n t a  
whi te  l ight  per  m m  a t  ro~ for 2o m i n ' .  HCN wa~ ~dded in t he  gas  p h a s e  II. Inorganic  p h o s p h a t e  
was  de te rmined  on perchloric acid f i l t rates by  t h e  m e t h o d  of S m a ~ g a  is. and  t h e  :J Pl was  ca lcu la ted  
as  the  difference be tween t he  p h o s p h a t e  con t en t  of t h e  i l l umina t ed  s amp le  a n d  of a control  
incuba ted  in t he  dark  unde r  ident ical  condi t ions .  Reac t ion  m i x t u r e s  conta ined  3oo ~umoles of  
NaHCO, ,  3o pmo le s  phospha te ,  z o / , m o l e s  ADP,  zo p m o l e s  AMP, ~o p m o l e s  MgSOi,  7o p m o l e s  
,NaCI, wi th  FMN and  sp inach  chloroplas ts  as  indicated,  all in a vo lume  of 3 ml .  Qua l i t a t i ve ly  
s imilar  resu l t s  were ob ta ined  if b i c a r b o n a t e - C O  t buffer  was  o m i t t e d  and  t h e  ini t ial  p H  of t h e  
zeaction m i x t u r e  was ad j u s t ed  to 6.8-6.9.  T he  b i c a r b o n a t e - C O  s buffer  ha s  t h e  a d v a n t a g e  t h a t  
t he  course of t he  phosphory la t ion  in argo,a m a y  be  followed by  m e a s u r i n g  t he  nega t ive  p res su re  
changes,  as  CO a is t aken  up  to  c o m p e n s a t e  for  H + c o n s u m e d  when  A T P  is syn thes ized .  T h u s ,  
in Expt .  2, t he  p ressure  ch~_nges in t h e  two ~-essels s t a r t ed  a t  a p p r o x i m a t e l y  equa l  ra tes ,  b u t  
a f te r  abou t  zo min  the  re~ct ion in t he  presence  of H C N  ended a b r u p t l y  I t  was  shown  t h a t  t he  
phosphory la t ion  began  aga in  in such  an  expe r i men t  when  m o r e  oxidized FMN was  a d d e d  f rom 
the  s ide-arm.  The  t e rmi na t i on  of phosphory la t ion  coincided wi th  comple te  and  p e r m a n e n t  re- 

duc t ion  of FMN.  

Ezpi. F M N Cia ocopkyll Gas: ziP, 
No. ( m m ~ )  (mwle*) 5 % CO, i~ o.oz M ItCN (tamlz*) 

x o .oz  t. ~ 5 Air  
o .oz x. z 5 Argon 

2 LO 1.20 Argon 
z.o L 2o  Argon 

3 L o  z.o:  Air 
Lo  z . o z  Air  

- -  ~ 0 .  3 

0.3 

- --12.5 

+ - -  5-7 

- -  ~ I O . 8  

+ - -  zo.8 

* If incuba t ion  is prolonged,  o.oz M HCF." ~n'.~L:.*.: i~h~, ,hory la t ion  both  aerobical ly  and  an-  
aerobically. Th i s  effect requires  t ime  to develop,  and  is associa ted wi th  a g radua l  des t ruc t ion  of 
t he  capac i ty  of the  chloroplas ts  to per form the  Hill react ion.  

inhibition of phosphorylation g i th  small amomRs of added FMN. but not with larger 
amounts;  because completp conversion of the FMN to FMNH t stable in the dark 
ocoxrs ~ , . ~  w~f~ ' i~lc FMN. In the presence of HCN, still larger amonnts of  ! ~ N  
must he added t~ %~event the inhibition brought about by equilibration with argon, 
became HCN causes a more rapid comptete conversion of FMN to F]I~IH s stable 
in the dark. Representative experiments to tllastrate .q~me of the above points are 
descrs~xl in Table If. 
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