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SU3LMARY 

I. Light-induced single electron-transfer reactions have been observed in two- 
component systems involx,ing chlorophyll and riboflavin or thioctic acid and in 
three-component systems involving NADH. chlorophyll, and benzoquinone or ribo- 
flavin. 

2. In the chlorophyll-riboflavin system, illumination of acidic solutions leads 
to the formation of the semiquinone of riboflavin and, via a side reaction, to the de- 
struction of chlorophyll. 

3. in the chlorophyll-thioctic acid system, excitation of thioctic acid produces 
a species (perhaps the biradical resulting from sulfur-sulfur bond cleavage) capable 
of forming free radicals upon interaction with an electronically excited chlorophyll 
molecule. 

4. In the three-component s)~tems, from 2- to 8-ford enhancements in steady- 
state radical concentrations can be achieved by adding XADH to solutions of chloro- 
phyll and acceptors. 

INTRODUCTION 

!-. ~. -,revio,as paper I we have examined some of the characteristics of unpaired electron 
for~,~*Aon in illuminated chlorophyll-quinoue solutions. Radical production in these 
systems has been attribute~t to  t h e  occurrence of single electron-transfer reactions 
between electronically excited • hlorophyil n~lecules and qninone molecules, and 
a fairly detailed mechanism has bee: proposed to account for the results. A n.mhex 
of questions have arisen out of this worL The present study has been directed to two 
of these." (a) can substance~ other than ~ ftmction as electtxm aeceptors from 
chlorophyll?; {b) what effect will the presence of a third o~mponent, either donor 
of aceeptor, have upon the electron tramffer between cldorophyll and quinone? 
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MATERIALS AND METHODS 

E P R  spectra have '-,,~,, . . . . . . . .  ,,ot~,.~u:-_ a ~-. ,,u,~a,tu:- ~: . . . . .  previc, usly; Optical absorpuon spectra 
were recorded using a Car 5" model xx spectrophotometel.  

Except  where other,~'ise stated, illumination of the samples was carrip,! out ~,aing 
light of wavelengths longer than 55oo A in order to avoid absorption hy ;,.. ?, 
other  than chlorophyll. 

All other experimental techniques were as out!ir, ed in the previou3 work ~ 
Chlorophylls a and b (puriss.) (in all of the .~vstem_s we have examined, chloro- 

phyll b functions in essentially the same manner a< does chlorophyll a) were obtained 
from Fluka A.G. ; riboflavin at::: thioctic acid were obtained from California Corpo- 
ration for Biochemical Research; NADH was obtained from Sigma Chemical Co. 
All compounds were used without further - ~  + ;~  c . . . . . . . .  ~ .... - purh.~a.v,,..~W~,,,V,,~,L~,metrlc assay 
indicated tha t  the N A D H  was approx. 75 Oo pure. 

RESULTS A',-D DISCUSSION 

( I  ) The ¢Igorop6.i, ll-riboflavin sv.~ltm 

Wrhen careKdly degassed solutions of ribofla~.an" and chlorophyll (a or b) in 
absolute ethanol (saturated with respect to  riboflaxin; xo-* M in chlorophyll) were 
illuminated for several minutes in the E P R  spectrometer, only verb" small, poorly 
resolved, signals were observed. It  i,s known tha t  the protonated form of ribofia~iii 
is a much bet ter  oxidizing agent than is the neutral  species *,s and that  the riboflavin 
semiquinone is considerably more stable in acidic than in neutral solution 3, Further-  
more, ribofla,rin is quite a bit more soluble in acid solvents than is. absolute ethanol. 
~,Vith these considerations in mind, we performed similar exT, eriments to the above 
using acidified ethanol (prepared by  saturat ing absolute ethanol with ga~ous  HCI). 
containing higher concentrations of riboflavin (xo -3 M), as the solvent. With these 
systems, large E P R  signals w, r ~ observed. 

No signals were obtained with riboflavin, ale, he under these conditions, nor were 
signals present in the dark prior to illumination, demonstrat ing that  it is illumination 
of chlort, t,nyll which is effective in producing the radical~. However, when riboflaxdn 
solutions were illuminated with blue light (absorbed by riboflavin), very large signals 
were produced which were identical to  those obtained when chlorophyll was present 
and red light was used. 

In  Fig. x we compare an E P R  spectrum obtained from an illununated ch lor~  
phyl l - r ibof lavin  solution at room temperature with ;~ spectrum obtained upon Zc.. 
reduction of riboflaxdn in acidic solution. I t  is apparent  tha t  the two spectra are 
essentially identical. Hence, we m a y  identify the free radical formed upon illumi- 
nation, both in the presence and in the absence of chlorophyll, as the semiquinone of 
riboflavin. 

The steady-state radical ~oncentration obtained upon illumination was found to  
i u ~  with decreasing temperature,  down to about --3o% although below about  
- - x o  ° no resolution of h,,'perfine structure wag apparent.  A more complete tempera- 
tme-del~ndence  s tudy  was  not t a m e d  out.  

" ~  other fl.wt'in ~ behave mmtla.rly to riboflavin, e.g., 9-t'nethyl t~,alloxazme. 
~ ,  and 6.7-dimeth~4 alioTJ, z'me (lumKhrome~. 
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In ~, th  the pre~nce and absence af chlorophyll, the radical signal did not decay 
measurably, over a period of rnanv hours, when the light was turned off. This is in 

~-'--~ to the " ~  . . . .  p~.,.n ~..; . . . .  svsterrrs ~ which exhibit rapidly decaying r e , x ,  ~ t u  c , 3 ~ , ~ / a : : t  . . . .  • . . . . . .  . , , -  -i . . . . .  "--~ . 

signals in the dark, except at very low temperatures. 

I - 

3 3  6"--J55 .~ 

F i g .  I .  a ,  E P R  s p e c t r u m  o f  a n  i l l u m i n a t e d  d e g a s s e d  s o l u t i o n  o l  c h l o r o p h y l l  a ( i -  , o  -4 M )  a n d  

r i b o f l a v i n  {1. m -z  .Xl~ i n  e t h a n o l - H C 1  a t  r o o m  t e m p e r a t u r e .  T h e  s a m e  s p e c t r u m  i s  o b t a i n e d  u p o n  

• , . . . . . . . . . . . . . . . . . . . . . .  _ . ~ a  . . . . . .  , . . . . .  - " ~  * - ' " -  l i g h  l , U m m a t t o ; t  u ,  ~ t n u u u . ~  o f  t .  b ,  E P R  s p e c t v a m  o f  t l t m l i a , , l  . t ,u l t~  ~,1~11 u , u ~  a s o l u t i o n  o f  

r i b o f l a v i n  in  e t h a n o l -  V-CI r e d u c e d  ~ 4 t h  Z n  a t  r o o m  t e m p e r a t u r e .  

The illuminated flax-in solutions appeared orange or orange-brown in color, in 
contrast to the unilluminated solutions which were either yellow or bright green in 
color, depending upon whether chlorophyll was absent or present. %%qaen the illumi- 
nated solutions were opened to the air, the origin'a] green or yellow color gradually 
ieturned (over a period of several hours) and the paramagnetism disappeared. The 
same result could be accomphshed by bubbling air or pure 0 2 through the solution. 
If these aerated - - ' " ' :  . . . . . . . . . . . . .  ~ . . . . . .  ~ again, a . . . . . .  pattern could be cb- 3 O I L I t L I O I I 3  b ' ~ C I C  t l l t S l l  l d t T ~ a . 3 : ~ t t 2 7 I k l  . ~ 1 ~ .  

tained upon reillumination. 
In order to obtain further insight into the nature ot the processes occurring in 

these solutions, optical absorption spectroscopy was utilized. In Fig. z is shown a serie.~ 
of such spectra obtained upon illumination ot chlorophyll-riboflavin and chlorophyll 
solutions at room temperature. In the flavimcontaining system, we have observed 
a decrease in the chiomphy!l absorption at 665 mr, and the formation of new ab- 
sorption bands at approx. 485 mr* and 575 mr*. With chlorophyll alone, we obtained 
a much more rapid decrease in the 665-mt~ band and an increase in absorbaney at 
approx. 515 mt~ and 575 m~. 

hl F~.  ,; i~ :,Lu,vn the absorption spect rum in the long-wavelength region, o! 
an illuminated (,~i-h white light) ribofla~-in solution. A maximum at 485 mr*, which 
is completely absent in the unilluminated ~ lu t i on ' ,  is apparent. I t  is this band which 
produces the above-mentioned color changes. 

From the above data we conclude that  the m" shoulder which appeared in the 
absorption spectrum of illuminated ehlorophyll-nb,  tflavin zolutions m u s t  c o n s i s t  

ot components due part ly to flavin and part ly to chlorophyll trans|ormation products, 
although the fla~Sn, probably contributes the largest fraction. 

" In strcNfl  Y acidic solution,  riboflavin exhibits  & u n g l e  a ~ k m  ma.~mum in the v ~ i e  
spectral  r e l p ~  at  39o  m # .  

n,,x,4,--. B ~ , A r s  .4~r,,. 66 (,(~o3) 3,oS-]tg 
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Fig .  z. O p t i c a l  a b s o r p t i o n  s p e c t r a  of d e g a s s e d  s o l u t i t m s  ,,f c h l o r o p h y l l  a a n d  rib¢,flax in a n d  
c h l o r o p h y l l  a a l o n e  in  e t h a n o l - H C 1  a s  a f u n c t i o n  of t i m e  ot i l l u m i n a t i o n  w i t h  red  l i g h t  a t  r o o m  
t e m p e r a t u r e .  C u r v e  l ,  no  i l l u m i n a t i o n  ; c u r v e  2, l o - m i n  i l l u m i n a t i o n  c u r v e  3 . 2 o - m i n  i l l u m i n a t i o n  ; 

c u r v e  4, 4 ° - r a i n  i l l u m m a t i ~ m .  
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Fig .  3. O p t i c a l  a t ta in 'or ion  s p e c t r u m  ot r i t ~ -  
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In Fig. 4 we have compared the growth curves for the paramagnetism ° and 
for the shoulder at 485 m/~ in i l luminated chlorophyi i -r ibof lavin  solutions. The fact 
that these are approximately  the same indicates that  the two effects are the res , ! t  of 
d~e formation of the same species, namely  the riboflax-in semiquL~one. This interpre- 
tation is consistent with the work of BEINERT ~,t on the  optical spectra of flavin 
~ m iqu inones  in acid solution. 

That the absorbancy at 665 mlt decreases in both the presence and the absence 
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Fig. 5. Effect of illumination with ted light on chlorophyll a absorption at 665 m/~ in e~hanol-HCI 
(degassed~ at room teml~r~ture. "~---~, chlorophyll-riboflavin; ~" - -  ×, chlorophyll. 
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Fig. ~. Optical at~orption sp~tr;, of illuminat~l {red |iSbt ) chlo;ophyll • and chJorophyll-ribo- 
flavin solutions before and after bubbling with 0 s. 

"The extreme sknrnem of the ~ in ~ is ~ in marked cou4rut to the 
chlomphyll-q~me systems wbxh exhil~t qmte ~ me times (<4 the order oli mc~sdsL 
except at very low ~ t u r e s ' .  
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of riboflavin indicates that this process is independent of riboflavin reduction. This 
interpretation is further substantiated by the data in Fig. 5 in which we have plotted 
the decrease in absotbancy at 665 mV ~q a function of illuminati, m time in both 
systems It is apparent that the presence of ribofla,dn markedly decreased the rate 
of disappearance of the chloroplJyil, indicating that chlorophyll destruction and 
#.'boflaGn reduction by excited chlorophyll molecules are competitive proceo,e.,. 

In Fig. 6 we h~ve plotted the optical absorption spectra of illuminated chlero- 
phyll-riboflavin and chlorophyll solutions before and after bubbling with pure O:. 
After the O z treatment, the 485-m a band in the ckl..~q¢,,~h-rzboflavm solution 
completely chsappeared. This is consistent with our inte,-prctation of the origin of 
this band in terms of the ribofla~fin semiquinone. The 515-m/~ band in the chlorophyll 
sohiOon al~o disappeared to some extent, indicating that it too is due to a reduced 
species. On the other hand, the main chlorophyll peak at 665 m/~ was not at all 
regenerated. Thus, chlorophyll itself has becn irrever, ibly destroyed. Similar results 
as the above were obtained upon allowing the illuminated solutions to stand open 
to the air for long periods (several hours). 

(2) The chlorophyll-thioctic acid system 

BAm.xaoP, HAYEs AND C~a.VZN 5 have obtained evidence for the photol3~ic 
cleavage of ~ulfiar.-sulfur bonds in ethanol solution~ of thioctic acid and related 
compounds. Furthermore, it was suggested, on theoretical grounds, that chlorophyll 
could sensitize such cleavage reactions. These results, in conjunction with the fact 
tha t  a role for thioctic acid in the primary, quantum conversion process of photo- 
synthesis has been postulatedL have led us to examine illuminated solutions of 
chlorophyll and thioctic acid in the EPR spectrometer. 

Degassed solutions of thioctic acid alone in ether-isopentane-alcoh~,l were found 
to W e  a small broad signal in the dark at low temperatures whiGl did ~J,,t G,ange 
upon illumination w~.'th white light. In the presence of chlorophyll, however, although 
essentially the same small signal was observed in the dark, the,e v.a~ a ~ignifi,:ant 
increase in paramagnetism upon illumination with red light. This is sho~aa in Fig. 7. 

When the chlorophyll-thioctic acid samples were illuminated with white light, 
the signal grew to several times its original height. This experiment is also shown 
in Fig. 7. 

The fact that a single-line EPR spectrum was obsern'ed is consistent with the 
unpaired electron residing nT, a sulfur atom. although of cot, rse it does not prove this. 

When the light was turned off, the signal rapidly decayed to the original dark 
value. Rise and d~.ay curves are sho,~aa in Fig. 8. It is apparent tl~at there is an initial 
very fast rise followed by a much slower rise, with an identical pattern being ob- 
served in the decay. 

If the chlorophyll-thioctic aGd sample, which had previously been illuminated 
with white li6~,t, waz ~am!;:ated with red light, a considerably larger steady-state 
signal was observed than ~ obtained using a sample which had never been exposed 
to  white light. The comparison is sho~a in Fig. 9- Furthermore. if the sample, which 
had been illuminated wizh white light ;-  the cold (--zoo°). was warmed to room 
temperature, recooled, and then illuminated with red light, only a small signal was 
observed, cmnparable to that obtained with a prevkatsl~ ~,,,LX,mxinated .',aml~e. Thus. 
stb.ite light produced a species, not produced by red light, svhich was staige for at 
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Fig. 7. Effect ot i l lumination upon EP1R signals 
in  c h l o r o p h y l l  a ( [ -  lo  -~ M! - th ioe t i c  acid (satd. ~ 
solutions (degassed) in e t h e r - i s o p e n t a n e -  

alcohol a t  - - ~ o o  ~. 
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Fig g. Rise  and decay  curves  for paramagnct i sm 
in i l luminated ch lorophy l l - th ioc t i c  acid so- 
lut ions in e t h e r - i s o p e n t a n e - a l c o h o l  at  - zoo °. 
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Fig. 9. Comparison between E P R  signal  pro- 
duced in ch lorophy l l - th ioc t i c  acid solut ions in 
e t h e r - i s o p e n t a n e - a l c o h o l  a t - - ] o o  ° b y  i l lumi- 
nat ior  with red l ight with and "~ithout prior 

white- l ight  i l lumination.  
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Fig. to  Eflc~t oi  p c ~ n ~ e  of N A I ) i l  (4" I o  Q M, uptm **~ady-~tat¢ l ~ h t - ~ , . d ~ e d  E P R  aigmal m 
chlorophyl l  a (4" Io-4 Mt- ~enzoquinone ( 4  t o *  M, ~ 4 u t m m  (degam,ed~ in ethar,  ol ~,~te~r It l : i l  

at  - - -  5 0 : ,  
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least several minutes in the dark at low temperatures and which, although diamagnetic 
itself (or at least rmobservable in EPR under our conditions}, can form free radicals 
upon interaction with an excited chlorophyll mniecule. Further, this species decays 
in the dark at room temperature. This sequence of events could be repeated upon 
reillumi~ation with white fight 

Experiments using various Coming glass filters in the light path haw ~hown ' hat 
it  is light between 32o0 A and 4ooo A which is effective in producing the above 
mentioned species. Furthermore, illumination with t h e e  wavelengths does not in 
itself produce a radical signal. It is significant that the optka; absorption spectrum 
of thioctic acid in ether-isopentane-alcohol shows a ~ro;~cl band between 3ooo A 
and 4o0o A ()~nAx about 33oo A). Thus, we may tentatively conclude that excitation 
of the thioctic acid component produces a species which form. 5 radicals only upon 
interaction with an electronically excited chlorophyll molecule (see below for further 
discussion). 

(3) Three-component systems: donor - chlorophyll- acceptor 

Part of our interest in systems of this type comes from recent th_~ries - f  the 
pranary process of photosynthesisT, 8 in which light-induced electron-transfer pro- 
cesses from donor to chlorophyll to acceptor are postulated. If such reactions could 
occur in vitro, one might expect that the effect of the presence of an electron donor 
in an illuminated chlorophyU-acceptor solution would be_ oLeervable by EPR 
techniques. 

In Fig. xo is shown the effect of the presence of NADH on the steady-state 
radical concentration of an illuminated degassed chlorophyll-benzoquinone solution 
in aqueous ethanol. Approximately an 8-fold enhancement in signal height over the 
control was obtained. Experiments using a Bausch and Lomb grating monochromator 
in the light path have sho~aa that it was light absor~-:-d by chl..~.rophyll which produced 
the radicals. 

I t  is of interest that the only EPR signal observed in these svstem~ was that due 
to the one-electron reduction product of the quinone moiety. No signal was observed 
for any rad':cal species derived from either chlorophyll or NADH. This is similar to 
the failure to observe chlorophyll radicals in the tw~component systems t, and is 
probably due to the same re_sons. 

When solutions containing only NADH and ch!oro[,hyll were illuminated, a ve~" 
small broad signal was obtained. The identity of the species giving rise to thi~ ~ignal 
is uncertain. 

We have observed that tile addition of NAD- to solutions of chiorophyJ mad 
benzoquinone has e~entially no effect on the production of unpaired spins by light. 

I t  is worth noting that a small benzosemiquinone signM can he observed in 
a NADH-.bentoquinone solution in the da,-k it, tire absence of chlorophyll. This is 
probably due to a re4ox reaction occurrm4g spontaneously between these two species. 

When NADH was added to degassed solutions of chlorophyll and ribofla~4n in 
acidic ethanol, a 2-fold enhancement in steady-state radical concentration was ob- 
taiued. Again, the radical obtained was exclusively that  characteristic of the accept, - 
species, i~.. the ribolla~in semiquinone. AI~e, as in the pre~aous ~ t e m ,  a smah 
tmmiqui~me signal was observt~d in an NADH-riboflavin solution in the dark, 
indicating a sfm~tttaneotls r z~ tkm bet~x, mxt the two ~pecies. Furthernlore, a st~tall 
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effect of illumination ~Ath red light was noted in this case, the final steady-state 
signal being approx, one-sixth that  obtained with the t~dec-component system. 
Inasmuch as neither N A D H  nor riboflavin absorb in this wavelength region, the 
possible occurrence of complexes is suggested. 

!n addition to NADH,  we have tried using hydroquinone and tetrachlorohydro- 
quinone as electron donors in e ther - i sopen tane-a lcohol  solutions of c.hlorophyll and 
quinones. In  both of these cases, the donors apparent ly  reacted preferentially with 
the acceptors in the dark. 

It  is of interest to note tha t  the E P R  signal observed with I : I mixtures of tetra- 
chlorohydroquinone and benzoquinone in e ther - i sopen tane-a lcohol  in the dark  was 
that  due solely to the tetrachlorobenzosemiquinone species. No signal was observed 
for the benzosemiquinone species. We have also observed a similar result when 
9,io-phenanthrenequinone was used as acceptor, i.e., in a mixture o! hydroquinone 
and this compound, only thc benzosemiquinone radical is observed. Under no con- 
ditions have we been able to observe both possible semiquinone species simultane- 
ously. The possible reasons for this remain obscure. 

We have also carried out a few experiments in which more than one quinone was 
p re~n t  simultaneously with chlorophyll. In every case, only one semiquinone, 
corresponding to the stronger oxidizing agent of the pair, was formed. 

CONCLUSIONS 

(I)  The chlorophyll-riboflavin system 

We have shown above that  illumination of a degassed solution of chlorophyll 
and ribofle.vin in e thano l -HC!  leads to the formation of the semiquinone of riboflavin 
and. via - side reaction, to the destruction of chlorophyll. Inasmuch as chlorophyll 

~U~UI Ud.l l ik . .  li~ 1 i i C ~  I , i l  ~t . . l  U j  . (IUL~UIII~tU)II.IUII [(IL~ LIIC L l l d l i ~ g  d t  is considerably iiiF) 
slower in the presence of riboflavin than in its absence, we must  conclude that  the 
chlorophyll is either completely or partially conserved in the process of riboflavin 
semiquinone formation. The following scheme is cov._sistent with this fact and with 
the mechanigm suggested in the earlier work with quinones I : 

(T ~ hi, ~ C" (1) 

C" -- R--+C- ~- R- (,) 

or c" . ~ _ , : ~ t  l)roduc,.s {za) 

C" " f ~ " ' - +  C (3) 

* 4 v i ' n l  
zC ~ - .... C -~ X (3a) 

R -v hv ...... - a t  R- (4) 

C = ch~oroph~;I; R = ribofla~,in: C- = chlorophyll po~g: e ion-radical: R- = riboflavin semi- 
quinone. An asterisk denotes an electronically excited state. 

According to t b~ ,  formulation, an electronically excited chlm~phyll  molecule 
(formed by Reaction x) can react either with riboflavin to  tocm the s e m ~ u i n o n ~  
(R~_,_ctmn 2) or with ~ol:'ent to  form unknow~ products (Reaction 2a). The chlocophytl 
positive ion formed in Reaction z can then :egenefate chkarophyll completely (as i n  
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React ion  3) or pa r t i a l ly  (as in React ion 3a). Fur the r  work  will be ne,  e- -arv  in order  
to subs tan t i a t e  this mechanL, m. 

I t  is of in te re , t  to  note  tha t  r iboflavin itself can be reduced u:~,n it lunfination 
with  blue light.  P resumably .  the  ~ l v e n t  p lays  a role here (Reaction 4). 

(2) TI~ chloroplo,ll-thioctic acid system 

We have shown above  tha t  exci ta t ion  of thioctic acid  product.s a species capabh. 
.,J,P ¢ r ' , - i  J~- of forming free r ad ica l ,  upon in teract ion with an el . . . .  onl{..L, excited chlorophyll  

molecule. This can be "-'~d~ c.'.mq,t-',* ,,;+~, the  work of ~-~ .... TP. ," H_~vzr: =L'/I; 
CALVIN n and wi th  our  earSer  work ~ as fi,llows" 

. . / ! ( ' !  l i ! i C ' L ) O t  I / i c ' t t ~ C o 0 t t  

+ hi' ~. ~" ~1~ 
S - - S  -- 

L - -  h r  ~ :  C "  

. ~ / ( C  i t s ' ,  ~ C ( ) ( ) t l  , ,- [J , , - ,  , , ,  t f '" ; ~:. i C  ~ O H  

C "  + : - - - .  C ~ a- . . . .  C - : t3!  
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We must  assume here tha t  the  biradical  f,)rmed in Reacti .m r is undutectable  
in our present  sys tem and tha t  it  is s table  enough at low tempera tu res  to survive  for 
a m a t t e r  of minutes.  Of course, we cannot  at  this  s tage rule out  the  possibi l i ty  t h a t  
the  e lect ron acceptor  from chlorophyll  is n~,t the  b i radwal  but  some compound der ived 
from the react ion of this  species and the . - l ven t .  

The fact t ha t  exc i ta t ion  of chlorophyl l  alone is capable  or p r .duc ing  a smaller, 
but  still  detectable ,  q u a n t i t y  of the  radical  produced in Reacti.n 3 ahovc ~uggests 
t ha t  su l fu r - su l fu r  bond cleavage and electron t ransfer  can occur in one step. a lbei t  
wi th  reduced efficiency, as foll,~:v.,:: 

. . ~ / { C I t 2 q C O O H  ~ . / ~ C | t o } . t C ( ) t  ~ l t  / / ~ C t t ,  , ( ' c ) U d t  

t ' "  + - - - - *  C "  • - - -  C - (3a~ 

S - - S  ", % .'-; - -  S 

If  this  is indeed ,o, it w,,ukt be c .ns i s ten t  with the Ix~stulawd par t ic ipat ion ,,f 
thioct ic  ackl in the  primary" quantum-c~ mver,;~ mprocc.-- of photo.,ynt he,'.- 8. More work 
i~ n e ~ e d  to e.-tablish thi.-. 

I t  should Ix, pointed out  that  the nature  ,.~ :iv_ ,lw,A:.- gw,_~< ri~,: t~ the da rk  
sign.a! feund in the  th!,.,ctic acid s,,!utiens i~ c~,.nple*,qy ~,b~':ure at prese::t.  

LId Three-component svsh'ms 

The experiment~ repor ted  lwre have d e m . n . t r a t e d  that  one can induce 2--8-foht 
enhancements  m - tvadv-s ta , e  r . d i t a l  tollcel'~t(ation.., by adding N A D H  to ~, iut ion-  
of chlorophyl l  and acceptor- .  The . imph,st  mt , . rpre ta tmn of these effect.- is in t e rm-  
of the  following .-~heme : 

~ "  - A . . . .  ~ " .-  A -  (2 

N M q i "  -- A---- N . \ l ) t t  - ~. (4 
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Th~ es~ntial  feature of the enhancement thtts lies in the regeneration of chloro- 
phyll from C* via Reaction 3- This allows chlorophyll to react with more acceptor 
(it is to be recalled that  the acceptor is present in excess in these systems). The overall 
result of these processes is the transfer of an electron from donor (NADH) to acceptor 
(A) xfia a chlorophyl!-photosensitized oxidation-reduction. This type of reaction, 
althou(n occurring in an ordered matrix, is precisely what is post  ~iated in the most 
recent theories of the primary process of photosynthesis~, s. 

(4) Some general comments 

I t  is apparent from this and from the previous work ~ that  man; '  of the components 
known to be present in chloroplasts anG to participate in photosynthesis can react 
~-ith electronically excited chlorophyll molecules to produce free radicals. Inasmuch 
as light-induced radical formation appears to be a characteristic property of photo- 
synthetic materials 9-~, w~ have felt it to be of importance to explore the possible 
interactions which can occur in vitro. I t  remains to be shown that  these reactions are 
efficient enough to be of significance in t e ~ s  of photosynthesis. We are at present 
engaged in this aspect of the problem. It is, of course, obvious that  this type of work 
can at best suggest what might be occurring within the chloroplast. The final arbiter 
will be studies in vivo. 
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