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S U M M A R Y  

We have studied photosynthetic DPN reduction by" succinate and ATP formation 
from ADP and Pi in chromatophores of Rhodospirillum rubrum. 

Our findings are: 
t. Magnesi~un ion accele"ates DPN photoreduction most effectively at 5" to-a M, 

but is inhibitory, at higher concentrations. The stimulator3" effect of the ion is similar 
to that on the photosynthetic ATP formation. 

2. Photoreduction of DPN is maximal in rate in the presence of 3" lO-4 M DPN, 
and is inhibited with increa~ing concentration. 

3- In response to variations in concentration of succinate or DPN, photoreducfion 
of DPN reaches a steady state in which approximately half of the DPN present is 
reduced. 

4- DPN H/DPN (z : I) is oxidized by succinate/fumarate anaerobically in darkness, 
provided that the Eh value of succinate/fumarate is more positive than --o.o 4 V. 
This accords with the suggestion that there is an enzyme system which catalyzes 
oxidation of DPNH by fumarate anaerobically in darkness~ 

5- Photoreduction of DPN is inhibited in va~'ing degree by various adenosine 
derivatives and pyrophosphate; i.e. strong inhibition with ATP, ADP and pyro- 
phosphate; moderate gi th  adenosine 3'-monophosphate, AMP and adenosine; none 
with orthophosphate. 

6. Photos3mthetic ATP formation with "bound" ADP is iraliblt~-~d by adenosine, 
adenosine 3'-monophosphate and DPN, but not by ADP or TPN. The presence of 
ATP or pyropho~phate inhibits ATP formation either with "bound" ADP or in the 
presence of exogenous ADP: The lower the concentration of ADP present, the greater 
is the inhibition. Kinetic data show that the inhibition by ATP is competitive with 
orthoc.hosphate, but non-competitive with ADP, while p}~cophosphate is competitive 
with both ATP and orthopho~phate. 

Based on these findings, mechanisms for photos~mtheti~ ATP formation and DPN 
reduction are suggested. 

INTRODUCTION 

It is generally accepted that pls~osvnthetic bacteria lxoduce both oxidizing aml 
reducing .systems in chromatophov~ upon illumination wi:h actinic wavc~wgtlm of 
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light, itt, t as do the chloroplasts of green leaves in higher plants and algae. 
Using the facultative photoheterotrophe, Rhodospirilh~m rubrum, FRE.~'KEL1, ~ 

showed that  c.hromatopbores could catalyze photoreduction of DPN in the presence 
of either FIKNHs, or succinate with an ac~amaulation of DPNH. His findings were 
extend,xl by VERNON AND ASHS. 4. Many researches have shown also that  a heme 
protein(s) present in the cells is oxidized, upon illumination with actinic lignt s-~. 

The respiratory chain of the cells of R. rubrum has been studied, a~d ~-h~-ac*~r4 ~ a  
with respect to a sequence of components, which leads alternatively" to oxygen a~ ot.c 
terminus, and which functions in a cyclic fasMon with bacteriochlorophyll as another 
terminus when it is photoactivated s, 9. Electron flow through the cyclic chain is coupled 
with ATP formation from ADP and Pt (see ref. IO). I t  is not known whether p3Tidine 
nucleotide functions in the cyclic chain. There arc a i, un,ber of speculations about the 
function of DPN in bacterial photomet~bolismt, xe and of TPN in green-plant photo- 
synthesis n. FRENKEL t and VERNOX AND ASH 3 found that  photoreducfion of DPN by 
R. rubvum chromatophores was significantly inhibited in the presence of ADP; the 
latter authors suggested that  ADP-activated photophosphorylation coupled with the 
cyclic electron flow shunted electron flow from photoreductant to DPN. On the other 
hand, NOZAKI ef a/. It reported that  photoreduction of DPN appeared to accompany 
ATP formation; one mole of ATP was formed for each mole of DPN reduced. SAN 
PIETRO ts found that  the washed chloroplasts prepared from spinach leaves, if supple- 
mented with the photosynthetic pyridine nucleotide reductase, could restore photo- 
phosphorylation act i 'dty as well as photoreduction of TPN, which indicated that 
photoreduction of TPN might accompany ATP formation in the chloroplasts. More 
recently KROGMANN AND STILLER 14 have found that  the ATP formatio,t with washed 
chloroplasts can be restored by  addition of a naturally occurring flavone-like sltb- 
stance. These researches are cited as a few among many  which show that the co-factor 
requirements for photophosphorylation are still imperfectly understood. 

We have used R. eulrfum chromatophores to study photoreduction of DPN and 
ATP formation, in an at tempt  to elucidate relationships between these two processes. 
Kinetics of the two reactions ha~ ,  b~ , t  ~ompared in the presence and ab~nce  of 
various substances, in particular adenosine derivatives and pyrophosphate. 

MATERIALS AND METHOI).~ 

R. rubrum was cultured as described previously :0. The cells were har~-ested and washed 
once in o.x M Tr i s -  HCI buffer (pH 8.0) containing Io  % (w/v) sucrose (T.~.~- HCI- 
sucrose buffer). The waslmd cells were suspended in approx. 5 vo!. (v/w) of Tr i s -  ~CI -  
sucrose buffer, and ruptured by  sonication in a Io-}:c Kubota oscillator for apprex. 
2 ,-,;~. in the cold (o-4°). The resultant solution was centrifuged, and the fraction 
which sedimented between 2oooo :. g for I5 mill and 64ooo ~ g for x h was collected. 

three times with theTr i s -HCl - suc rose  buffer, and then suspended in a small 
vohtme of the buffer so that  As,o,~ per ml of the suspension was approx. 2oo. This 
concentrated c~wo~atophore suspension was stored in the da~kness in a refrigerator 
(care taken not to freeze). For tests, aliquots were diluted with the Tr i s -  HCl-suclose 
bui l t ,  so that  A ~ ,  per mi of the test solution was approx. 50; this solution was 

° ' c t ~ " .  These preparations wetr¢ active in DPN photoreduction a n d  
ATP Jmmatkm.  and were used in m ¢ ~  of the experiments. The chromatophores, if 
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prepared with o.I M I ' r i s -HCl  buffer (pH 8.o) instead of Tr~s--HC!-sucrose buffer, 
usually lost the abiEty to photoreduce DPN, although the capacity for photosynthetic 
ATP formation was a!ways retained. Results on photosynthetic ATP formation were 
essentially the same for the chromatophores prepared by the two methods, if ascorbate 
was used as a reducing agent instead of succinate. 

ATF formation during photophosphorylation was assayed by the me*hod of 
NI~-LS~N A~D LEHm~GER Is as modified by AVRON 16. Standard components of the 
reaction mixtt, re for photophosphorylation were as follows: o.2 M Tr i s -HCI  buffer 
(pH 8.o~, 0.50 ml; o.I M MgC1 v o.io mi; approx, o.x M [s~P3Pt solution (pH 8.o), 
o . Io  ml; o.67 M asco,bate solution (pH 8), o.io ml; the chmmatophores (As~omp/ml, 
app rox  5o), o.Io ml; total volume adjusted to L5o ml by addition of water. The 
reaction mixture was pipetted into small test tubes (Io ×: I cm). For experiments 
in the dark, the tubes were completely cov~,~ed w-~d~ alun~num foil. The reactions were 
c a r r i ~  out at 3 °° with illumination from a bank of tungsten lamps; uniform intensity 
of illumination was obtained by  means of a f r~ ted  glass located in front of the lamps. 
The temperature was controled adequately by the use of a large water bath  provided 
with a rapid circulation system. The light intensity employed was 5oo ft-candles. 
After preincubation for 3 min at 3 o°, the reactions were started by addition of 
~hromatophores in most of the cases and [szP]Pt in some, and stopped by  adding 
o.5o ml of ice-cold 3o % trichloroacetic acid, immediately followed by  coohng in an 
ice-water bath. After standing for at least IO min, the test tubes were centrifuged and 
decanted. Aliquots of the clear supernatant liquids (o.5 ° ml) were used for the assay 
of the ATP formed. 

Photoreduction of pyridine nucleotide was followed by measuring the increase 
of A34o ~, in a Cary, model I4-R, spe~ztrophotometer. The reactions were carried out 
in vacuum in Thunberg-type cuvettes (I crn optical path) in a water bath regulated 
a t  2z °. The standard components of the reaction mixture were as follows in the main 
chamber: o.x M Tris:-HCl-sucrose buffer (pH 8.o). I.OO ml; o x M MgC! s, o.zo mi; 
0.oo5 M DPN, o.zo ml; cbromatophores (Aasom~,/ml, approx. 5o), o.2o ml; total 
volume of cuvette adjusted to 3.oo ml with water; in the side chamber: o.I  M 
succinate (pH 8), o.2o ml. To effect anaerobic conditions, the cuvettes were evacuated 
until no bubbling occurred, then filled with nitrogen gas, which had been previously 
purified to minimize contaminating oxygen in the gas (co~u-ner~a! !~'oduct of Nihon 
Sanso Co., Ltd., Osaka) by passing through dithionite solution, then pyrogallolsohition. 
This gas-exchange procedure was repeated five times. The reactions were started by 
mixing the contents of both chambers, and readings were made every 5 rain to measure 
the differential absorbancy at 34o m/z between trial and control cuvettes. The latter 
contained the same reaction mixture except DPN and were treated in the same 
manner as were the trial cuvettes. In most ~ t s ,  readings were  made  for 
xo rain in the darkness as control tests, then in the fight (5oo-<)oo R-candles) for 
another 30 rain. The rates of the reactions in the light were essentially linear with 
and could be compared under variou~ ronditions. 

The oxidation of DPNH by fumara~, with the chromatoph~es  in the darkness 
under anaerobic conditions was followed t O- weasuring the decrease in A ~ .  Other 
expefinmntal conditions were the same as for the photetvdu~ion of DPN. The 
standard c o m p o t ~ t s  of the r e ~ - t i ~  mixture ~ m f o l i o ~  in tim main drumlin" 
of a Thunberg-t .~e cavette: o.! M T r i s - H C I - s m a m e  tmffe~ (pH 8o).  Loo mi; 
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o.x M MgCI t, 0.20 ml; chromatophores (As~om~/m!, apprc.x. 5u). 0.20 ml: I.o M 
succinate (pH 8), o.2oml;  varied concentration of fumarate, c.2o ml; total volume 
of a cuvette adjusted ~o 3.oo ml ~Jtlt water; Ltl the side chamber: o.oo 5 M DPNH, 
o.2o ml; 0.oo 5 M DPN, o.ao ml. The reactions were started by mixing the reaction 
components. After 5 rain, readings were made, and continued even" 5 rain for 3 ° rain. 
The reactions were carried out anaerobically in the darkness at 22 ~. 

Photosynthetic pyridine nucleotide reductase was prepared frr~m ~D;nach loavos 
according to the method cf SAt; P m r a o  A,~D LANG !7. 

L d-Ascorbic acid was a commercial-sample material (Wako pure chemical 
Industries, Ltd., Oska). AYP, ADP (each from muscle), adenosine 3'-monophosphate, 
AMP and adenosine were commercial preparations (Sigma Chemical Co., St. Louis, 
Mo.L These reagents were dissolved in o.i  M Tris - HCI buffer (pH 8.0) and adjusted to 
pH 8 with NaOH. [~tP]Phosphoric acid (the Radiochem;cal Centre, Amersham) was 
boiled in I N HC1 for several hours and treated with Norite, as recommended by 
AVRON TM. The resulting solution ([uP]P t solution) was supplemented ~-ith an approp- 
riate amount of NatHPO, ,  then adjusted to pH 8 with NaOH; the final concentra- 
tion of phosphorus was approx, o.I M, and radioactivity (counts/min/ml) approx. IO: 

t'$" unless otherwise specified. The phosphate concentration of the , "P.Pt solution was 
assayed according to the method of FISKE A•D SUBBAROW m. 

The concentration of the adenosine derivative solutions was determined spectro- 
photometrically based on published values for molar extinction l°. Molar extinctions 
of DPN and DPNH were taken as I8.o xo s at 260 m t, and 6.22.io a at 34 ° m/z, 
respectively re. 

RESULTS 

General properties of photoreduction of DPN by chronwdophores 
I t  was found that  very low intensities of light were effective in DPN photo- 

reduction; saturation was reached at 5o0 ft-candles a. In agreement x~th the findings 
of FRENKEL 1,2 and VERNON AND ASH s, DPN was not photoreduced by the chromato- 
phores unless either succinate or FMNH 2 were present; even in their presence TPN 
was not photoreduced unless the reaction system wa_~ supplemented with the photo- 
synthetic pyridine nucleotide reductase preparat;on ~ which had been purified up to 
the protamine sulfate precipitation step (see refs. 3 and 17!. Magnesium ion ,.vas found 
to accelerate L t 'N photoreduction most effectively at 5" xo-a M, but wag somewhat 
inhibitory, at  :tigher concentrations (Fig. I). The stimuiatorv effect of magnesium 
ion appeared to be similm" for both photoreduction of DPN and ATP formation. 
Photoreduction of DPN also was optimal at 3" to-4 M DPN ; higher concentrations 
of DPN exerted a marked inhibitor 3, effect, apparently owing to substrate inhibition 
(Fig. 2). This relation between concentration of p)xidine nucleotide and rate of reaction 
was like that  found previously for the DPNH-hem~ protein reductase of R. rubrum 
(~ee ref. 8), indicating that  the same enzxane might be functional in both DPN 
reduction and DPNH oxidation. 

Repeated tr~_'zls ~ tb.at the chromatophores, if prepared with the u ~  of 
Tris-  HCI buffer instead of Tris-  HCl~sucrose buffer, lost most of the;.r DPNH-photo-  
reducing activi ty with succinate, but retained it with FMNH t or ascorbate: they 
r t t t ined l a h o t ~  activity as well if the ridox-potential of the reactioz, 
.system was edjusted to am optimal value ~ t h  ascorbate (cf. ref. zo}. Together with the 
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finding that DPN-photoreducing activi ty so inactivated could not be restored by  
addition of photosynthetic p3~dine nucleotide reductase with succinate as the 
e!_,:ctron donor, even if either DPN or TPN was used as the electron acceptor, it 
seemed plausible tha t  electron flow from succinate to the cyclic system, possibly v/a 
the st, ccinic dehydrogenase system, was hampered. 

In  aa a t tempt  to achieve conditions for electron flow which were as physiological 
as possible, a succinate/fumarate system (mixture of succinate and fumaiate  in an 
appropriate ratio in concentration) was used as an electron donor or acceptor instead 
of chemical oxida t ion-  reduction reagents. In  most experiments, the chromatophores 
prepared with T r i s -HCl - suc rose  buffer were used, but the ones prepared with Tris-  
HCI buffer gave similar results for photophosphorylat ion when in the presence of 
an appropriate concentration of ascorbate ~°. 
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The D P N H  once fonaaed photosynthetically bv the chromatophores in tile 
pre~nce  of succinate was tound not to be oxidized at all under anaerobic conditions 
in the darkness established immediately after the illumination period (Fig. 3)- If air 
was allowed to diffuse into the reaction mixture, the D P N H  was rapidly oxidized 
to completion. This suggested that  an intermediate substance photochemically 
produced disappeared so that  oxidation of the D P N H  in darkness by the htmarate 
(which had been fnnned from the succinate during the reaction in the light) could not 
proceed. This po~..,ibility was ruled out by the finding that  D P N H  was rapidly oxidized 
by fumarate under anaerobic condition in darkness pro~ided that  the concentration 
of suceinate present in the reaction mixture was lowered (see belowL 

Effects of adenosine derivatives and phosphaUs on ~ r,V photoratuction 

FREr;KEL 2 and VER,~O.~ AXD ASH* found tha t  DPN photoreduetion was markedly 
inhibited in the presence of ADP. As mentioned ptevkmsly, the latter authors 
suggested that  the inhibition caused by ADP owed its origin to activation of photo- 
~ ' ! a t i o n ,  but it appears that in their experinmnts, the. e/~ect of externally 
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added P! was not  t~ t ed .  Although the possibility could not be excluded that  a trace 
of Pt was still present in the chromatophores after their washing procedure and would 
have been available for ATP formation, it is unlike that  such traces of Pi would have 
been sufficient. 

This conclusion has been strengthened by  the demonstration that  the Michaelis- 
Menten constant  for Pt in the photos?+~athetic ATP formation is no+, known to be as 
high as TO -s M, and that  there is no inhibitor 3, effect on the ATP i o r m a t ; n n . ,  " 
highest concentrat ion tes ted"  (o.I M). I t  has been confirmed that  Pt does not affect 
DPN photoreduction even in the presence of a high concentrat icn (o.o 4 M). A D P  is 
found to inhibit photoreduct ion of DPN both in the presence and ab~nce  of PI:  
the Km for A D P  is approx. 5" IO-S M (Fig. 4)- l~urthermore, ATP and PPI inhibit 
the DPN photoreduction as well as does ADP. Other  adenosine derivatives examined, 
adenosine 3 ' -monophosphate,  AMP and adenosine, are also markedly inhibitor-,  but  
less effective than ATP, A D P  and PPI. 
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Fig. 3. Photoreduction of DPN in the presence 
of succinate and re-oxidation in the darkness 
of the DPNH thus formed. Reactions in the 
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Fig. 4. EffL~t of adenosine derivatives and 
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darkness and in the light are indicated by "D" and "I.", respectively. "L" was carried out with 
illumination oI 700 f*.-candles. For the second dark period, air was introduced gently in the gas 

phase of the Thunberg+type cuvette containing t ~ e reaction mixture. 

Effects of adenosine deri,,~ ;/ves and p)~,ophosphate on photosynthetic A TP formation 

In the presence of externally added A D P  (z.33 raM), both ATP and PPI were 
found to be eff~t ive inhibitors for photosynthet ic  ATP formation, but adenosine, 
adenosine 3 ' -monophosphate,  AMP, DPN and TPN were not (Table I). On the oth =: 
hand, in the absence of ADP,  photosynthet ic  ATP formation with the bound A D P  
present in the washed ch roma tophor~  and externally added P~ (see ref. 2x) was 
inhibited in the presence of adenosine, adenosine 3 ' -monophosphate a ~  DPN but  not  
AMP or TPN.  The lack of inhibition with AMP could be explained by the supposition 
tha t  the washed chromatophores still possessed "adenyla te  k i n a s e " "  to a small 
extent.  

Under our experimental  conditions. ATP fo rma t~n  was inhibited in the presence 
of ATP when the omcent ra t ion  was greater than 2. xo-* M; the Km for ATP was 
a p p ~ x ,  l+5.xo - i  M, or approx. I~ times as high as the concentrat ion of A D P  present 
(Fig. 5)- A plot of reciprocals of the Pt concentratkms -and amounts of ATP formed 
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according to the method of LINEWEAVER AND BL'RK ~ showed two straight fines 
crossing each nther just at the point of infinite concentration of Pt added (Fig. 6 I. 
This agreed with the conventional mechanism for ATP as a competitive inhibitor, thus 
. ,TP could be pictured as displacing Pt from an active site. On the other hand, ATP 
appeared to be a non-competitive (uncompetitive) inhibitort', ts against ADP, as 
indicated by the Lineweaver-Burk plot which showed two straight lines parallel to 
each other (Fig. 7). Hence, it appeared that ATP combined with an intermediate 
complex of ADP and an enzyme functional in the ATP-forming process, but not 
with the free enzyme. Furthermore, it was found that PPt was a competitive inhibitor 
with both ADP and Pt(Figs. 8 and 9). 

DPN-reducing ca#acity produced in photoactivated chromatophores 
A~ mcntioned above, the chromatophores acquire the ability capable to reduce 

DPN in the presence of succinateon illumination. I t  is apparent that this reduction 
capacity can be le~ored as long as the chromatophores are illuminated. DPN, once 
reduced with the illuminated chromatophores] is not re-oxidized anaerobically in the 
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darkness immediately after the illumination period (Fig. 3). From a consideration of 
the normal ox ida t ion- reduc t ion  potentials (E' o) of the -~uccinate/fumarate system 
( +  o.o.-4 V, see_ ref. ~6) and the D P N H / D P X  system (--o.3~ V, see ref. z7), it seems 
mast  likely tha t  the chromatophores acquire additional capacity for reduction of 
DPN by succinate on illnmination. Under our experimental conditions, it is estimated 
tha t  approximately half (4o-5O°o) of the DPN added to the reaction miyt,~e can be 
reduced in the steady state (Fig. TO). i t  can be concluded that  the a~:litioLal z ~ a u ~ , , ,  
capacity is equivaient to establishment of ,t potential of --0.32 V or more negative. 
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Fig. el. E l i e c t  of c o n c e n t r a t i o n  of A I ) P  on  
l~hct,,>) . t h e t i c  A T P  f o r m a t i o n  i n h i b i t e d  in t he  

t : r e ~ n c e  of p y r o p h o s p | l a t e .  

Fig. m. l'hotosvnthetic Dt'N reduction. 

Fig. l I. ( )xidation ,;f I)!'NH q)!'N ', : z) s,'st..m 
I)v sut'cir~ate fumaratc system anaer~4Acallv in 

the darkness. 

fhis value of Eh is not detectablv altered if the conc~ ntrati,.m of succinate is changed 
from 6.7-xo-aM to z .3 .zo-~M, wh;.ch indicates that  the Eh value photo- 
synthetically produced is independent of the E~ value of the succinate/ftm~arate 
system which should have formed at equilibrium. 

At  6.7" zo -s M succinate and 3.47" I O 4  M DPN (see Fig. zo), 2- x o - "  M succinate 
only should ha-'e been ~ehydrog~nated into fumarate if the ~uccinate/fumarate system 
thus formed had at tained the Eh value of --0.32 V (equivalent to the E~ value of 
the D P N H / D P N  tormad, the ratio of which was calculated to be 46/54). The value 
calculated from the D P N H  fcwmed could indicate that  apprt,x. L6.  xc -s M fumarate 
w a s  actually formed (8. lo  s times as much as the concentration calculated as above, 
z .xo  44 M) and the saccinate/fumarate system thus formed had the Ea value of 

B=ock~ Bsoplys..4t~=, 66 {t903t 37-40 
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T A B L E  1 

EFFECT OF OENOSINE DERIVATIVES ON PHOTOSYNTHETIC A T P  FORMATION 

I n  o n e  se r ies  Of e x p e r i m e n t s  1.33 m M  A D P  w a s  a ~ d e d  t o  t h e  r e a c t i o n  m i x t u r e ,  b u t  n o t  in  t h e  o t h e r .  
T h e  w a s h e d  c h r o m a t o p h o r e s  u s e d  con t .~ ined  a p p r o x .  5 m / ~ m o l e s  of  b o u n d  A D P  p e r  Assomv  
(see ref .  2x for  a s s a y ) ;  h e n c e ,  t h e  a v e r a g e  m o l a r  c o u c e n t r a t i o n  o f  b o u n d  A D P  in  t h e  r e a c t i o n  
m i x t u r e  w a b  c a l c u l a t c d  t o  be  a p p r o x .  3 p M .  R e a c t i o n s  w e r e  s t a r t e d  b:," t h e  f m a !  ad,&ifion of  o .  ! o  m !  

of ~ m p  p~ s o l u t i o n  (o. I M, 2. 3 .  xo s c o u n t s / m i n / m l )  ; . r e a c t i o n  t i m e s ,  2 r a in .  

t~¢lallt~ ac t i~y  ( % J 

Additums mM With A D P  
ex-,.traa!ly added With bout~.. ADP 

~ ' o n e  
A d e n o s i n e  

Adei,t,~ii,~ 3 ' - m o n o p h o s p h a t e  

A M P  

A T P  

D P N  

T P N  

- -  ( I o o )  (zoo) 
22 IOl - - -  
I~: ~ . . . 8 5  
22 - -  - -  

6 .7  9 6  85 
22 t o4  - -  

6 .7  97  zoo 
22 26 - - * *  

0 .7  73 - - : :  
2 2  97  - -  
6. 7 - - °  _ .  
2.2 IOO 9 I 
6 .7  - - *  - -  
2.2 98  9 9  

* A s s a y  u n r e l i a b l e .  
** A s s a y  a p p a r e n t l y  f a i l ed  b e c a u s e  o f  A D P  c o n t a m i n a t i o n  in  t h e  A T P  s a m p l e .  

T A B L E  I I  

A TYPICAL ~XPERIMEST TO EXAMINE A T P  FORMATION COUPLEt) WITtt 
ANAEROBIC OXIDATION OF DPNH BY FUMARATE ]BY CHROMATOPHORES 

S t a n d a r d  c o m p o n e n t s  of  r e a c t i o n  m i x t u r e  w e r e  as  f o l l ows  in  t h e  m a i n  c h a m b e r  of  a T h u n b e r g - t y p e  
c u v e t t e :  1.3o m l  T r i s - H C l - s u c r o s e  b u f f e r  (o.x M, p H  8.o) ,  o . 2 o  m l  MgCI  t (o . i  M), o . 2 o  m l  A D P  
(o .o33 M),  o .20  m l  c h r o m a t o p h o r e s  (Ass0mtJ/ml,  a p p r o x .  5o),  0 . 6o  m l  w a t e r ;  i n  t h e  s i de  c h a m b e r :  
o . 2 0  m i  EatP]PI s o l u t i o n  (oA M, 8 .9"  t o  I c o u n t s / m i n / m l ) ,  a d d i t i o n s .  R e a c t i o n s  w e r e  c a r r i e d  o u t  
a n a e r o b i c a l l y  in  t h e  d a r k n e s s  a t  22% a n d  w e r e  s t o p p e d  b y  a d d i t i o n  o f  I.OO m l  of  c o l d  3 0 %  a q .  

t r i c h l o r o a c e t i c  a c i d .  

Additions in the side chamb~ [*tp~p~ 

Reaction time itt~ofpomItcP 
No. S tuci~te  Fumrate  DPYCH DP:," H~) (rain) (cotJnt~/mm 

(o.2o ~0  fo.zo )nO (o.oo5 ,%1, (o.oo5 ,~, (o.2o ral) in excess) 
(31) (M) o.zo mi) o.zo rid, 

t x . o  - -  - -  + + o 5 5  

l . o  - -  - + + 3 0  9 3 8  

3 x . o  - -  4 -  - -  + 3 ° 9 3 8  
4 o. ,~ - -  - + + 3 0  795  
5 o.  l - -  + - -  + 30  8 6 9  
O - -  t . o  4 -  4- 3 ° I o 9 6  
7 - -  ~ . o  + - -  + 3 0  1 1 6 8  

8 - -  o . I  - -  ~ + 3 0  8 x 6  

9 - -  o .  t + - -  + 3 o  9 3 8  

x o  t . o  o .  l - -  + - -  3 0  t o o 5  

I I I .o o i + - - -  3 0  9 4 5  

" T h e  p r e s e n c e  of  e x t e r n a l l y  a d d e d  A D P  a p p e a r e d  t o  b e  e ~ e n t i a l  f o r  t h e s e  [ u P j P t  i n c o r -  

p o r a t t o n ~  

a ~ a , .  a v ~ h y ~ i  . 4 ~ ,  6 6  0 9 6 3 )  3 7 - 4 9  
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--0.o5 V. The fact that the EA value of the DPNH/DPN system in the steady state 
was the .same in the presence of the Lhree different concentrations of DPN initially 
added (34-7, 52.1 and 69. 4/~M in Fig. IO), accords with the suggestion that the E~ 
value, --0.32V, approximates the E '  0 value of the photochemical reductant ; similarly, 
the invariance to addition of varied amounts of succinate is understandable. 

As remarked previously, the marked difference in Eh between DP~UJDD\" ~-~ 
succinate/fumarate on cessation of illumination suggests that the DPN H once phc :o- 
synthetie~ally formed might have been re-oxidized bv the fumarate so formed, possibly 
through photochemically formed intermediates, labile in the darkness. To examine 
this possibility, oxidation of the DPNH/DPN (I :I) system by succinate/fumarate 
system (in varying ratios) was studied anaerobically in the darkness. In the presence 
of 6.7.IO -t  M succinate and no fumarate, DPNH was rapidly oxidized when the 
reaction components containing the chromatophores were mixed with the DPNH/ 
DPN (3.3" 1o-4 M ha eacl~) system, but this rapid aehydrogenation of DPNH ceased 
within one minute after mixing, followed by a slow dehydrogenation which continued 
through the experimental period. It  was estimated that the amount of the DPNII 
rapidly dehydrogenated was approx. 2 °o of the DPNH initially added. In practice, 
reaction r . tes  were compared between 5 and 35 min after mixing, during which 
amounts of DPN formed were found to be linear in time. As the ratio in concentration 
of succinate (fixed at 6.7.Io-2M)/fumarate (varied in moiarity) increased, the 
anaerobic dehydrogenation of the DPNH/DPN system by the succinate/fumarate 
system decreased in rate, and when the ratio of succinate/fumarate reached about 
IOO/I, the rapid-type dehydrogenation disappeared and the ~ate became the same as 
for the slow dehydrogenation (mentioned above) (Fig. II). In other words, the 
DPNH/DPN system could not be oxidized by the succinate/fumarate system when 
the latter's Eh value was more negative than approx. --o.o4V. This value of Eh 
appeared it,, a good accord with that of the succinate/fumarate system formed in the 
DPNH photoreduction at the equilibrated state, --0.05 V (see above). This result 
indicated that the chromatophores possessed an enzyme system capable of catalyzing 
anaerobic oxidation of DPNH/DPN by succinate/fmnarate in the darkness, and at 
the same time, explained why the DPNH photochemicaIly formed was not re-oxidized 
anaerobically in the darkness by the fumarate photochemically formed. 

We hav~ l t  succeeded in demonstrating ATP formation from Pt and ADP 
coupled with the agaerobic oxidation of DPNH by fumarate, either in the presence 
or absence of a ATP-trapping hexokinase--glucose sy.~em (Table II). 

DISCUSSION 

We propose that there is a regulator}" mechanism in the enz~.me system which 
catalyzes anaerobic oxi~dation of DPNH/DPN by succinate/fumarate in the darkness, 
so that when the E~ value of the oxidant is approx. --o.o4 V or more negative, electron 
flow from D P ~ H  to iamarate may accumulate suecinate, ~hile if tile E t  value is r .ofe 
positive, it may exceed the capacity of the fumarate-succinate system. It has been 
suggested that  photosynthetic ATP formation is optimal at the Eh value of approx. 
z~ro Volt, and that  a flavin is functional in the ATP-fornung processte, n. Furthermore, 
it has been found that the DPNH-heme protein reductase of R. rtd~um pomesses a 
f~vin-like substance as its co-factor t. These facts, as well as the analogv of the mito- 

4b 
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chondria l  respira tory  chain lead to the  suggestion tha t  there  is a f l avo-enzyme- -  
symbol ized " E " - - i n  the electron-transferr ing sys tem from D P N H / D P N  to  succinate/  
fnmarate ,  and a photochemical  r educ tan t  (E' o presumably  a round  - -o .32  V or lower) 
- - symbol ized  X ' H - - w h e r e  the asterisk denotes  pho toac t iva t ion  and  " H "  reduced 
form. The inhibi tory  effect on the DPN photoreduO.ion b y  ATP. ADP.  AMP. adenosine 
and PP: as well as by  D P N  itself, suggests tha t  at  the  z.ite of this regu la to r  5, 
mechanism ÷~" . . . .  is an affinity for adenosine and PPt,  but  not  Pt. X * H  can be t a ~ u . a  ~. • . 

pos tu la ted  to  reduce an in te rmedia te  ca ta lys t  funct ional  in the  sys tem from the  
electron-transferr ing system from D P N H / D P N  to succinate / fumarate ,  possibly " E " .  

The kinetic s tudy  on the  inhibffory effect of adenosine der ivat ives  and  PPt  on 
photosynthe t ic  ATP format ion suggests possible functional  or inh ib i tory  in te rmedia te  
complexes formed prior  to the  ATP f o , ~ a t i o n  as follows: Ex-PI ,  E I - A T P  (see Fig. 6), 
E2-PPt ,  L 2-ADP (see Fig. 9), E3-Pt ,  Ea-PP t  (see Fig. 8), E 4 - A D P  and  E 4 - A D P - A T P  
(see Fig. 7), where E l, E 2, E 3 and  E 4 represent  act ive sites functional  in the  ATP-  
forming processes. Because chromatophores  t igh t ly  b ind  a t race bu t  definite amount  
of ADP,  called "bound"  A D P  (see ref. 21), despi te  repeated washing, and  photo-  
synthe t ic  ATP formation with the  bound A D P  is inhib i ted  in the presence of PPI, 
adenosine,  adenosine 3 ' -monophosphate ,  but  not  wi th  the  A D P  externa l ly  added,  i t  is 
possible to reduce the  several  forms of the complexes as follows: as  an equivalent  
form, E z = E 2 - A D P  = E~ = E , - A D P .  If  ei ther  E~ or E 4 is regarded as E. then 
E - A D P - P t .  E - A D P - A T P ,  E - P P t ,  E - A D P  and E - A D P - P P I  remain  as the  funct ional  
or  inhib i tory  in te rmedia te  complexes in addi t ion  to E - D P N  ( =  E - A D P - r i b o s e -  
pyridine) ,  E - A M P  and E-adenosine (see Table  I). 

In  summary., the  following react ions are proposed for the  photosynthe t ic  ATP 
format ion and DPN reduct ion (cf. refs. 29 and  30 fo~ oxida t ive  phosphorylat ion) .  

In photosynthe t ic  A T P  format ion:  

zH* + 2 e - +  nX --.. n X . H  2(n, z o r z l  (z) 

nX.H~ + hv * n X ' . H  z (2) 

n X ' . H  2 + E-ADP ~- nX + EH2-ADP {3) 
EH,-ADP + l'l + $ " - - - -  >- E-ADP ~ Pl + ~-'H:~ (4) 
E-ADP "~ Pt + ADI' --> E-ADP + ATP (5) 
Ytt,--- ~ 2H + + z e - +  Y (6) 

Sum: ADP + Pt + hv ...... ~ ATF 

where X and Y 
and R H P  or cytochrome c, (see refs. 32 and 33), respect ively (see ref. to). 

• ~v,~s . . . . . . . .  L . . . . . .  such as . . . . .  no~h,, ,rvph~,,  m its ground s ta te  

ir. ?Uotosynthet ic  DPN reduct ion:  

succ inate  + E ' -  --~ fumarate + E'H 2 (7) 

E ' H  t + Y ~- E" + YH 2 (8) 

Ytt  s - -  ~-- 2H + + 2 e -  + Y (9) 

2H* + z e -  + nX . . . .  t t X - H  z (IO) 

nX.H t + he -4. nX° 'H t  (1I) 
E--ADP + DPN + * E-DPN + + ADP (x2} 
E-I)PN + + I t X " l t  t , EHa-DPN+ + t*X (13) 
EHt-DPN* + ADP "- E-ADP 4- DPNH + H + t14) 

S u m :  succ ina te  + D P N *  + / ~  - - ~  f u m a r a t e  + D P N H  + H + 

Biockim. B i r , ~ t : . s , / l a G ,  6 6  (t963} 3 7 - 4 9  
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whoxe E '  represents  a fla; ,oprotein such as  succinic d e h y d r o g c n a ~  ~t. The Michael is-  
Menten constant  for A D P  in t he  pho tosyn the t i c  ATP formation is now known to be 
approx .  2. xo -s  M (see ref. ~I). The ATP format ion  is s t imu la t ed  in ra te  wi th  increasing 
concent ra t ion  of A D P  ex te rna l ly  added  to  the react ion mix ture  up to  the highest  
concent ra t ion  examined,  7" IO-a M (see ref. 2Ii~ On the o ther  hand,  the  DPN photo-  
reduct ion is marked ly  in~ibi ted  in the  presence of A D P ;  e.g~, ,~o -~" "-~ "" i~ " - ""~ 
7 - x o - S M  ADP.  This  fact  s t rongly  suppo~s  the  suggestion tha t  DPN is s~ua , e d  
outs ide  the  cycle of  electron t r anspor t  coupled with pho tosyn the t ic  ATP  formation.  

Using chloroplasts  from spinach,  AvRos  AXD JAGE.~'DORF 3~ s tudied effects of 
a ~ n a t e  on the  ferr ieyanide reduct ion in the  Hill reacti~_n which could ~ accelerated 
b y  addi t ion  of A D P  and Pt, and  found tha t  arsenate  plus A D P  bu t  not  arsenate  alone 
could replace A D P  plus Pt, leading to the  suggestion tha t  an "energy-r ich"  inter-  
media te  compound  prior  to ATP format ion  was formed with  A D P  but  not  wi th  Pv 
La te r  in t ime,  SCHULZ AND BOYER s~ found t ha t  an oxygen was lost from Pt in the  
pho tosyn the t i c  format ion  of ATP  from A D P  and  Pt as ca ta lyzed  by  spinach chloro- 
plasts ,  a rguing agains t  the  par t ic ipa t ion  of an adenosine diphosphor3-1 in te rmedia te  
in photosynthe t ic  phosphoryla t ion .  Recent ly ,  KAItN AND JAGENDORF a7 have isolated 
and  purified an  enzyme cata lyzing the exchange of Pt between ATP and A D P  from 
spinach chloroplasts .  The discrepancy among these findings might  be ra t ional ized in 
the  hypo the t i ca l  scheme for the  photosynthe t ic  ATP format ion ment ioned above.  
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